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Preface

The International Winter School on Electronic Properties of High-Temperature
Superconductors, held between March 7-14, 1992, in Kirchberg, (Tyrol) Austria,
was the sixth in a series of meetings to be held at this venue. Four of the earlier
meetings were dedicated :o issilcs in the field of conducting polymers, while
the winter school held in 1990 was devoted to the new discipline of high-Tc
superconductivity. This year's meeting constituted a forum not only for the large
number of scientists engaged in high-Tc research, but also for those involved
in the new and exciting field of fullerenes. Many of the issues raised during
the earlier winter schools on conducting polymers, and the last one on high-Tc
superconductivity, have taken on a new significance in the light of the discovery
of superconducting C60 materials.

The Kirchberg meetings are organized in the style of a school where expe-
rienced scientists from universities, research laboratories and industry have the
opportunity to discuss their most recent results, and where students and young
scientists can learn about the present status of research and applications from
some of the most eminent workers in their field.

In common with the previous winter school on high-Tc superconductors, the
present one focused on the electronic properties of the cuprate superconductors.
In addition, consideration was given to related compounds which are relevant
to the understanding of the electronic structure of the cuprates in the normal
state, to other oxide superconductors and to fulleride superconductors. Contribu-
tions dealing with their preparation, transport and thermal properties, high-energy
spectroscopies, nuclear magnetic resonance, inelastic neutron scattering, and op-
tical spectroscopy are presented in this volume. The theory of the normal and
superconducting states also occupies a central position. In this school, particular
attention was paid to the application of bigh-Tc superconductors and the prepa-
ration of thin-film high-To cuprates. The discussion session was devoted to the
topic of spin and charge separation in high-Tc superconductors.

This volume summarizes the tutorial and research lectures presented at the
1992 winter school at Kirchberg. We acknowledge all the authors for their con-
tributions, and all those whose stimulating remarks in the discussions made this
meeting such an exciting and informative event.

As in previous years, the 1992 winter school in Kirchberg was organized
in cooperation with the "Bundesministerium fiir Wissenschaft und Forschung"
in Austria. We are particularly grateful to this ministry, to the "Kulturamt der
Tiroler Landesregierung" in Austria, to the "Kemforschungszentrum Karlsruhe

V



in Germany and to the *'US-Armny Research, Development and Standardisation
Group" in the United Kingdom, as well as to the sponsors from industry for the
substantial financial support without which the organization of such a successful
winter school would have been impossible.

Finally, we thank the manager of the Hotel Sonnalp, Herm J.R. Jurgeit, and
his staff for their continuous support and for their patience with the many special
arrangements required during the meeting.

Vienna 1H. lRW111diau
Stuttgart 1. .AlMehx'ig
Karlsruhe .J. Fihk
October 1992
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High-Temperature Superconductors in 1992
Welcome Address

K.A. -Aiiler

IBM Research Division, Zurich Research Laboratory,
CH-8803 Rfischlikon, Switzerland

Much to my regret, a serious illness prevented me from attending the 1990
Kirchberg workshop. Therefore I am all the more grateful to the organizers,
Profs. H. Kuzmany, M. Mehring and Dr. J. Fink for renewing their
invitation to attend this promising workshop on AElectronic Properties of
High Temperature Superconductors,' the scope of which is described as
follows:

The winterschool will be focused on electronic properties of high
temperature superconductors and their potential applications.
Particular attention will be paid to the anisotropy of the electronic
system, to the influence of defects and to the electronic structure in
chains, planes and 3D clusters. The relevance to conductivity,
magnetic and optical properties including IR, magnetic resonance,
Raman scattering, high energy spectroscopy, and in particular to T,
and to superconducting fluctuations will be discussed. Oxidic and
carbon superconductors (C60) in the neutral and doped state will be
covered and the status of our present theoretical understanding of the
corresponding systems will be reviewed.

At the Kanazawa Conference in Japan in July of 1991, and more recently
in greater detail at the Nobel Symposium in G6teborg, Sweden, in December
of 1991, I summarized the first five years of the development of the high-Tc
superconductors since their discovery. Therefore, I shall not reiterate it here,
as quite a number of you were present at one or the other of these events,
but let me briefly recall the conclusions I had reached then.

The microscopic interactions due to which the high superconducting
transition temperatures of over 100 K occur are not yet understood.
Nevertheless, applications are becoming realizable, as will be presented in the
course of this winterschool in an overview and status reports of these various
aspects. However, the main emphasis here is on the microscopic interactions
that take place, because essential progress has been made in the past two
years in identifying the nature of these interactions, both on the experimental
as well as the theoretical side. In a way, the high-T, situation reminds me of
the critical phenomena field in 1970, where the universality hypothesis as
exemplified by the liquid-to-gas and paramagnetic-to-antiferromagnctic phase
transitions were experimentally proven and discussed during an Enrico Fermi
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School in Varcnna, which I atterded at the suggestion of Toni Schneidcr.
On the theoretical side, the notion of self-similarity, especially with the
famous Kadanoff construction in real space, was presented. Less than two
years clapsed until Wilson's formulation of the rcnormalization theory and
the diagrams for the evolution of a system towards a fixed point became
available, thus determining the critical properties near a transition. With this
my experiments on critical and multicritical behavior in structural phase
transitions could be quantitatively accounted for. On the other hand, new
phenomena had been predicted by theory, which we subsequently verified
quantitatively. Scientifically this interplay of experiment and theory was one
of the most gratifying periods in my scientific career. To this remark I attach
the hope that some of you may in the future experience similar satisfaction
in the field of lhigh- T, supercoriductivity.

Where have we made progress? Certainly in preparation processes, with
respect to the epitaxial growth of multilayers. Also, the kind of layers we
generate is becoming increasingly better understood. We arc now in a
position where the more demanding molecular-beam chemical vapor
deposition (MOCVD) and chemical-bcam epitaxy (CBE) techniques arc
mnastered. Atomic layer-by-layer growth is now feasible, at least in our
laboratory. The influence of the substrates is being actively investigated. In
ci;axacterizing the structures, we have attained a substantially higher degree of
proficiency. An example of this will be prcscnted to you in the next lecture.

Our understanding of the electronic properties, the main scope of this
winterschool, is much better, both experimentally and theoretically. A partial
description of the interactions occurring in the CuO2 planes has been
achieved and more convergence in understanding these essential mechanisms
appears to be imminent. The coupling between the CuO 2 planes is also
substantial, both on the superconducting multilayers by 2D-to-3D crossover
scaling as well as magnetically by the presence of antiferromagnetic
correlations along the c-axial direction. On the other hand, a systematic
investigation of the anharmonicity and the isotope effect has not yet been
undertaken. This is also the case for experiments on excitonic excitations.
The characterization of flux creep and its relation to high current transport is,
as you will see, important for applications. The use of cuprate
superconductors in microelectronics and microwave technology is also
making good progress.

Last year, the fullerene-based high-'Ic superconductors were discovered. It
is amazing how fast they could be characterized structurally and
electronically. In this workshop those of you who have not been so close to
this field will find themselves in a position to obtain comprehensive and
expert information. I am sure you will greatly enjoy this workshop and
contribute to its success.
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Charge Dynamics in Metallic CuO 2 Layers

B. Batlogg, H. Takagi, H.L. Kao, and J. Kwo

AT&T Bell Laboratories, Murray Hill, NJ 07974, USA

Abstract. A short overview with quantitative comparisons, including several recent
results, is given on the charge dynamics in metallic cuprates. The in-plane charge
response, studied by dc transport and optical techniques, varies systematically with
carrier concentration. Near the concentration for optimal superconductivity, Pab(T)
and the scattering rate r*((o) increase nearly linearly over wide temperature and
frequency ranges, respectively. The corresponding slopes dpb,/dT and dF*/dwo are
essentially the same for the different compound families even when the optimized Tc 's
are very different. The close connection between resistivity and scattering rate is also
found to hold in the "overdoped" range, where the super-linear increase of Pab (T) and
F*((o) has been studied in detail recently. A novel power-law dependence
Pab1T, was observed from 4K to -1000K in overdoped Lal. 66 Sr0 34 CuO4 .

1. Introduction

Understanding the normal state charge and spin dynamics of cuprates is closely tied to
an explanation of high temperature superconductivitytI in layered cuprates. Various
experiments suggest that the normal state properties of metallic cuprates are indeed
different from that of conventional metals, e.g. Aluminum or Lead. t 2-7 1 This may riot
be surprising considering the importance of correlation effects. The purpose ot this
short overview is to present recent experiments that shed light on the charge dynamics
in cuprates, particularly the temperature and frequency dependent electrical
superconductivity along the CuO 2 planes as the carrier concentration is systematically
changed by chemical means. We shall demonstrate, using up-to-date results, the great
quantitative similarity among the various structural families despite the much different
Tn's, and highlight the most unusual charge dynamics in the metallic "overdoped," but
not superconducting composition range.

2. In-Plane Resistivity Pab (T)

The nearly linear temperature dependence of the resistivity has been recognized as one
of the characteristics of cuprate superconductors even in the early days of this field
when only polycrystalline samples, although of high quality, were available. [81 Now
that crystals of good quality exist for several compounds, a quantitative comparison of
the in-plane resistivity P&b is revealing. In Fig. 1, pab is shown for Bi2201,
YBa2 Cu3 O7 (123 07), La 1.85 Sro. 15 Cu0 4 (214 LSCO), and Bi2212. (See e.g. Refs. 19-
131). Besides the remarkably similar magnitude and T-dependence of pb,, one also
observes deviations from linearity, albeit on a fine scale, mainly close to To, due to
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Fig. I Temperature dependence of the in-plane resistivity Pab measured on crystals of various
cupraie superconductors.

superconducting fluctuation effects, and at highest temperatures. When these pa,
curves are cnnv'rtcd to Pab at constant volume, the slight upward curvature at high T
will be decreased. This effect is estimated to be less than 10% at highest temperatures
in La 1.8 5 Sr0 .15 CuO 4.

131 In good quality samples, there is no indication of flattening of
Pab(T) at low temperatures, which is particularly well expressed in Bi2201 with Tc's
below 10K. These nearly-linear Pab(T) curves are only observed very close to the
composition (carrier concentration) with maximal T,. When the chemical composition
deviates from the optimal, the p(T) curves are no longer linear over an extended T
range and change in a characteristic way. A recent result will be discussed below. We
should add that Pab (T) will not follow the near-linear T dependence when structural
elements other than the CuO2 layers also contribute metallic conduction. This is most
clearly visible in compounds with metallic double-chains, such as YBa 2 Cu4 08 (124 or
248) or Y2 Ba 4 Cu7 01 5 (247), where Pab(T) can be lower in magnitude and also
resembles p(T) of a conventional metal's s-shaped curve, suggesting perhaps
saturation at highest T.V14 ,51

A point of further research will be the in-plane anisotropy, i.e. pa vs. Pb. It
will be interesting to separate the effects of orthorhombicity from the contributions due
to the chains, particularly in the best crystals of 123.116.171 Systematic studies of
Bi2212 or Bi2201 crystals might be useful in this respect since a significant anisotropy
has been found in these materials also, despite the absence of CuO chains.1 14.18-191

The near-linear in-plane resistivities are conveniently parameterized by the
slope of dpab/dT, which is given in Fig. 2 for those compounds for which reasonable
reliable data are available. Worth noting is that the slopes for the optimized T,
samples are all near 0.5(±0.2)l.tncm/K with no clear dependence on T, (solid
symbols); at least it is obvious that dp/dT is not larger in the compounds with higher
Tc. The close similarity is striking considering the different phonon spectra in these
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Fig. 2 Temperature coefficient dPab/dT of the in-plane resistivity of se , cuinrate
superconductors. The solid symbols reprcsent values for optimized Tc materials and fall in a
narrow range (0.5±0.2'2cm/K), independent of T,. The open symbols indicate the stceper
p,,b (T) curves when the carrier concentration is sub-optimal in 1230, but Pab (T) in thosc
compounds is more non-lincar than shown in Fig. 1. The in-plane anisotropy (Pa VS. Pb) is
indicated for 12307 and Bi2212.

compounds and also the greatly varying degree of crystal imperfections, suggesting
that scattering by phonons and defects is not dominating Pab (T).

Also included in Fig. 2 are open symbols which represent dp/dT for crystals of
123 with reduced oxygen content and thus reduced T,. While the near-linearity of
p(T) is less well documented for those compositions, nevertheless dp/dT is generally
larger for sub-optimal Ta's. The squares are results from optically determined p(o,T),
extrapolated to co=0. (In the same set of data, the agreement between the optical and
dc measurements was confirmed for the samples with T, near 90K).12[ 1 At this point,
the higher values of p(T) in non-optimized samples can be interpreted as either due to
a reduction of carrier concentration or increased scattering, or both. A partial answer
to this question comes from a comparison, in the next chapter, of the optically
measured a(c),T) and Pdc (T).

3. Relationship Between Temperature and Frequency Dependence ofo (o,T)

Going beyond the dc limit of the charge response in cuprates, substantial progress has
been made in the past year in measuring the conductivity or(o),T) at optical
frequencies. Instead of following a simple Drude model with a constant scattering rate
-cc that leads to a((o)-1/o 2 , the conductivity decreases much more slowly with 03,
actually very close to 1/co in the photon energy range up to a fraction of !eV. Thus, a
generalized Drude model with a frequency dependent :* (oa) (or scattering rate F*(O))
has been widely used to parameterize the measurements. 120 - 27 1 Fig. 3 is a summary of
the resulting scattering rate F* (o) calculated from a(w), for a selection of compounds,
including compositions with optimized and non-optimized transition temperatures

7
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Fig. 3 The frequency dependent scattering rate obtained from a fit of a generalized Drude
expression to tde optically measured conductivity up to -0.4eV photon energy, for four
compound families. Notcworthy is the very close similarity and near-linearity of F* (0)) for the
compositions with optimized T,. In the compositions with reduced hole concentration (and
lower Tc), F*(co) is larger and assumes a sub.linear T dependence. In overdopcd non-
superconducting La2 _x Sr.CuO4 , (x=0.34) I*(o) is significantly smaller and it is worth
comparing the super-linear T dependence with the corresponding Pab (T) curve in Fig. 5. Both
of them follow a power law on and Tn with n= 1. 5. (See text for refs.)

(Tc's are given next to the curves).124 - 271 After recognizing the strong frequency
dependence of F* (o) in all compositions, we point to the three nearly linear curves for
Bi2212, 123 O0(T, =93K) and 214 LSCO. Noteworthy is the large energy range over
which this nearly linear increase of F* (w) is observed, and it is reminiscent of the p (T)
data in Fig. 1. The photon energy scale of 0.4-0.5eV compares well with the
temperature scale of - 1000K since resistivity measurements probe electronic states in
an energy window around EF that is several times kT wide. (For instance,
approximately 75% of the weight function lies within 4kT around the Fermi level).
The optical data, combined with the dc resistivity, then reveal the unusual feature of
charge dynamics, characterized by a scattering rate r*(wo,T) that is given either by ZkT
(for h w<<kT) or by 0 iAo with 03=0.5-0.7 for Aio >>kT.

For samples with reduced T., the scattering rate is higher and grows sub-
linearly with energy. In Y2 Ba4 Cu 7 O•5-x,F*(Co) is not quite linear in samples with a
T, of 70K, consistent with the fact that 70K is not the optimal T. for this
compound.t 271 It will be necessary to clarify in future studies to what degree the so-
called mid-infrared absorption feature, which is best seen at several tenths of an eV
photon energy in lightly doped non-metallic cuprates, can influence a parameterization
in terms of a generalized Drude model in metallic samples with less than optimal hole
concentration 120 21 .241

The comparison of the scattering rate results strongly suggests a trend among
the metallic cuprates which closely resembles the temperature dependence of p(T): (1)
r*(o)) increases nearly linearly with frequency (if T, is optimized); (2) The slope
dF*((o)1dw is 0.5-0.7 and seems to be independent of T, (as long as T, is optimized)

8
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Fig. 4 Slope df*(io)/dco near 0.1-0.2eV of the scattering rates shown in Fig. 3. For the
optimized compositions (solid circles) dr'*(o)/dw is in the ran-e of 0.5-0.8 and depcids not on
Tc, while dF*(o)/dwo is significantly larger in non-optimized compositions. This system~tics,
combined with Fig. 2, captures an essential aspect of the in-plane charge dynamics.

in analogy to the dpab/dT values. (3) In both "under" and "ovcrdoped" crystals, F*(Co)
deviates in a characteristic way from the nearly linear F* (Co).

Fig. 4 summarizes the frequency dependence of r* in a simplified way by
plotting the slopes in the low energy range (0.1-0.2eV) for the various compounds, as
function of Tc. Solid symbols represent optimized compositions. The similarity with
Fig. 2 is striking and strongly suggests that the scattering mechanism determining the
electrical conductivity in the CuO2 planes is qualitatively and quantitatively the same
in all cuprates with optimized carrier concentration. When the hole concentration is
smaller, the scattering rate appears to be larger. Therefore, the increased resistivity
(open symbols Fig. 3) is at least partly due to increased scattering, in addition to
reduction of carrier concentration.

4. Variation of Pab (T) with Carrivr Concentration

While the previous discussions were focused mainly on the various superconducting
compounds near their optimal composition, we will now present an example where the
hole concentration is varied chemically over a wide range. In La2 -Sr 1 CuO4 the
suL~titution of Sr for La offers a relatively convenient way to explore the transport
properties both in the "underdoped" and in the "overdoped" region.

Fig. 5 shows some of the results of a recent transport study involving high
quality epitaxial thin films.I131 The overall values of the resistivities are significantly
lower than for samples studied earlier, including crystals. The x=0.07 composition
exhibits a metal-like p~b(T) with indication of resistivity saturation at the highest
temperatures, and an upturn of Pab at low temperatures reminiscent of localization. For
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Fig. 5 Variations with hole concentration of the in-planc resistivity in high quality thin films of
La.-, Sr. CuO 4 over a wide temperature range. The near-lincarity is observed oaly close to the
optimal composition (x-O. 15). in the overdoped range (x=0.34). Pab((T) follows a powcr
Ia. T' 5 t 0- from 4K to the highest temperatures. (Rcf. 13). Of particular significance is the
observation of thc same power law in 1-*(0)) shown in Fig. 3, (Ref. 25), which we analyze as
F*(W3) •¢o)1.6±0.1"

the optimal composition (x=0.15), the near-liticar temperature dependence is observed
again over the wide T-range explored in this study. Particularly interesting is the
super-linear T dependence in the overdoped region. x--0.34, which follows a power
law T( t 5 o±t ) over a wide temperature range from 4K to neary 800K (1000K in
polycrystals). Even at these high temperatures dPab/dT keeps mntreasing.

In an independent study on different samples, the optical properties of a crystal
with the same composition (x=0.34) revealed the frequency dependent scattering rate
Ft*(c) shown in Fig. 3.1251 Up to 0.4eV F*( oW is proportional to co" with n= 1. 6+0. i.
The close link between p(T) and F*(co) is thus also demonstrated in the overdoped
range. This T312 power law in overdoped La>_,SrCuO4 is equally unusual as the
linear T-dependence near the optimal carrier concentration, and it remains to be
investigated whether or not the charge dynamics in "overdoped" cuprates is that of a
"conventional Fermi liquid." Earlier resistivity results below room temperature on
T1220!I2') with different amounts of oxygen excess and on thin films of
Nd2.,CeCuO4 l',-9 also show a super-linear pT)-T" with n approaching -2. which
was interpreted as a continuous transition to a Fermi liquid behavior. Those
resistivities, however, were up to an order of magnitude higher than the ones on the
tLaSr) 2 CuO4 film. It would be very interesting to measure F*((0) in these two
systems to high frequencies to probe the range of these power laws in relation to the
estimated Fermi energies.
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5. Sunimary

Through advances in lniterials preparation and systenlatic optical and dc transport
ucasurements, signiticant progress has been made in tlucidating the charge dynamics
in metallic Cue2 layers. What had been recognized early as typical tiansport
properties of cuprate superconductors is now being put on solid quantitative footinti.
Among the outstanding features is the close correspovd-, ce between the temperature

dependent in-plane resistivity and the frequency dependent scattering rate over wide
frequency and temliperature ranges, This holds true not only for optimal cormpositiuns.
but also in the "overdoped" range, where unusual power laws have been found for
p-T and ,-
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Superconductivity in the Infinite-Layer Phase
Stabilized Under High Pressure

Al. Takaano, Z. Hiroi. aiul A1. Aziuna

Institute for Chemical Research, Kyoto University,
Uji, Kyoto-fu 611, Japan

Cupric-oxide superconductors are complex oxides involving counter cations
like rare-earth and alkaline-carth ions. Counter cations and cupric ions
compromise with each other to coexist in a crystal by adjusting their
coordination numbers, bond lengths, and bond angles. Pressure and
temperature evidently influence these parameters, and so, depending upon
pressure and temperature, different compositions would be stabilized in a
given structure and different structures would appear for a given composition.
By applying 6GPa to the alkaline-earth-copper-oxygen system a new
superconductor family with the highest T, of 10K has been found.

1. High Pressure, Why?

All the known cupric oxide superconductors are made of negatively charged
two-dimensional (2D) CuO 2 sheets and positively charged counter layers
which are stacked alternatively along a crystallographic axis.
Experimentally alkaline-earth (A) and rare-earth (R) ions work as counter
cations (C.C.'s), which are larger in size and more spherical in electronic
state than the cupric ions. Since the Cu-O and C.C.-O bonds should thus
have different compressibilities and different thermal expansion
coefficients, the lattice matching between the CuO2 sheets and the counter
layers and, therefore, the structural stability would by strongly influenced
by pressure and temperature.

We have studied high-pressure effects upon complex cupric oxides for
the purpose of finding new compositions and new structures [11. As a part of
this study we report here a new superconductor found in the A-Cu-O system.

2. Infinite-Layer Structure

The 'infinite-layer' structure illustrated in Fig. la is the simplest structure
containing the CuO 2 sheets [21. At ambient pressure only Ca1.,Sr 1CuO2 with
x - 0.1 can be stabilized in this structure [2,31, but we found that the
composition range could be widened at high pressures so that it covered
from Ba 1 Sr2,3CuO 2 to Ca2Sr1 •CuO2 through SrCuO2 [4]. The lattice
constants are plotted against the average A-ion radius (rA) in Fig. lb. Both
a and c increase as rA increases, while the rate for the c axis is almost three
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Fig. 1 Iifinite-layer structure (a) and lattice constants plotted against the
average A-ion radius (b).

times as large as that for the a axis, and for rA>rs, the a axis is almost
saturated. This points out the stiffness of the Cu-O bond. If it were soft,
large A-ions would not expand the structure so anisotropically and the
composition range would be widened towards BaCuO2.

There is a chance to inject carriers into the CuO 2 sheets where there is
a structural instability. One way to relax the structural instability caused
by large A-ions is to inject excess electrons into, or reduce, the CuO 2 sheets
:nd, thereby, make the Cu-O bond longer. Another way ii to partially
remove the large A-ions, or introduce A-ion vacancies, and, thereby, make
rA smaller. These two ways might lead us to finding n-type and p-type
superconductors.

Smith et al. [51 and Er et al. 16] succeeded in preparing an n-type
superconductor Sr1 .RCuO 2 with R=Nd, La and Tc_<43K. We recently obtained
(Ca .Sr.), CuO2 (y-0.1) with Tup to 110K [7]. Previously we had reported
superconductivity with T7=40-100K in the Ba-Sr-Cu-O system [8,91 and
suggested that a modulated, not simple, infinite-layer structure was
responsible [8]. However, the chemistry of even the simple Sr-Cu-O system
under pressure turned out to be complex [1,101 and it was not possible to
isolate the superconducting phase. Substitution of Ca2 for Sr ' as above
has proved to make it easy.

3. Experimental

Samples were prepared starting from metallic compositions of Ca,.,Sr,:
Cu=]-y : 1 with 0.4 < x < 0.7 and 0 < y ! 0.1. Starting oxide powder was
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filled in a gold capsule, pressed almost isostatically up to 6 CPa using a
classical cubic-anvil-type apparatus, and heated at 1273 K with a graphite-
sleeve heater under the pressure for 30 min. KCIO 4 that releases oxygen at
high temperature was added in the bottom of the capsule when oxidizing
atmosphere was applied. Samples used for various measurements were
ascertained by using a scanning electron microscope (SEM) equipped with
an energy-dispersive X-ray analyzer to be free from potassium and chlorine
within experimental error. It was also confirmed that the Ca . Sr : Cu ratio
was in agreement with the mixing ratio. Magnetic susceptibility was
measured for crushed sample powder on cooling in an applied field of 10
Oe, and resistance was measured by a usual four terminal method. X-ray
diffraction (XRD), electron diffraction (ED), and transmission electron
microscopy (TEM) were used for a structuiral characterization.

4. Results and Discussion

Superconductivity was found for the wide Ca : Sr ratio mentioned above, if
the samples were treated with KCIO 4. Typical data for (x, y)--(0.7, 0.1)
are shown in Fig. 2. The magnetic data indicate that the transition occurs
in two steps, one at 110 K and the other at 75 K. The multiplicity has been
attributed to a specific microstructure to be described later. A volume fraction
of -10% was estimated at 5 K, which was reasonably large for the fine
particle size of < 1 rM as measured by SEM. Resistance begins to drop at
-110 K and becomes zero within experimental error at 65 K. The transition
temperature ot 110K is comparable with those of the "2223" phases in the
T1-Ba-Ca-Cu-O and Bi-Sr-Ca-Cu-O systems.

Figure 3a shows the XRD pattern of this sample. Most peaks can be
indexed assuming the tetragonal infinite-layer structure with a = 3.902 A
and c = 3.350 A. Small amounts of CuO (marked with stars) and unknown
phases (marked with open circles) which probably formed as a result of

- 0.0 0 ..... ... ................ .

E 1

* cc

ai
-1.O . a cc / b

0 20 40 U6 1' i60 i20 140 100 200 300
Temperature (K) Temperature (K)

Fig. 2 Temperature dependence of susceptibility (M/H, H =10 Oe) measured
for a powdered sample of (Ca.Sr0 .7)}1CuO 2 on cooling (a) and the
temperature dependence of resistance of the same composition (b).
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Fig. 3 XRD pattern of (Ca0,Sr.7)09 CuO2 (a) and an ED pattern and the
corresponding HREM image for A = CaASrcw y = 0.1 (b).

slight reaction with the sample container are mixed, but these are not
relevant to superconductivity. It is interesting to note here that the XRD
pattern of the superconducting sample is characterized by index-dependent
peak broadening, though the peak positions remain the same as those for
the stoichiometric (y=O) sample. The broadening is index-dependent, quite
light for (h k 0)'sbut serious for (000 Us.
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Typically shown in Fig. 3b are an ED pattern and the corresponding
high-resolution electron microscopic (HREM) image for a sample with
(x, y)=(O.4 , 0.1). The ED pattern is streaked along the c* axis, and in the
HREM image "defect" layers occur rather randomly. The randomness
explains both the broadening of the (001) XRD peaks and the streaking of
the ED spots. The density of the defect layers was found to increase as the
A/Cu ratio decreases but does not depend upon oxygen content: We treated
various samples in an oxidizing atmosphere using KCIO., in an inert
atmosphere without using KCIO 4, and also in a strongly reducing atmosphere
created by the graphite-sleeve heater by using a porous sample holder made
of BN instead of an gas-tight gold capsule, while essentially the same
microstructures were observed, though electrical and magnetic properties
varied remarkably. It has thus been considered that A-ion vacancies are
not distributed randomly but are concentrated in the defect layers. Even
the sample with a starting composition of y=0 is slightly defective, because
the temperature of the high-pressure treatment was high enough to drive
the system towards a slightly A-deficient composition 19, 101.

Two most important features of the defect layer found at a higher
magnification are that triple Cu-O sheets involved in each defect layer
have an elongated intersheet distance of abouit 3.7 A, longer by 10 % in
comparison with the normal distance, and that the contrast of the oxygen
sites within the central Cu-O sheet specifically changes depending
remarkably upon the atmosphere during the high pressure treatment.
Oxygen released from KCIO 4 can fill the oxygen vacancies within the central
sheet which are stabilized in the inert or reducing atmosphere. It is
reasonable to assume that the inter-CuO2-sheet distance is elongated if the
A-ion vacancies are concentrated in the defect layer: The deficiency enhances
the electrostatic repulsion between the negatively charged CuO2 sheets.
We can formulate the defect layer as CuO2/A1,./CuO2.6/A1 .1/CuO 2 (y<z),
where 6 (>0) is variable depending upon the atmosphere. The
superconductivity appearing at 5-0 should be of p-type with hole carriers
created by the A-deficiency. And this would be the first p-type
superconductor in which cupric ions have no apical oxide ions. The
multiplicity in transition should have resulted from the inhomogeneity in
defect density within a crystal.

5. Concluding Remarks

Sr, ,RCuO2 and (Ca1,Sr.), • CuO2 are n-type and p-type superconductors,
respectively, both crystallizing basically in the infinite-layer structure.
Application of high pressure has thus proved to be useful to finding new
cupric-oxide superconductors. Non-superconducting but new cupric oxides
have been reported elsewhere 11,10].
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Crystal Chemistry and Superconductivity
in M(Bal-ySry)2RECu 20x

X.Z. Wang and B. Hellebrand

Angcwandte Physik, Johannes-Kepler Universit~it Linz,
A-4040 Linz, Austria

The crystal chemistry and superconductivity have been Investigated for
compounds of the type of REBaSrCu 30X (RE s Ln, Ce. Pr, Nd, Sm, Eu, Cd, Tb,

Dy, Y, Ho, Er, Tm, Lu) and MA RECu 0 (M e Nb or Ta, A = Ba or Sr and RE
2 2 8-y

= Pr or Sm). The powder X-ray diffraction analysis of REBaSrCu 0 revealed
3x

a structural phase transition from tetragonal to orthorhombic, when the
Ionic radius of the RE3÷ decreases. The MSr RECu 0 compounds2 2 B-y

crystallized In a tetragonal structure similar to that of Y-123.

Introduction

All known copper oxide superconductors contain layers of copper-oxygen
squares, pyramids, or octahedrons as electronically active structural
components [11. The layers of these structural components are intergrown
with oxide layers such as Ba(Sr)-O, IE-0, BI-0, and TI-O. By proper doping
these layer compounds can be varied from insulators to semiconductors,
metallic or even superconductors.

When searching for new superconducting layer compounds it is interesting
to Investigate the intergrown system with different kind of oxide layers.
In this work we synthesized 1-2-1-2 type compounds of the REBaSrCu 0 (RE a3x

La, Pr, Nd, Sm, Eu, Gd, DyY, Ho, Er, Tm) and MA RECu2 0 M m Nb or Ta, A2 2 8-y

E Ba or Sr and RE = Pr or Sm).

Experimental
The preparation of REBaSrCu 3 0 and MA RECu 0 compounds by solid-state

3 x 2 
2 

8-y

reactions has been reported in [2, 3]. Structural analysis was carried out
by powder X-ray diffraction (XRD) at room temperature using Cu-K

radiation. The instrument was calibrated with silicon powder. The XRD
Intensity was measured from 6 to 1000 (20) at a speed of 0.25 degrees per
minute. The lattice parameters were calculated by a least squares
refinement. The oxygen content of all samples was determined by lodometric
titration or by thermal gravimetry (TG) analysis. The temperature
dependence of the electrical resistance was measured by employing a
standard DC four-point probe technique from room temperature down to 10 K.
The room temperature resistivity was determined by using the Van de Pauw
method [41 on a thin pellet.

Results and discussion

Figure I shows the unit cell volume of different REBaSrCu3 0 compounds as a

function of ionic radius of the RE 3 ion. Ionic radii for RE3+ considered
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Fig. 1. Dependence of the unit cell volume and the phase formation region
of REBaSrCuO on the ionic radius of the RE3* Ion 151. The abbreviations

3 X
denote 0 = orthoroh.'bic, T = tetragonal, and 2115 = RE2 BaCuO .

in this paper were taken from [51. The different REBaSrCu 0 compounds are3 x

isostructural with YBa2Cu307 or similar to It 16]. For RE = Ce and Tb, no

Y-123 phase was formed. For RE a Lu there was also no strong evidence for a
Y-123 phase. The compounds with rare-earth elements with an ionic radius
smaller than that of erbium, r R S rEr ' contain the so-called green phase,

RE 2BaCuO , and Ba(Sr)CuO2 as impurities. Samples with ionic radius rRE <

r y show orthorhombic structure, while those with rRE > roy are tetragonal.

At the phase boundary, i.e. with DyBaSrCu 0 , both the tetragonal and the

orthorhombic phase were obtained, depending on the particular thermal
treatment [7]. For single-phase REBaSrCu 0 the oxygen content, determined

by lodometric titration experiments, was between x * 6.93 and 6.94. All of
these compounds were found to be superconductors with transition
temperature T between 54K and 86K, except of RE = Pr, which Is

semiconducting. Further details on this system have been reported
previously [2, 7, 8]. When YBa Cu 0 is heated to above 10000 C, it2 37

decomposes into Y 2 BaCuO5 and other phases [91. In the Y-123 structure the
RE3. ion is coordinated by 8 oxygen ions, while in RE 2BaCuOs it Is

coordinated by only 7 oxygen tons [10]. Thus, 8-fold and 7-fold oxygen
coordination of the BE ions competes in these systems. The results shown
in Fig.l, in particular the occurrence of the RE 2BaCuO phase observed with

r s r , may be interpreted along these lines. For the smallestRE Er

rare-earth ion, Lu 3 , 8-fold coordination becomes impossible with the
preparation conditions employed. Partial substitution of Ba by Sr results
in a shrinkage of the cell volume. In addition, it favors the formation of
RE 2BaCuO , In particular for the compounds with the small radius of the

RE3 * ion. It has been reported that in YBa 2-xSrx Cu 30 the substitution of
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Fig. 2. Crystal structure of MA RECu 0 , H Nb or Ta, A Ba or Sr and RE2 28

m rare earth.

Ba by Sr Is possible only up to about 50 % by standard solid-state
reactions (11], This cannot be understood from simple geometrical
considerations. It may be related to the deformation of the Y-123 structure
with respect to the normal perovskite structure. The Ba ion is moved out of
the oxygen plane, and the Cu-O planes are buckled [6]. It has been2

demonstrated that pulsed-laser deposition permits to fabricate both single
phase LuBaSrCu307 and YBa 2XSrX Cu 307 with Sr-content up to x = 1.8 in the

form of thin films [12, 131. These results prove that it is possible to
stabilize RESr 2Cu307 at room temperature by special preparation methods. A

mixed valence of Pr has already been discussed for PrBa Cu 0 [141. The2 3 7

deviation in the data shown in Fig.l for the case of Pr are tentatively
ascribed to the presence of both Pr 3 and Pr4- ions. We denote also that
the ionic radius of Sr 2

+ (r 1.26 A) is smaller than that of Ba2. (rSr Ba

1.42 A) and it is thus closer to the Ionic radius of the RE3+ ions. Sr has
an electronegativity closer to that of RE ions as well. These
circumstances may cause site mixing between Sr and lager RE3+ ions, as
already reported in 121. This has still to be clarified .

The MSr RECu 0 and NbBa PrCu 0 compounds investigated are single2 2 8-y 2 2OB-y

phase. The oxygeih content for MSr SmCu 0 and NbBa FrCu 0 as estimated
2 2 8-y 2 2 

8
-y

from the TG analysis is about y ý 0.05. These compounds turn out to have
the same crystal structure as TaBa LaCu 0 reported in (15, 161. This2 28

structure is quite similar to that of Y-123 (Fig.2). The Sr or Ba ions
occupy Ba site and the unit cell has a tripled c-axis with respect to the
perovskite lattice. The H-ions with 6-fold oxygen coordination occupy Cu(l)
sites. Thus, the Cu02-RE-CuO2 layers are retained. The detailed structural
investigation by XRD will be reported in [3]. Fabrication of single-phase
MBa RECu 0 , except for NbBa PrCu 0 , was not successful. The XRD2 2 8-y 2 28

spectra revealed a mixed phase consisting of Ba REMO and CuO. The2 6

situation Is similar to that reported for NbBa NdCu 0 (17). The room2 28

temperature resistivities of the different compounds are given in Table I.
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Table I
Structural parameters and resistivitles for MA RECu 0 at room

2 
2 8-y

temperature

Compound a(A) c (A) p(flcm)

NbSr SmCu 0 3.877(l) 11.636(l) 0.98
2 2 8-x

TaSr 2SmCu2 0 8x 3.872(1) 11.676(3) 4.79

NbSr PrCu 0 3.892(1) 11.681(2) 0.67
2 -- 8--

TaSr PrCu 0 3.890(2) 11.713(5) 0.77
2 2 8-x

NbBa PrCU 0s~ 3.950(2) 11.947(4) 544

All of these compounds show a semiconducting behavior from room temperature
down to 10K. Preliminary results from Hall effect measurements for
MSr RECu 0 give a positive hall coefficient which indicates that the2 2 8-y

materials are hole conductors. Thus the charge carriers seems to locate in
the double Cu02 layers.

In summary, we have shown that the REBaSrCu 30x compounds show a

structural phase transition from tetragonal to ort'iorhombic when the radius
of the rare-earth ion decreases. These compounds were found to be
superconductors with T between 54K and 86K, except of RE = Pr, which is

semiconductor. The MSr 2RECu 20 y and NbBa 2PrCu 208y compounds investigated

are non-superconductors from room temperature to 10K.
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Superconducting Mixed-Metal Oxide Compounds
of the Type Sr2Lnl.sCeo.sMCu2Ol0o_, Ln = Sm,
Eu, M = Nb, Ta

N. Brnicevicl, I. Basicl, P. Planinicl, A. Paljovic t , M. Pozek1 ,
B. Ravkinl. A. Dulcic1, U. Desnical, D. Desnical, M. Reissner 2 ,
W. Steiner2, M. Forsthuber3 , G. Hilscher3 , and H. Kirchmnayr3

t Rudjer Boscovic Institute, Bijenicka 54, 41000 Zagreb, Croatia
2 Institut fir Angewandte und Technische Physik, TU Wien,

A-1040 Wien, Austria
3lnstitut fiur Experimenialphysik, TU Wien, A-1040 Wien, Austria

Abstract. - A simple method is developed for the preparation of good
quality superconducting samples of the composition Sr2(Ln,Ce)2MCu2OIO-8,
Ln = Sm, Eu; M = Nb, Ta. Structural, microwave absorption, magnetic and
superconducting properties are reported.

1. Introduction

During the course of our investigations concerning the superconducting
properties in the Sr-(LnCe)-Ta-Cu-O systems, the preparation procedure and
crystal structure of the compound Sr2Ndl.5Ceo.sTaCu2Oio-8 has been reported
[1). The structure was related to that of the TI-1222 phase consisting of
TaO6 octahedra sharing two apical oxygen atoms with apices of (CuOS)
pyramidal planes. Very recently the procedure for the preparation' of bulk
superconductivity samples was discovered for Sr2Ndt.SCeo.sNbCu2Oio-8 and
for the Ta analog as well [2].

Here we report on the procedure for the preparation of the new
isostructural series of the composition Sr2(Ln,Ce)2MCu2Oio-8, Ln = Sni, Eu;
M = Nb, Ta. Their structural and physical properties arc compared with
those of the Sr2Ndt.CeosNbCu2Olo-8 analog.

2. Materials and Methods

The samples were prepared from stoichiometric amounts of SrCO3, Ln203,
(previously fired at 8000 C) and freshly dried CeO2, Nb205 (Ta2O5) and CuO.
Mixed powders were pelletized and heated to 10000 C with a rate of
200°C/hour. At this temperature the samples were left for 24 hours. After
cooling and mechanical grinding the pellets were heated at 11000 C for 24
hours, slowly cooled (1')00 /h) to 8000 C and left at this temperature for 6
hours. Subsequently the specimens were cooled to 6300 C and kept in oxygen
atmosphere for 10 hours before furnace cooling to room temperature.
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The X-ray powder diffraction patterns were recorded with a Pkdips
counter diffraction using Cu Ka radiation whereby the powdered samples
contained Mo powder as an external standard. Modulated microwave absorption
was detected using an ESR spectrometer. Magnetisation, DC- and
AC-susceptibility measurements were performed with a vibrating sample
magnetometer and an AC-susceptometer, respectively.

3. Results and Discussion

Different thermal treatments of the starting components were applied for
the preparation of Sr2(Ln, Ce)2MCU2Oo-5 superconducting samples. A minor
fraction of superconducting phase was often formed but the superconducting
samples related in their properties to the recently reported
superconducting Sr2NdI.sCco.sNbCu2Oio-6 were obtained only by the thermal
treatments described above.

A typical X-ray powder diffraction pattern of Sr2Smi.sCeo.5TaCu2OlO-5
is presented in Fig. 1. The position of all diffraction lines is related to
the bodycentered tetragonal phase found for Sr2Nd~iCeo.5TaCu2OIo-8 (1]. A
minor fraction of impurity phase with the main diffraction line located at
20- 30.05* is due to the presence of Sr3TaO5.5 [3]. The unit cell
parameters are: a = 3.873 A , c = 28.831 A and a = 3.868 A, c = 28.828
for Sr2Sm1.sCeo.sTaCu2Ojo-8 and Sr2Eui.sCeo.5TaCu2Oo-8 respectively.

Superconductivity was indicated by the intensity of the field modulated
microwave absorption which saturates at lower temperatures and attains

2

- 8I

S0

x x x

60 50 40 30 20 10
28 (Cu Kco)(,

Fig.l: X-ray diffraction pattern of Sr2Smi.5Ce0o.TaCu2O0O-5 at room
temperature; reflections labeled with x correspond to the impurity phase.
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Fig.2: AC susceptibility of Sr2Lni..5Cc0.5NbCu2O10-5, Ln = Eu, Sm as a
function of temperature; the signal is nor- realized to the maximal value at
low temperatures.

values of the same order of magnitude as observed for other ceramic high-Tc
materials. The signal shape, however, shows only a weak hysteresis at low
fields which means that the coupling between the grains in these samples is
rather weak.

From the AC susceptibility measurements, displayed in figs. 2 and 3, we

estimate the superconducting fraction by comparing the de~sity deduced from
the normalised signal with an assumed density of 6g/cm : For both the Ta
and the Nb compounds the Eu samples systematically exhibit a larger
superconducting fraction (17 - 25 %) than the Sm samples (7 - 14 %). This
results are in good agreement with DC susceptibility measurements where no
saturation of the diamagnetic shielding signal down to 4.2K 'Vas achieved in
a measuring field of 0.16 roT. Furthermore the diamagnetic signal of the Ta
compounds is approximately by a factor of two larger than those of the
Nb-eompounds. Within a series of Nb or Ta compounds the Eu-containing
sample systematically exhibits a significantly larger diamagnetic signal
than the corresponding Sm sample which is in accordance with the AC
measurements. The superconducting shielding seems mainly to be caused by
intragranular currents since the AC susceptibility shows hardly a
dependence upon the AC field amplitude except for SrnSmi.5Ceo..faCu20t0.
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Fig.3: Normalized AC susceptibility as a function of temperature for

Sr2Ln1.5Ce0.STaCU2Oto-5, Ln = Eu, Sm.

"This is also in accordance with resistivity measurements which show above

"Tc a weak semiconducting behaviour with resistivities up to 80 ntQcm at 30K

indicating a rather poor connectivity between the superconducting grains.

While for both Nb compounds the onset of superconductivity apears at 25K,

the onset of the transition occurs for the Ta-based system at 27 ard 28K

for the Eu and Sm sample, respectively. AC hysteresis measurements at lkHz

and field amplitudes up to 1500 A/m (1.8 mT) indicate that the

superconducting fraction is rather homogeneous and that Hct of

Sr2Eui.CeO.SNbCu2OIO at 5K is larger than the field amplitude used.

The hysteresis loops in DC fields up to 7T demonstrate that above IT the

rnagnetisation becomes reversible and minor loops on the other hand, point

to very low Hci values (fig. 4). For the Nb-containing series the width of

the loops at comparable fields is larger for the Eu compound than for Sm.

Exchanging Nb by Ta increases the width of the loops again. Presuming that

the samples investigated exhibit similar grain size distributions, the

larger width of the hysteresis is indicative for a larger critical current

density. From the present state of the experiments we conclude that these

new synthesized ceramic oxides are bulk superconductors and that among

them the Ta containing compounds are more easily prepared than the

analogous Nb compounds and exhibit the better superconducting properties .

27



0. 6

- 0.15'N
4.2K C

2 0.00 o
1.0 0

00
0 0

o -0.15

OC 0.5 -0.30
-20.0 0.0 20.0

E o (mT)

0.0 o

-0.6 0

0

-1.0

-0.5 -0.3 0.0 0.0 0.5

Ba (T)
Fig.4: Field dependence of the magnetisation Sr2Eul.5Ce.0sTaCu2O0o-8, at
4.2 K. Insert low field hysteresis loop.

Acknowledgement: This work was partly supported by the Ministry for
Science, Technology and Informatics of the Republic of Croatia under
project 1-07-166 and by the Austrian Science Foundation Ponds under
project P-8173 and P8174.

References:

[1] L.Rukang, Z.Yingije and C. Zuyano, Physica C 176 (1991) 19
[2] RJ.Cava, JJ.Krajewski, H.Takagai, H.W.Zandbergen, R.B. van Dover,

W.F.Peck and B.Hessen, preprint.
[3] L.H.Brixner, J. Am. Chem. Soc. 80 (1958) 3214

28



Part II

Applications,
Film Preparation



High-Tc Superconductivity: Present Status of Applications

H. Rietschel1 , R. Hott 2 , and M. Sander2

1Kemforschungszentrum Karlsruhe, Institut fur Nukleare FestkSrperphysik,
W-7500 Karlsruhe, Fed. Rep. of Germany

2Gesellschaft fUr Angewandte Supraleitung, Postfach 36 40,
W-7500 Karlsruhe 1, Fed. Rep. of Germany

Abstract: This lecture reviews the present status of applications of high-
T, superconductivity (FITSC). Rather than discussing selected topics in

detail, it is intended to give an overview over a wide spectrum of
applications in such various fields as microwave applications, electronics,
infrared detection, energy technology and magnetic sensors (SQUIDs).

1. HTSC Families: Characteristics and Preparation

Virtually all applications of high-Ta cuprate superconductors are
restricted to cuprates with superconducting transition temperatures T, >
77 K, thus allowing the maintenance of superconductivity by cooling with
liquid nitrogen. These materials may roughly be grouped into four
families. The most prominent members of these families are listed in the
table, together with their short-hand notations and the maximum T,
reached up to the present time 11 I

With respect to applications, the most important (and detrimental)
characteristics of these compounds are the high anisotropy of the critical
current density, J., and the very short coherence length, k, 2A<t <20A.
In polycrystalline samples, this leads to weak-link behaviour at the grain
boundaries, with J, strongly reduced in comparisLn to its intragrain value
("granularity"). This is the actual reason that in ceramic samples, J,
(77 K, OT) is always found to be below - 1000 A/cm 2 , and in magnetic
fields, is reduced even furth.r. Thus for most applications, ceramic (or
"granular") IHTSCs are completely useless.

At present, two strategies are pursued to reach higher J, values in
cuprate superconductors:

i) preparation of epitaxial films and
ii) preparation of highly textured bulk samples.

Both methods aim at a reduction in the number of grain boundaries by
single-crystallinity and at the alignment of the Cu02 -planes in the most
favourable direction, i.e., parallel to the transport currents.

Epitaxial films are grown on singie-crystalline substrates like SrTiO3 ,
LaAIO 3 or A12 03 with matching cuts. Currently, the growth and pro-
cessing procedures for YBCO-films are the furthest advanced. Various
techniques such as laser ablation, sputtering or MOCVD allow the repro-
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Formula Short hand MaximumT.

REBa 2Cu 307
(RE ="Rare Earth" "RE BCO" or "123"

= Y,Eu,Gd,...) 92 K (YBCO)

Bi2Sr2Ca) 1 CUn 2 n 14 "S o i90K (Bi-2212)
BiOBSCCOor"Bi-22(n-1n" 122 K (Bi-2223)

(+ Pbdoping) 90 K (Bi-2234)

I1OK (TI-2212)
Tl 2 Ba 2Ca,,_ICunO 2n+4 .. "BCCO" or .I'T-22(n-1)n" 127 K (TI-2223)

119 K (TI-2234)

Tlj2CU,-I~nO..390 K (Ti-1212)
"Tl-1 2(n- 1)n" 122 K ('111- 1223)

(A=Sr,Ba) 122 K (TI-1234)1110K (TI-1245)

ducible preparation of films with T> > 90 K and J, (77 K, OT) > 106A/ cm1
[21. Meanwhile, high-J, films based on of TI- and Bi-IITSCs have been
prepared, but their Jc-values are much more sensitive to applied magnetic
fields.

Texturing of llTSC bulk-samples, wires or tapes can be achieved by a
number of methods: for example, crystallization from the melt in a
temperature gradient or mechanical treatments like pressing and
rolling. At the moment, the main progress in melt texturing has been
achieved for YBCO bulk samples, while for future applications in
conductors, tapes or wires containing textured Bi-2212 or Bi-2223
material seem to be particularly promising.

2. Applications of Films

Passive microwave devices (filters, delay lines) designed in stripline
technology based on YBCO and 'I'-2223 thin-films (d < 3000 A) will form
the first HTSC applications [3 1. As a result of their electronic energy gap,
IITSCs exhibit much lower rf-losses than normal conductors, at least in
the frequency range below about 100 Gliz. Therefore, superconducting
resonators - the basic component of these devices - can be made
considerably smaller and lighter than their normal conducting counter-
parts for a given performance. Superconducting multipole filters in the 10
GHz range have already been put tip for sale.

Similar arguments hold for small microwave antennas which are also
composed of resonators. Miniaturized planar antennas manufactured from
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HTSC thin-films show losses considerably reduced in comparison to
normal conducting models of equal size [41. This is particularly advan-
tageous if highly directional antenna arrays are considered. Only
recently, a group antenna consisting of 64 TI-IITSC thin-film elements
was successfully tested in the USA.

Not only the lower rf losses but also the lower dispersion of short
pulses in superconducting striplines is an essential feature for certain
applications, e.g., as the interconnects between semiconducting chips in
ultra high-speed computers. In those cases where the computers are
already cooled by liquid nitrogen, such a semiconductor-superconductor
hybrid technology does not require additional cryogenics and is thus
particularly straightforward. A USA research program has been initiated
which aims at the development of such HiTSC multi-chip modules.

iITSC thin-films can also form the basis of highly sensitive IR sensors.
Making use of the steep R(T)-characteristic at the superconducting
transition temperature, T, , I ITSC bolometers are the most sensitive IR
detectors in the far infrared, where semiconductors with sufficiently small
energy gap are not available. Work on integration of many of such pixels
into position sensitive IR detectors has already been initiated 151.

Finally, let us briefly discuss IITSC thick-film applications (d> 1 Pim).
Lifting the requirement of epitaxy, much simpler preparation methods
(e.g., electrophoresis, sol-gel, spreading of pastes) inay be applied which
lend themselves also to large or curved surfaces. Although with respect to
critical currents and rf losses these polycrystalline thick-films are by far
inferior to epitactic thin-Films, they may still be used advantageously for
coating rf devices, a good example being the IITSC-coated cavity for a
hydrogen maser [6].

However, the main application of IITSC thick-films is magnetic
shielding. Several Japanese companies have already developed shielding
chambers based on the use of Bi-d ITSC thick-films. A system consisting of
a cylindrical chamber 40 cm long and 15 cm in diameter which attenuates
magnetic background fields by a factor of 104 to 105 is already on the
market.

3. Textured Current Leads and Bulk Samples

Regarding the development of IITSC current leads, present interest is
focused on Bi-HTSC wires or tapes. Ilere, the Bi-2212 phase offers
extraordinarily favourable conditions for its use in helium-cooled high-
field magnet coils: with J, (4.2 K, 25 T) = 140,000 A/cm 2, its criticial
current-density in high magnetic fields surpasses that of any classical
superconductor (e.g., NbTi or Nb 3Sn). For cooling under liquid nitrogen,
on the other hand, the Bi-2223 phase is superior: with J, (77 K, 0 T)
- 50,000 A/cm 2 , it is suitable for use in high current leads at low fields; in

high fields, however, its J, rapidly decreases [71.
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To manufacture such wires or tapes, silver tubes filled with HTSC
powder or silver tapes spread with IIrsc pastes are subjected to
consecutive steps of tempering, followed by pressing or rolling. The role of
the silver is not yet clear: it is assumed that it not only supports the
alignment of HTSC crystallites but also helps to avoid cracking as a result
of its plasticity. By adding finely dispersed Ag powder to the precursor
material, wires have been produced which can be stretched up to 2 %
without irreversible degradation of J,. In view of all this progress,
industrial production and technical use of HTSC current leads may be
expected in the near future.

Until now, all fabricated magnet coils based on IITSC materials have
only been "demonstrators" and are without practical use. There is one
major hurdle which must yet be overcome, and this is the phenomenon of
flux creep. Even in low magnetic fields (e.g., self field of the transport
current), thermally activated flux lines move under the Lorentz force of
the transport current, thus leading to dissipation. Even in the Bi-IlITSC
tapes and wires described above, flux creep still remains a problem. This
excludes operation of the magnet without external current source (per-
sistent mode). Very recently it was discovered that in the TI-1223 phase,
magnetic flux can be pinned much more effectively than in the Bi-based
HTSC so that flux creep sets in only above B - 10 T 191. In fact, short TI-
1223 wires with J, (77 K, 1,5 T) z 8000 A/cm 2 have already been produced
by similar techniques as were developed for the Bi-IITSCs.

By. means of a rather slow procedure which is commonly called "melt
texturing" and which consists of a sequence of melting and cooling steps,
highly textured plates or disks of YBCO can be produced with up to seve-
ral hundred grams of weight. In these melt-textured YBCO samples,
magnetic flux is pinned very efficiently, and high critical currents can be
reached at high fields. Presently, typical values are J, (77 K, I T) = 30000
A/cm 2 and Jc (77 K, 5 T) = 15000 A/cm 2. As a result of its time
consuming nature, this process is hardly suited for making wires or tapes,
but the melt-textured disks or plates do offer a very interesting potential
application as magnetic bearings. If such a sample is cooled below T, in
the field of a permanent magnet, magnetic flux gets frozen in. Due to the
strong flux pinning, any attempt to displace the magnet will result in a
restoring force (present maximum: - 10 N/cm 2) which allows fabrication of
stable passive magnetic bearings [9]. Heavy-duty bearings for high loads
(up to .100 kg) as well as high-speed bearings reaching 500000 rpm have
already been designed and realized based on melt-textured YBCO. One
particular],; interesting application of superconducting magnetic
bearings could be their use with energy storing flywheels.

A further application of HTSCs in energy technology is their use in
current limiters. In this case, a superconducting line is pushed by shock
currents or shock fields into its highly resistive normal state thus limiting
possible short circuit curients in the network. However, for more
demanding applications in energy technology like superconducting
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transformers, generators or magnetic energy storage devices, IITSC
materials are presently far from being worth discussing.

4. Josephson Contacts

A number of potential applications for superconductivity results from the
Josephson effects which occur at two weakly coupled superconductors (the
Josephson contact). The high sensitivity of the dc Josephson-current to
magnetic fields is exploited in SQUIDs, which are presently by far the
most sensitive detectors of magnetic fields. Designed in classical Nb-

technology, SQUIDs are widely used in science and more recently even in
medical diagnostics for both magnetoencephalography and cardiography.
Besides SQUIDs, oscillators and mixers for ultrahigh frequencies are
further devices where Nb Josephson-contacts are employed advan-
tageously. For the ac Josephson effect, the realization of high-precision
voltage standards is the most important application.

Various different methods have been developed to prepare Josephson
contacts based on HTSC thin-filns. These are reviewed elsewhere in th'!se
Proceedings together with special designs for HTSC SQUIDs and their
properties such as sensitivity and noise figures. Summarizing these
discussions one can state that now, HTSC SQUIDs already come close to
commercially fabricated Nb SQUIDs in their performance. The progress
achieved in this field is perhaps illustrated best by the on-chip integration
of SQUID and flux transformer by CONDUCTUS [101. Although not yet
optimized in sensitivity and noise figure, with its 15 different HTSC and
buffer layers this device represents the state-of-the-art of IITSC thin-film
technology. Similar integrated SQUID chips in somewhat simpler design
are already offered at low price for practical training of students.

SQUIDs may also be considered an intermediate step towards digital
electronics based on Josephson contacts. There appears to be decreasing
support for the concept of using hysteretic Josephson contacts as flip-flops
in fast computers. This concept, which has been pushed ahead in the past,
particularly by the Japanese, does not offer much faster clock speeds than
advanced semiconductor technology. Much faster superconducting logical
components may be expected from the various concepts based on rapidly
moving single flux quanta ("RSFQ"), but these new and futuristic ideas
have yet to be realized in classical Nb technology, let alone in FITSC! What
can be expected in the near future, however, is the development of small
scale integrated Josephson circuitry (e.g., fast AD-converters) to be used,
for instance, as the read-out electronics of a SQUID located on the same
cold chip [ I11.
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5. Conclusions

Within a remarkably short time, IHTSCs have reached a stage of develop-
ment for which classical superconductors have needed a much longer
period. Although some of the first dreams and hopes have turned out to be
unrealizable, at least in the near future (this regards in particular energy
technology), the already realized ideas such as SQUIDs, microwave
components or magnetic bearings demonstrate that IITSCs will find wide
applications in future technologies.
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Abstract. Progress in the preparation of epitaxial high-Tc perovskite films on suitable substrates, their
patterning into microstructures, and recent progress in Josephson junction technology u.iing grain boundary
engineering resulted in SQUID magnetometers with attractive noise performance for operation at liquid
nitrogen temperature. DC- as well as RF-SQUIDs using Josephson junctions made on artificial step edges
in the substrate surface exhibit a rather low 1/f excess noise. Values well below 10' jtHzL- for the
spectral flux noise at frequencies down to a fraction of 1 Hz, and of the order of several 10'63 J/Hz for the
spectral energy resolution in the white noise region have been observed at 77 K. Using flux focussing, this
leads to magnetometers with a field sensitivity of several 100 IT/HzI/2 that are sufficiently sensisitive for the
detection of several human biomagnetic signals.

1. Introduction

Shortly after the discovery of cuprates that are superconducting in liquid nitrogen, successful attempts were
made to demonstrate quantum interference effects [I] and the feasibility of high-Tc-SQUIDs 12-71. The
early SQUIDs were made of bulk samples, the SQUID-hole and the weak links being prepared by
mechanical machining using drilling, sawing, and grinding. SQUIDs with adjustable weak links also were
made, that could be operated over a wide temperature range from 4.2 K up to over 100 K [8]. All these
SQUIDs usually being of the rf-type had in common a rgther pronoynced low frequency excess noise.
Equivalent spectral flux noise densities of the order of 10- " 10-4 0o /Hz at a signal frequency of 1 Hz
were typical for such devices at an operating temperature of 77 K. A possible reason for this effect lies in
the polycrystalline nature of the weak links that provides many possibilities for the supercurrent to choose a
percolative path, the switching from one path to another giving rise to the observed excess noise. A natural
alternative to improve the noise performance of high-T SQUIDs therefore was to create thin film devices
with a locally well defined weak link structure. EpitaxiaY film growth on suitable substrates [9,10] as well as
the developement of appropriate micro-patterning methods were necessary steps towards improved
SQUIDs.

2. Grain boundary engineering

Up to now, grain boundaries are the most widely used kind of weak links, whose current-voltage-
characteristics exhibit a Josephson type behavior. In order to avoid percolation, it is necessary to create at
will individual grain boundaries at predetermined locations. Three different ways to achieve this have been
developed recently: A) the bicrystal method [11], B) the biepitaxial method [121, and C) the step edge
method 113,14]. In method A), the film is deposited epitaxially on a substrate that is made by fusing together
two single crystals thus forming a bicrystal. A grain boundary thus is formed also in the epitaxial cuprate
film just at the location of the grain boundary in the substrate. DC-SQUIDs made of such films by an
appropriate patterning procedure [111 led to a significant improvement in noise performance. In method B)
a template (seed film) first is deposited covering part of the substrate. This template film grows with an
orientation that is rotated with regard to the orientation of the substrate (at present usually rotated by 45').
A high-T. cuprate film then grows epitaxially with different orientations on the template and on the
substrate thus forming a grain boundary at the borderline of the template. This technique has been used to
make DC-SQUIDs in a multilayer structure with integrated coupling coils 115]. Finally, by depositing a
YBa 2 Cu3 O 7 -,film on a substrate with a step in its surface, two grain boundaries can be formed just at the
edges of the step (fig. 1). SQUIDs having grain boundaries as weak links made with this technique will be
dealt with in some more detail in the following, because the highest field sensitivity so far has been achieved
with such devices at signal frequencies that are important for applications in the biomedical field.
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Fig. 1: Step edge junction with two 900 grain boundaries in the YbCo-film.

3. Fabrication of step edge junctions

Fig. 2 shows a method used to create step edge junctions [161. First a metal mask (Nb) is prepared on top of
the substrate. Using Ar + -ion milling, the step in the substrate then can be eroded, after which the metal
mask is removed by reactive ion etching. A high temperature anneal in oxygen atmosphere follows in order
to repair to a certain extent the surface damage caused by the ion bombardment The following epitaxial
depositiont of the high-Tc film usually is done by laser ablation, the film thickness being of the ordei of the
step height. In the final procedure, lateral patterning is accomplished using low energy (500 eV) Ar + -ion
milling. The resulting width of the junction is of the order of a few microns. After the ion milling, the
remaining photoresist can be left on top of the film and the junction as a protective coating.

It was found that such junctions exhibit RSJ-tike behavior. High resolution micrographs show a difference
in the fine structure of the two grain boundaries at the step [171. It is now established that the critical
currents Icl and 1c2 of the two grain boundaries usually differ significantly i.e. Icl < <
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Fig. 2: Preparation steps for step edge junctions.

4. SQUIDs with step edge junctions

4.1 RF-SQUID

, washer type structure (fig. 3) was used for the planar RF-SQUID, the details of fabrication being given in
Ref. 1181. The hole of the washer ranged between 100XxlOOp.m and 300x.f30lj.m corresponding to a
geometrical SQUID inductance L.between 120 pH and 400 pH. In order to have a well localized weak link
structure in the superconducting ring produced by the hole, two step edge junctions were created in close
vicinity to each other using a few rnm wide trench in the substrate near the rim of the hole. The width of
these step edge junctions usually was 2.0-2.5 pm. The outer dimensions of the washer varied between 1,4xl,4
mm2 and 8x8mm2. The epitaxial YBa 2 Cu3 O 7Tx-f'lms were pulsed-laser deposited on 10xl0mm 2 (100)
SrTiO 3 ýubstrates.

The SQUIDs were driven by lumped tank circuits. Matching to the 50 Ohm transmission line to the room
temperature electronics was achieved by means of a capacitive tap. Fig. 4 shows noise data, measured in
flux-locked-loop operation of the SQUIDs. One spectrum is measured at a tank circuit frequency of 20
MHz whereas the other noise spectrum was obtained at a resonance frequency of the tank circuit of 160
MHz. As predicted by theory [191, the SQUID noise is reduced significantly when using the higher
frequency. This is not only true for the white noise, but also for the low frequency excess noise that becomes
visible only well below 1 Hz.

Due to the flux focussing effect of the washer geometry, the field sensitivity ca.. assume attractive values
tlow I pTiHz11 2 . In fig. 5, the spectral flux noise is given for different SQUID with Ls-values between 25

pi-1 and 380 pH. Also the spectral field sensitivity for the 190 pH SQUID is shown with a white noise value
of 170 fT/H-z"/2, and the low frequency excess noise starting at about 1 Hz.

4.2 Microwave biased Rf-SQUID

Further reduction of RF-SQUID noise can he expected by raising the bias frequency to even higher values.
This has been demonstrated by planar microwave biased SQUIDs made of niobium film [201. Instead of a
tank circuit consisting of lumped elements, a micro strip line resonator can be used, and the SQUID ,ing
can be integrated into the resonator to achieve adequate coupling. Fig. 6 shows such a structure designed
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Fig. 3. Washer type rf-SQUID using a double step edge junction as weak link. Outer dimensions of up to
8x8 mm2 for the flux focussing washer have been used for the most sensitive SQUIDs.
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Fig, 4: Spectral flux noise of a washer type rf-SQUID operated at 77 K with two different tank circuit
frequencies, 20 MHz and 160 MHz.

for an operating frequency near 3 GHz. It is made of epitaxial YBa2CU30.7 ,-fdm deposited on a 0.5 rnm
LaAlO 3 substrate on top of a copper ground plane. The resonator is capacitively coupled to a 50 Ohm
coaxialcable leading to the room temperature electronics. The coupling could be varied in order to obtain
the highesi signal output from the SQUID.

In fig- 7, the white flux noise (7+ l)xI0 5 0 o/Hz 12 is shown for the best device, made so far [211. The low
frequency excess noise level of this device, with crossover to the white noise level well below 0.1 Hz, is
probably the lowest ever recorded at 77 K for a high-T RF-SOUID. However the white noise level is still
comparable to that for the 160 MHz washer type SQUIDs of similar inductance L . This result was traced
down to the transfer function dV/do, whose value at 77 K was by an order o? magnitude lower than
expected. It iý hoped that this situation can be improved in the near future, such that a white flux noise in
the lower 10- (o/iHzl/2 range, or even smaller, will be achieved.
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Fig. 7:' Spectral flux noise of a YBC() thin film microwave-SQUID whose lay-out is given in fig. 6. The weak
link is a double step edge junction as shown in fig. 3.
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43 DC-SQUIDs

DC-SQVIDs employing step edge junctions also were made recently. Record low values near 6x10"6

o/Hz" have been reported for the white flux noise [221 with a crossover to low frequency excess noise of
the order of 1 Hz. With an inductance of the device (5x5 am2 hole) of 20 pH this corresponds to a spectral
energy resolution of the order of 4x10"3 0 J/Hz. This is the lowest value demonstrated so far for dc-SQUIDs
with step edge junctions at 77 K for low signal frequencies. Due to the small hole area, the field sensitivity is
less than that of the aforementioned washer type rf-SOUID, despite its better flux sensitivity.

5. Mapgnetometers

In order to create magnetometers with high field sensitivity a good field to flux conversion is needed; A
simple method to achieve this is to use flux focussing as has been demonstrated with the washer type
SQUIDs- Flux concentration ratios of the order of 100 easily can be achieved using this method 1231 This
may already be sufficient to register stronger biomagnetic signals .re that of the human heart. Fig. 8 shows
a human heart signal recorded with diagnostically relevant detail over a band width of 30 Hz. In fig. 8a the
signal is recorded in normal laboratory environment using an electronically compensated gradiometer
consisting of two washer type SQUIDs. Fig. 8b shows the magnetocardiogram from the same male person
recorded one day later in a magnetically shielded room using the 380 pH RF-SOUID of fig. 5.

In principle, higher flux concentration ratios can be achieved using flux transformers with
superconducting coils. These flux transformers have to be wcU designed in order not to deteriorate the
overall noise performance. The combination of thin film low noise high-Tc SQUIDs with low noise high-Tc
flux transformers undoubtedly will lead to magnetometers, that at 77 K have a field sensitivity coming within
one order of magnitude close to that of conventional helium cooled magnetometers.
Magnetoencephalography therefore should be feasible with high-Tc SQUID magnetometers. Acoustically
stimulated brain signals recently could be made visible with a washer type rf-SQUID at 77 K (fig 9) using
signal averaging over 80 individual recordings.

Q)

IýVAP-A)'
b) QRS T

P

.02sec.

Fig. 8: Real-time magnetic signal of one male subject's heart recorded a) using a first order rf-SOUID
gradiometer in normal laboratory environment without any magnetic shielding, b) using one channel of the
gradiometer inside a magnetically shielded room (measurement done one day later at the Institute of
experimental Audiology of the University of Minster, Germany
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6. Conclusion

The noise performance obtained with SQUIDs using step edge junctions justifies expectations, that
SQUID-magnetometers operated at liquid nitrogen temperatures soon - if no( for the most demanding
applications - can replace those made of conventional superconduetors which need liquid helium for
cooling. This does not mean however that step edge junctions, or, more general, by grain boundaries, will be
the final answer to the quest for low noise high-T Josephson junctions. Also the issue of reproducibility
with narrow tolerances for instance may favor a ddfer-.nt type of junction, e.g. those of the SNS-type (see
[241).
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Abstra'". The technique of thermal coevaporation for the preparation of thin YBa2Cu 3O?
films ).elds excellent superconducting properties and, at the same time, very smooth
surfaces. Scanning tunnelling microscopy (STM) reveals tiny growth spirals wi~h
extremely high density on MgO, and layer-by-layer growth on SrTiO3 . On SrTiO 3 we
also observe very pronounced RIIEED-oscillations. The relatively low substrate
temperatures of 600 to 650'C for optimum epitaxial growth allow film preparation also
on semiconductor substrates. On silicon with buffer layers of yttria stabilized zirconia
(YSZ), we have grown epitaxial films with Tc = 87..89K, jc(77K) = 2.5 .105 A/cm 2,
p(100K) = 40pS1, and a high degree of smoothness. Recently we have also succeeded to
grow epitaxial films on GaAs with buffer layers of MgO, with T, = 86.8K, j((77K) =
7. 105A/cm 2 , and p(100K) = 100AS1 cm. These values are markedly better than those
obtained with pulsed laser ablation by Fork, Nashimoto, and Geballe. Integrated super-
conducting and semiconducting devices have now come in sight.

1. Introduction

A prerequisite for basic science as well as for applications of high temperature supercon-
ductors (tlTSC) is the materials science. Thin films of IHTSC are used in basic research,
e.g. in tunnelling experiments and for studies of flux pinning. Applications of thin film
IITSC include SQUIDs, microelectronics, and microwave devices. The requirements for
these purposes are: high critical temperature, high critical current density, and low
microwave resistance. Most applications like tunnel junctions or multilayer packaging
require surfaces as smooth as possible.

Furthermore, there is a strong need to grow such films not only on standard
substrates like SrTiO 3, MgO, A120 3, or LaA10 3, but also on semiconductors. Substrates
such as Si and GaAs allow "super-semi" technology, i.e. a true integration of supercon-
ducting and semiconducting circuits. In addition, semiconductors are simply high quality
substrates which are available in large areas and at relatively low cost.

2. Thermal coevaporation technique

At present there are basically four different techniques for the preparation of IITSC films,
namely pulsed laser ablation, sputtering, chemical vapour deposition, and reactive
coevaporation. Among these, evaporation techniques require the least elevated substrate
temperatures, around 600 to 650"C, whereas the other methods require 750 to 800'C.
This is probably due to the higher surface mobility of the metal atoms as compared with
the larger composites deposited by the other methods. A second advantage of the evapo-
ration technique is that the composition can be easily varied in a controlled manner. This
is essential for obtaining smooth films.

Among the various ways of evaporation by electron guns, Knudsen cells, or current
heated metal boats we are employing the latter because it is insensitive to the oxygen
background pressure, it is simple, stable, and cheap. Our system is described in more
detail elsewhere [1] [21 We are controlling the evaporation rates by a cross-beam quadru-
pole mass spectrometer or, in another system, by quartz crystal monitors. Both methods
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work equally well with reproducibilities of the composition of a few percent. The sample
is radiation heated inside a small oven which also serves as inlet of the molecular oxygen
to obtain an enhanced pressure of 5.10-3mbar near the sample surface. A hole in the
bottom of the oven allows the metal vapours to enter. The chamber is equipped with a
reflection high energy electron diffraction system to study the film growth in situ.(2l

An important issue is the absolute determination of the composition of the finished
samples to calibrate the rate control. We use Rutherford backscattering spectroscopy
(RBS) using 160 ions.[3] The spectra of all three metals are then well separated and can
be directly integrated without fitting. This yields an accuracy of about 1% for the content
of each metal.

3. Smooth YBa 2CU3O7 films

Since it is easy to vary the composition by varying the evaporation rates we have
made a careful study relating the composition to the growth mechanism on MgO as
observed by RHEED, to the resulting surface morphology observed by scanning electron
microscopy (SEM), and to the superconducting properties.13] It turned out that the
surface morphology depends in a reproducible way on composition variations of a few
percent only. In fact, looking at the surface by SEM we can fairly well predict the
composition and we use this correlation for the optimization. Films whose composition
deviates no more than 3% from ideal stoichiometry generally do not exhibit any
outgrowth, and still have the best superconducting properties.

The smoothest film with no visible structure at SEM resolution was the ideally
stoichiometric one within the 1% accuracy of the t60-RBS measurement. Therefore we
looked on this film by STM.[41 The result is reproduced in Fig. 1. The large magnifica-
tion in z-direction reveals a high density of fine growth spirals of an average height of
only 4 unit cells or 5nm. In fact, this means that the film was extremely smooth. Growth
spirals in YBa 2Cu307 films were first reported on by Gerber et al.[5] who speculated
that the associated screw dislocations might act as strong pinning centers. The density in
Fig. 1 is two orders of magnitude higher than that of Gerber et al. This would provide
pinning centers for fields up to about 1 Tesla. J,(B) measurements are under way.

On MgO substrates we obtain always spirals, however small. In contrast, we observe
on SrTi0 3 under suitable conditions layer-by layer growth. This is demonstrated in

Fig. I. STM image of a YBa 2Cu 3O0 film with ideal stoichiometry on MgO

46



Fig. 2. Growth on SrTiO 3 substrate is layer-by-layer rather than in spirals.
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Fig. 3. RIIEED-oscillations confirming layer-by layer-growth on SrTiO 3.

Fig. 2, again by an STM image. The islands on the dominant surface plane are one unit
cell high. So this film is even smoother than that of Fig. 1. The layer-by layer growth is
also nicely demonstrated by the appearance of RHEED oscillations. Fig. 3 shows the
intensity of a specularly reflected 20KeV-electron beam vs. time during the deposition.
On completion of a monolayer of unif ,'•. '" -,4f.'e is smnothest, - Lat r-riodic
maxima occur. Presently we study the surface morphology after a growth stop at a
defined phase of the oscillation. On MgO the oscillations are hardly observable, consis-
tent with the observed spiral growth. We conclude that the spirals are forming in the first
monolayers already, probably due to the larger lattice misfit of the MgO.
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4. Epitaxial YBa 2Cu 3O7 films on semiconductor substrates

Early on we have evaporated YBCO directly onto bare silicon wafers[l]. These films had
fairly high Ta's, and they were c-axis textured. However, they were not epitaxial in the
a-b-plane and, hence, jc was low. With buffer layers of YSZ, deposited by electron gun at
800"C, we were able to grow epitaxial films with je = 2.5.106A/cm2 and very smooth
surfaces, comparable to those on MgO.[6] A cross section of the layer sequence is shown
in Fig. 4. Between the Si substrate and the YSZ layer, there is an additional layer of
amorphous SiO 2. This must have formed after the epitaxy of the YSZ had been estab-
lished. YSZ is a good ionic oxygen conductor at elevated temperatures, so that oxygen is
highly mobile. In fact, we were able to reinforce this layer up to several 1Oonm by
treating the YSZ-film with atomic oxygen. The SiO 2 can serve as a good insulator
between the superconductor and a prospective semiconductor circuit underneath.

A difficulty of silicon as a substrate is its extremely low thermal contraction in view
of the strong contraction of the YBCO. This leads to stresses which can be sustained only
by films thinner than 70nm. Above this thickness we observe inevitably cracks and a
degradation of j: within a few days. Another disadvantage of the silicon is that it is not
well suitable fo.' microwave applications, were the YBCO would have its strongest poten-
tial of becing applied. Therefore, we have also grown YBCO on gallium arsenide.

GaAs is mainly used for microwave applications, and it has also the advantage of a
thermal contraction coefficient that is comparable to that of MgO or SrTi0 3. So cracks
and degradation are not expected. On the other hand, it has the great difficulty of loosing
arsenic at temperatures above 480*C. This means that YSZ or other oxides with high
deposition temperatures could not be used as buffer layers.

Fork, Nashimoto, and Geballe were the first to prepare epitaxial YBCO films on
GaAs with relatively good quality by using MgO buffer layers which can be prepared
ep:taxially at relatively low temperatures.[7] But for the YBCO deposition they still had
to apply 700"C-somewhat too low for their technique of pulsed laser ablation, and
somewhat too high in view of 'he arsenic problem. As a consequence, the electronic
properties, p(100K) = 500 Slcm and jc = 1.5- 105A/cm 2 were not yet satisfactory.

We recently applied our technique to this problem and used only 620'C. Even then
some arsenic evaporates from the free sample surfaces and is partly incorporated in the
YBCO film where it has a negative effect on the electronic properties. The resistive trans-
ition of an epitaxial film of very good crystallinity is shown in Fig. 5,trace (a). By
encasing the sample with the help of silicon wafers we were able to redace the arsenic
contamination considerably. This has resulted in trace(b) of Fig. 5, which now nicely
extrapolates back to zero. The maximum T(, we have reached so far was 16.8K, and the
maximum Jc was 7.105 A/cm 2. We are confident that we can optimize the process further
to obtain the full performance of YBCO known from the standard substrates.

YBa2Cu 3O7

Y20 3

i & 20nm

YSZ

a-Si0 2

Si substrate

Fig. 4. TEM image of YBa 2Cu 3O7on Si with YSZ/Y 20 3 buffer
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Fig. 5. Resistive transition of epitaxial YBCO on GaAs (a) without and (b)with encasing

5. Condusion

Thermal co-evaporation of the metals in oxygen atmosphere has several advantages
which make the technique well suited for the preparaion of thin films which are almost
atomically smooth on SrTiO 3 and have high performance also on Si and GaAs substrates.
This work was supported by the Budesminister ffir Forschung und Technologie.
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Abstract. Epitaxial YBaCuO films with (110) orientation (c-axis in plane)
were made by laser deposition and magnetron sputtering and characterized by
X-ray and optical methods. Problems associated with patterning of these
films are discussed and solutions to these problems are presented. Measure-
ments of transport properties along c-axis, and along ab planes, on the
patterned films, showed a pronounced anisotropy.

1. Introduction

(110) oriented YBaCuO films are unique in the respect that the c-axis is
macroscopically aligned along the substrate (001) axis in the film plane,
while the ab plane is perpendicular to the film surface; the a and b axes
are at 450 to the film surface (Fig. I). These films, in contrast to more
common "c-axis" (100) and "a-axis" ((010), (001)) films, possess a pro-
nounced anisotropy, particularly in optical and electrical propcrties.

Two features of the (110) films make them a promising object for basic
studies, as well as for future electronic applications - the aforementioned
anisotropy, and the fact that the longer (in ab-planes) coherence length
(gab=1.5 nm, while ýc=0.2 nm) is perpendicular to the film plane, which

makes them attractive for various multilayer structures, e.g. for planar
Josephson junctions. A-axis films, though also have the longer coherence
length perpendicular to the film plane, consist of mixture of crystallites
with c-axis orientated along the (010) and (001) axes of the substrate be-
cause of 900 symmetry of the substrate surface.

Many of the experiments to study c-axis vs. ab-plane anisotropy of
YBaCuO films which can be done on the (110) films, are impossible or diffi-
cult to perform on single crystals, because of their small size, especially
along the c-axis (typical single crystal thickness is 10 gm). First works
to study the optical [1-31 and electrical [3] anisotropy on the (110)
YBaCuO films have already been done. In [2], the changes In the optical an-
isotropy were used to monitor accumulation of the amorphous phase upon the
film irradiation by energetic ions.

Substrate
- • (103) surface

(105) - F/ b //

c~ 

(110)

Fig. 1. Possible epitaxi-
al orientations of YBaCuO

, (110) oriented substrate on (WO) oriented sub-
"strate.
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Preparation and patterning of (110) films is associated with a number
of problems. First, on the (110) substrates, (103) and (103) film epitaxy
(Fig. 1) is possible, along with (110) one. Therefore, films consisting of
crystallites of all three orientations are often obtained. Moreover, by the
standard X-ray diffractometry it is difficult to distinguish between these
orientations.

When standard photolithographlc process, giving excellent results for
c-axis films, was applied to the (110) films, tremendous degradation of the
T occurred (this was observed also in [4] for (103) films). Also, we foundc
that the patterned films tend to crack after therm-cycling. In the present
work, the ways to overcome these problems are presented

2. Film preparation

To obtain (110) YBaCuO films, (110) oriented cubic or tetragonal (usually
SrTiO 3) substrates are used. The films were obtained by pulsed laser de-

position as well as DC magnetron sputtering. The temperature regime is cru-
cial for the film quality. At low deposition temperature T films with low
Tc are obtained, while high Td promotes (103) vs. (110) growth. The later

is thought [3] to be due to the fact that at high temperature, the thermal
expansion of YBaCuO along the c-axis is very high, and the misfit for the
c-axis in-plane epitaxy (i.e. for (110) orientation) increases dramatical-
ly.

Pulsed laser deposition. The description of the experimental setup
and the details Cr the process are given elsewhere [1, 51. Eximer KrF laser
(248 nm) Is used, the deposition is performed in the 02 atmosphere at I

mbar. In our setup, "he substrate lies on the bottom of homogeneously heat-
ed metallic cavity, so that the substrate temperature is really close to
the cavity temperature as measured by a thermocouple (this was checked with
a pyrometer). The deposition begins at T -6600 C, and after deposition of

d
about 50 nm YBaCuO the temperature is increased to 7200 C without interrupt-
ing the deposition. The low initial temperature is favorable for (110) epi-
taxy of YBaCuO on SrTiO., and then this crystalline orientation is retained

at the higher Td, resulting in a (110) film with a high Tc (zero resistance

at 83 - 87 K).

Magnetron sputtering. Hollow cathode DC magnetron [3] as well as pla-
nar DC magnetron [21 were used. We [2] used on-axis substrate position, and
a special designed magnet system. In the central area of the target, op-
posite to the substrate, there was no discharge - the discharge formed a
narrow ring with inner diameter 40 mm. This is favorable for avoiding the
resputtering effects. In both works, Ar/O2 mixture was used at the total

pressure of 0.4 mbar. Also, in the both works, the substrate was clamped to
a heating block. We suppose, that absence of good thermal contact was cru-
cial for obtaining (110) films. The heat transfer from the block to the
substrate was mainly radiative. The growing film increases the absorption
of the radiation, and the Td rises during the process. So, the temperature

regime is like the one used for laser ablated films. This supposition is
supported by the fact that the thinner (120 nm) films we obtained displayed
T below 78 K, while for 200 nm and thicker films the T (R=O) was 82 - 90c c
K.

Diagnostics. The standard tool to characterize film crystal orienta-
tion is X-ray 0-20 scan. However, this technique does not discriminate be-
tween (110) and (103) orientations. In [31, the 0 scan was used for this
purpose,
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Fig. 2. Raman spectra of
eLeSI l]110l (110) YBaCuO film (1).

Lower spectrum: the inci-
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Spolarized along the
LO c-axis; upper one: the

polarization perpendicu-
- lar to it. Note the scale

factor applied to the lo-
.- wer spectrum.
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A fast and informative technique for characterization of (110)/(103)
oriented YBaCuO films Is Raman scattering [1, 21. On Fig. 2, Raman spectra
for polarization of incident and scattered light parallel to c-axis (lower
curve) and parallel to ab-plane (upper curve) are presented. The features
proving1 the (110) orientation of the film are: anisotropy of the peak at
500 cm (it changes bla factor of 30 upon 90 rotation of the sample),
and the peak at 340 cm can not be seen in the polarization parallel to
the c-axis, and is weak for another polarization. In the spectra, only
YBaCuO lines are present, and there are no indications of foreign phases
(to which Raman scattiring is very sensitive). The position of the apex-
oxygen peak at 501 cm suggests that the film is fully oxygenated.

Cross-sectional TEM analysis has also been employed to prove that the
ab planes are perpendicular to the film surface [S].

3. Patterning

Patterning of (110) films proved to be much more difficult than that of
usual c-axis ones. Dramatic decrease of the T occurred after the litho-

c
graphy. It was found, that the step, where the degradation happened, was
the application of a photoresist. The tentative explanation is that in the
(110) films the ab-planes, in which fast diffusion is known to occur, are
opened towards the surface. Extraction of oxygen from the film due to in-
teraction with the organic photoresist Is therefore possible, or, alterna-
tively, diffusion of some impurities into the film.

To overcome this problem, we tried different protective layers. Of
them, BaF 2 layer gave good results. BaF2 is known to be inert In respect to

YBaCuO even at elevated temperatures. BaF2 is soluble in the photoresist

developer and thus removed together with the exposed resist, thereby making
possible wet etch of YBaCuO. If necessary, the BaF2 layer can be removed

from the top of YBaCuO structure after stripping the photoresist by a short
dip into a strong (15 wt.%) KOH solution.
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For etching (110) YBaCuO films, citric acid solution (0.5 wt.%, 0 C,
2.5 min) gave reasonably good results. However, when thicker films were
etched, some undercutting of the clges was observed. Moreover, the etch of
thicker films was anlsotropic, resulting in poorly defined edges. If better
resolution was )-cessary, ion milling was successfully applied (500V, 0.2

2
mA/cm , 5 mii, etch / 10 min pause cycle).

An alternative, "chemical free" process was developed, to obtain pat-
terned film in situ. First, an amorphous SI layer (150 nm) was deposited
onto the SrTiO3 substrate by e-beam evaporation. The silicon was patterned

by the wet etching (4 wt.% Cu(NO 3)2 + 25 wt.% NH 4F . 38
0
C. 1.5 - 3 mn. ).

After that, YBaCuO film was depo-'-ed by the laser ablation. On the spots

free from silicon, an epitaxiall .,-own superconductirg film was obtained;
in the other places, YBaCuO reacted with the silicon to form an insulator.
The lateral resolution of this technique is at least several 'm (Fig. 3).
If the deposition is performed at the low 670/730

0
C temperature, an addi-

tional anneal in situ (750
0

C, 1 hour, 1 mbar 0 2) is needed for completing

the reaction between Si and YbiCuO to obtain a perfect insulation.
Another serious problem ot the (110) film patterning is film cracking.

For YBaCuO, the thermal expan.;ion coefficient a in the ab-plane is 11

ppm/K, while along the c-axis it is 15 ppm/K. For SrTiO 3 ==O.4ppm., .

Therefore, the film tends to c'ack upon cooling and thermocycling. Only
patterned films crack, because s.iarp edges serve as stress concentrators to
initiate a crack Films patternei through both routes (standard lithography
and "silicon" process) crack. -{owever, films, patterned by the SI-route
seem to be somewhat more stable (a film, obtained by the standard litho-
graphy usually cracks during the first cooling to cryogenic ,empnratures).
The problem can be alleviated by .i.dUKg sharp edges, though for certain
applications such a pattern with all edges rounded may be undesirable.

We had also a limited success with a different way of cracking preven-
tion. A relatively thick (0.35 pm) film of MgF 2 was deposited on the top of

a lithographed film. The idea was that the MgF 2 has lower expansion coý=fi-

cient, and it can counterbalance the tensile stress acting the YBaCuO film
when the system film/substrate is cooled. The films with MgF 2 on the top of

them cracked too, but they usually survived several thermocycles from room

to liquid helium temperature.

Fig. 3. A pattern made
via Si-route. The cross:
YBaCuO film, the grainy
material outside it: In-
sulating Y-Ba-Cu-Si-O
compound. Two cracks are
Initiated by the sharp

edges of the pattern.

53



4. Transport properties

With the test structure shown on the Fig, 3, we were able to measure the
transport properties in both directions (lie and ic) on the same spot - on
the central section of the cross. A pair ot contacts Is made to the each
branch of the cross, so that 4-point measurements are possible for both di-
rections.

Our preliminary results (on unpatterned films), as well as literature
data [6. 71. indicated appreciable (1.5 - 10 K) anisotropy of T c, which ap-

parently does not fit into the existing theoretical conceptions.
However, when we managed to measure T on a structure shown on theC

Fig. 3. we never found any difference in T fo, different current direc-c
tions. Authors of [31 have also found that the T is independent of the di-c
rection of the current. The aforementioned anisotropy is apparently an
artifact due to measuring the T on different parts of an inhomogeneousc
film.

The anisotropy of the resistivity p /P and of the critical current
c ab

jab /jc is not good reproduced and was for our films in the range 3 - 10,

while for single crystals values above 30 were obtained [31. As Wu et al.
[31 aigue, this property is extremely sensitive to even a small admixture
of (103) phase.

5. Conclusion

The techniques are developed to grow epitaxial (110) YBaCuO films, and to
pattern these films. This opens the way for many experiments to study the
anisotropy of the material, which is of fundamental Importance. Also, ap-
plications are now feasible using the anisotropy, and in particular the
longer superconducting coherence length which In these film is normal to
the surface. However, there are still some problems with traces of (103)
oriented phase, which may influence dramatically the anisotropy of the
electrical properties, and with cracking of the patterned films.

References

1. H.-U. Habermeier, A.A.C.S. Lourenco, B. Friedl, J. Kircher, and J.
K6hler. Solid State Commun., 77, 683 (1991).

2. M.V. Belousov. F.A. Chudnovskil, V.Yu. Davydov, B.Sh. Elkin, S.L.
Shokhor, and V.Ya. Velichko. Solid State Commun., 77, 493 (1992).

3. 3 Z. Wu, P.Y. Hsieh, A.V. McGuire, D.L. Schmidt, L.T. Wood, Y. Shen, and
W.K. Chu. Phys. Rev. B, 44, 12643 (1991).

4. S. Kohjiro, T. Tachino, H. Akoh, and S. Takada. Jpn. J. Appl. Phys., 30,
L1471 (1991).

5. H.-U. Habermeier, G. Mertens, B. Leibold, G. Lu, and G. Wagner. Physica
C. 180, 17 (1991).

6. J.E. Pohl, A. Kirk, P.J. King, J.S. Lees, and W.B. Roys. Supercond. Sci,
Technol., 4, 499 (1991).

7. S. Hontsu, J. Ishii, T. Kawal, and S. Kawai. Appl. Phys. Lett., 59, 2886
(1991).

54
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The growth of high T. superlattices such as YBa 2Cu3 O7/DyBa 2Cu3O7[1] or
YBa 2Cu3 O7/PrBa 2Cu3O7 [2l (YBCO/PrBCO) superlattices allows systematic
studies of certain properties of this class o' materials. With the YBCO/PrBCO
system (PrBCO being isostructural to YBCO but not superconducting), it is for
instance possible to modify the anisotro,'y in a controlled mainer and thus
investigate the role of the reduced dimensionality of the high temperature
superconductors on the superconducting properties.

Using the YBCO/PrBCO system we have studied the properties of
ultrathin YBCO layers as a function of the thickness of the superconductor and,
as a function of the degree of decoupling (simply by varying the PrBCO
insulating separation layer thickness). For the critical temperature wc find that
when one layer composed of one or few unit cells of YBCO is separated from the
next layer by PrBCO Tc decreases markedly until a Pr8CO thickness of about
70A and then saturate[2,31. This behavior has been confirmed by different
groups[4-6] and has generated a strong theoretical effort to elucidate this Tc
reduction. Particularly interesting is whether or not this reduction is due to a
Kosterlitz-Thouless transition in these almost 2D layers. Although there is no
firmed proof that such a transition occurs, many experiments suggest that it is so.
Unfortunately this problem is complicated by the effect of PrBCO on YBCO and
by the microstructure of such multilayers. It requires additional work to clarify
this issue.

Another important problem of the high Tc materials, especially for
applications, is the strong dissipation observed when a magnetic field is not
applied perpendicular to the c-axis[7l. This dissipation is related to the motion of
vortices which can be thermally activated over potential wells of typical energies
U. This activation energy U is particularly low in these high Tc materials because
of the strong anisotropy. To further understand the nature of the dissipative
behavior it is necessary to have a model system where the anisotropy can be
varied at will. YBCO/PrBCO supcrlattices is the ideal model system and we
systematically investigated the behavior of the activation energy as a function of
the YBCO thickness[8]. For magnetic fields parallel to the c-axis, and for thick
PrBCO separations, we find that U scales with the YBCO thickness up to layer
thicknesses of more than 200A. Since this characteristic length is a measure of
the vortex stiffness, it means that the coupling between the CuO 2 planes of
different unit cells in pure YBCO is strong and that the vortices are relatively
rigid in this material. As a consequence the vortex lattice is two dimensional in
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the individual thin YBCO layers. We observe in these superlattices that the
dependence of the activation energy on the magnetic field is U-lnB, as
measurement on bulk materials give U-Ba. This behavior may be typical of a
2D vortex lattice for which, close to the melting temperature, the dissipation is
essentially dominated by the motion of dislocation pairs[9].
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Synthesis of New HTS by Pulsed Laser Deposition
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Abstract: Thin superconducting films of single-phase LuBa 2Cu07 and

LuBaSrCu.07 have been synthesized by means of pulsed-laser deposition
(PLD). LuBa 2Cu 07 and LuBaSrCu 307 films show zero resistance at 90 K and

54 K, respectively. The critical current density found with LuBa 2Cu3 07
6 223films at 83 K is In excess of 10 A/cm . For YBa Sr Cu 0, PLD permits to

2-x x 3 7
extend the solid solution range for single-phase material from x < 1.2 to
x = 1.8. With increasing x, the critical temperature decreases from 79K
for x = 1 to 57K for x = 1.8, and the c-axis from 11.68 A for x = 0 to
11.45 A for x = 1.8.

Since the discovery of high-temperature superconductors (1-41, intense
efforts in the in situ fabrication of high quality thin films have been
made. Among the various techniques being presently under investigation,
pulsed-laser deposition (PLD) is distinguished by a number of unique
properties which were reviewed in (51.

In this communication we demonstrate that PLD permits to synthesize
single-phase materials that cannot be prepared by standard ceramic
techniques. The model substances considered are Lu-Ba-Cu-0, Lu-Ba-Sr-Cu-0
and Y-Ba-Sr-Cu-0.

It was shown in Refs. [6,7] that LuBa 2Cu307-x prepared by standard

solid-state reactions contains a second phase that accounts for at least
half of the intensity in the powder X-ray diffraction (XRD) spectra. In
LuBaSrCu307-x the second phase accounts for at least 80% of the intensity

in the XRD spectra [8]. For YBa 2xSr xCu37-x standard ceramic techniques

permit to stabilize the 123-phase only for a Sr content x < 1.2 [9,10].
The ceramic targets employed in the present experiments have been

prepared from mixtures of Y 203, Lu203, BaCO0, SrCO3 and CuO using the

standard solid-state reaction. The starting materials had a purity of
better than 99.9%. Stoichiometric compositions of LuBa 2Cu3 0 LuBaSrCu3 07

and YBa 2xSrxCu307-x were used to produce the corresponding films. After

one hour of mixing and grinding in an automatic ball mill, the
corresponding powder was pressed into pellets and calcined at 9000C for 24
hours. After regrinding and repressing, pellets were subjected to a second
calcination step at 9200 C for 24 hours, followed by slow cooling in 02
atmosphere. In samples of LuBaSrCu307 and YBa 2xSr xCu307 with x > I

prepared in this way, no 123-phase could be identified.
Pulsed-laser deposition was 2performed by means of 248nm KrF

excimer-laser radiation (t = 4 J/cm , x = 20 ns, 10 pulses per second)

and a gaseous atmosphere of 3lther 02 or N2 0 (p(O 2) = p(N2 0) = 0.4 mbar).

A schematic of the experimental setup used was shown in (5]. The
substrates employed were (100) MgO and (100) SrTlO3.
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Fig. 1: X-ray diffraction spectra of YBa2_xSrxCU307 films on (100) SrTiO3

a) x = 1.6, T = 7150 C. The c-axis derived is 11.48 A.
S

b) x = 1.8, T = 7200 C, c = 11.45 A.
S

LuBa 2Cu307 fims,and YBa 2xSr xCU30 films containing Sr up to x =

1.8, were successfully prepared in oxygen atmosphere at substrate holder
temperatures between 680'C < Ts < 7500 C. LuBaSrCu 0 could only be
synthesized at lower temperatures, namely at T = 6000 C. Because of the lows
oxidation force of molecular oxygen at this temperature, N2 0 gas was

employed (11,12). Within the temperature range 5800C < T < 750°C it was
5

not possible to stabilize YSr 2Cu307 in considerable amounts neither in 02

nor in N20 atmosphere.
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SrTiO3 as a function of x; 680 0 C 5 Ts 5 750'C.

LuBa 2Cu 307 films deposited onto (100) MgO or (100) SrTIO3 substrates

show only the c-oriented 123-phase and all peaks can be indexed by (001)
reflections with c = 11.66 A. From the XRD spectra of single phase
LuBaSrCu30 7 , with the c-axis perpendicular to the substrate surface, we

derive c = 11.61 A [13].
Figure 1 shows XRD spectra of YBa 2xSr xCu307 films for two

compositions and (100) SrTiO3  substrates. The c-axis is oriented

perpendicul-" to the subqt-ite surface. With x = 1,6 the spectrum shows
only the 123-phase, while with x = 1.8 (Fig.lb) small amounts of an
impurity phase can be detected. Figure 2 shows the concentration
dependence of the c-axis of YBa2_xSrxCu307 films on (100) SrTiO3

substrates. The data were derived from XRD spectra. Each data point
represents an average over two measurements on at least three different
samples. The figure shows that the c-axis decreases about linearly with
increasing x. This can be expected when Ba is substituted by ions of
smaller radius.

The chemical composition of films was analyzed by electron microprobe
(EDX) analysis. This analysis proved that the films have the same chemical
composition as the corresponding targets employed.

Electrical transport measurements were carried out by using the
standard DC four-point-probe technique. Figure 3 shows the zero resistance
temperature, Te, of YBa 2xSr xCu307 films as a function of x. In samples

with the chemical composition YSr 2Cu3 0 only very small amounts of the

123-phase were detected. These sampleF. were semiconducting without any
onset to superconductivity.

With (100) SrTIO3 substrates LuBa 2 Cu307 and LuBaSrCu3 .07 show zero

resistance at temperatures of 90 K and 54 K, respectively (Fig.4). The
critical current density of the LuBa 2Cu3 0 film at zero magnetic field,

jc(83K), exceeds 10 A/cm2 (Fig.5).

Techniques for synthesizing new HTS materials become more and more
important. Frequently, high pressures and high temperatures are employed
in such investigations [14,15]. With systems that require low pressures
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and low growth temperatures, as apparently the 123 - phase, PLD seems to
provide a unique tool.

In summary, we have demonstrated that pulsed-laser deposition permits
to extend the solid-solution range for different substitutions in various
HTS compounds with 123-structure.
Acknowledgement: We wish to thank the "Fonds zur Forderung der
wissenschaftlichen Forschung in C-sterrelch" for financial support.
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Abstract. Thin-film Bi 2Sr 2 CaCu 2O+, was deposited onto LaA10 3 (001),

NdGaO3(001), and MgO(001) substrates by laser ablation. After post an-
nealing, films were obtained exhibiting superconducting critical temper-
atures higher than 80 K. All films show c-axis growth. Oriented growth
is achieved on LaAI0 3(001) and NdGaO 3(001) substrates, although ap-
proximately 50% and 65'. respectively, of the film is randomly oriented
in the ab-plane. For a small fraction of the films deposited on MgO pref-
erential orientations in the ab-plane with rotational angles of 11.5' and
450 are observed.

Applications of high-T, superconductors, for example in microelec-
tronics, demand reliable deposition processes of films thinner than 1 pm
with critical currents of at least 1x106 A/cmn. In a recent publica-
tion [1] it was shown that small amounts (less than 5%) of misaligned
grains in epitaxial YBa2 Cu3 O6+, on MgO(001) and SrTiO 3(001) reduce
the critical current by a factor of 10. Therefore, it is of great importance
to obtain a fundamental understanding of the epitaxial growth of high-
T, superconductors and the influence of different types of substrates on
the growth properties. Here we report an X-ray study of the epitaixial
growth of Bi2Sr 2CaCu 2O8 +, (BSCCO) on LaAI03(001), NdGaO3 (001).
and MgO(001).

Laser ablation was used to deposit BSCCO from a stoichionmetric tar-
get. The deposition took place in 0.2 inbar 02 at a substrat," temp)erature
of 470 'C. Immediately after deposition air was let into the system and

the samples were annealed for 5 minm at 852 'C. By this method we suc-
ceeded in preparing thin-film BSCCO with thicknesses ranging from 250
to 5000 A and exhibiting critical temperatures of T,,0 > 80 K. Details of
the deposition process will be published elsewhere [2].

The X-ray diffraction (XRD) experiments were carried out using a
rotating anode operating at 5(1 kV and 150 mA and a four-circle diffrac-
tometer. A graphite monochromnator was used to select the Cu-K,, line.

Since high quality epitaxial films are expected to grow on substrates
with a small lattice mismatch, we investigated the epitaxial growth
of BSCCO on three different types of substrates: LaAl1:3(00l) (cubic.
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100o

Fig~ e1: a) a Scan of thle HSCCO(I115)) reflection of a IISCC() filnm depositiA oni
NdlGaO3j(OO ). lTre occurrence of two shiarp peaks at ,: -TV and +450 inlirato~s fuill
epitaxial growvth. I lowever. a blowiip (b)) reveals a hiomogeneouis (listrihlt ioni of thle (11,5)
re [1ecti on a long. ý. cor-rcspond( in g to ran donmly in -planie or ientedl HSC ('0

a1 = 3.778 A). NdlGaO:3 (001) (pseudocubic. a = 3.851 A). and M,\gO(001)
(cubic. a =4.213 A). Describing Bi 2Sr2CaCnl2O8±1 by an orthorhonibiC
unit cell with a =3..409.5, b =.5.4202., and c =30.9297 A, it 450 rotation
of the aI)-plame would givep an average mismatch of - 1.33. ±0.58. and
+10.0%A for LaAlO~t, N'dGaO:j, anld M~gO. respectively.N

Conventional 0 - 20 scans in thec specular reflection geomletry only
show (0.0,21) reflectionis of BSCCO, indicating c-axis growth onl all types
of substrates. In sonme cases smnall ailounlts of impu~lrity phases werei de-
tected duev to loss of BI diruig the prepo'ration.

To examine the ini-plaue structutre, k\ - ,ý scans of several reflections
were Jperforined. In Fig. 1 such a scan of the BSCCO( 115) reflection of at
sample onl NdGaO3j is shown. x is defined ats the angle betweenl the [1110]
plane of the filmn and the scattering plane and the angle 'ý as the rotationl
of the crystal around1 the 10011 zone axis of the film. Thus. for full epitax-
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ial growth, i.e., alignment of the ab-plane with the main crystallographic
axes of the substrate, four equivalent peaks at ýo = -135, -45', +45',
and +1350 are expected. Indeed, these peaks are observed (see Fig. la).
From these data it is clear that epitaxial BSCCO on NdGaO3 (001) is
present. However, on an expanded scale, as shown in Fig. lb, the pres-
ence of the BSCCO(115) reflection is revealed for all values of ý. The
intensity of this additional signal is independent of ýp, suggesting a ran-
dom distribution of BSCCO in the ab-plane. Although the intensity of
the reflection of this randomly in-plane oriented material is only about
1% of the intensity of the peaks of the aligned material, an integration
over the full range N,=[ 54 ,6 2] and 4=[0,360I shows that as much as 657c%
of the total amount of BSCCO is randomly in-plane oriented.

For the BSCCO films grown on LaA1O 3 (001) similar results were ob-
tained. In this case approximately 50% of the total amount of BSCCO is
epitaxial, whereas the remaining part of the film is randomly orientated
in the ab-plane.

Although the films deposited on MgO(001) are strongly c-axis ori-
ented, their in-plane structure is almost 100% random. For a small
amount of the films preferential orientations corresponding to epitaxial
rotations of 11.50 and 45.00 are observed. By performing glancing inci-
dence XRD it was confirmed that the oriented parts of the BSCCO film
were located at the interface with the MgO substrate.

Our observations show that BSCCO can be grown epitaxially on
LaAlO 3(001) and NdGaO3 (001), both substrates with a good lattice
match, whereas on MgO(001) predominantly random alignment of the
ab-plane is observed. For all substrates, additional XRD spectra, taken
directly after deposition at 470 'C, show the presence of amorphous Bi-
Sr-Ca-Cu--O without any indication of crystalline material. Therefore,
the growth of the epitaxial phase occurs via crystallization of the amor-
phous phase during the post-annealing at 852 'C. Since it is likely that
crystallization is nucleated both at the interface with the single-crystalline
substrate as well as at the free surface, epitaxial and randomly aligned
BSCCO are formed simultaneously. The elongated unit cell dimensions
of the BSCCO (c > a • b) favor c-axis growth. Assuming perfect epi-
taxial growth of BSCCO on LaAI0 3 and NdGaO3, this would result in
approximately 50% epitaxial and 50% randomly oriented material, as ob-
served. In the case of MgO the lattice mismatch is approximately 10%,
which apparently inhibits epitaxial growth. In order to grow fully epitax-
ial films of BSCCO, the substrate temperature during deposition should
be high enough that crystalline BSCCO is deposited. It is then expected
that this phase will grow epitaxially on LaAlO 3 and NdGaO3 substrates,
since random nucleation at a free surface is not possible. In this case, the
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post-annealing will not influence the growth of the film, but should en-
hance the superconducting properties and anneal out crystalline defects.
A severe problem preparing BSCCO films this way is the loss of Bi with
increasing substrate temperature.

In conclusion, XRD of post-annealed laser-ablated BSCCO showed
epitaxial growth on LaA10 3(001) and NdGaO3(00l) substrates of ap-
proximately 50 and 35%, respectively. The remaining part of the film is
c-axis oriented, but random in the ab-plane. On MgO(001) substrates
a c-axis orientation is observed, but only a small amount of epitaxial
BSCCO could be detected. The difference in growth is attributed to
the different lattice match between BSCCO and substrate. Crystalline
BSCCO is formed during post annealing at 852 'C. Therefore, not only
epitaxial material, nucleated at the substrate interface, but also randomly
oriented material is formed. A more detailed analysis of our results will
be published elsewhere [3].
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ABSTRACT. We report recent measurements of flux quantisation in a

hybrid ring formed from niobium and the newly discovered heavy

fermion superconductor UPd 2 Al3 (Tc- 2K providing an unambiguous

demonstration of quantum coherence of the superconducting wave

function between the heavy fermion and the conventional BCS super-

conductor. I/V characteristics of the edge-contacts formed across the
UPd 2 AI3 /Nb contact regions suggest a relatively weak coupling of the

heavy fermion/niobium superconducting wave functions. In the second

experiment, a novel method for measuring noise in superconducting

circuits is illustrated by measurements on a Conductus de SQUID
incorporating two bi-epitaxial weak-link junctions. The noise is shown to

arise from fluctuations in critical currents across the two junctions, as
independently determined by noise measurements on the junctions

themselves after physical isolation from the SQUID. There was no

evidence for any increase in noise in either SQUID device or constituent
junctions associated with thermally induced motion of flux trapped
within the device on cooling.

1. Introduction

In keeping with focus of this Winterschool, I have selected two recent
Birmingham experiments which relate to the electronic properties of

superconductors and their applications. The presentation will be
intentionally tutorial, as detailed accounts of these measurement have

already been or will soon be published elsewhere(1,3).
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The first experiment provides the first evidence for quantum

coherence in a superconducting circuit involving a heavy fermion

superconductor (1). Flux quantisation andi voltage-curr(nt character-

istics are reported for a hybrid ring of niObium bridged by the heavy

fermion superconductor U]Pd 2 AI13 recently discovered by Geibel et

al(2). The second experiment involves a novel method for identifying the

likely or:gin of noise in superconducting junctions and de SQUIDs. The

method is illustrated by measurements on dc SQUID rings fabricated by

Conductus(3) and on the individual bi-epitaxial grain boundary weak-

link junctions forming the SQUID.

2. Quantum coherence and critical currents in a hieavy fermion/

niobium hybrid ring

The quantisation of flux within a superconducting ring provides an

unambiguous demonstration of tile quantum mechanical nature of the

superconducting state. The magnitude of the flux quantum Do= h/q is

determined by the cifettive superconducting charge q, as derived by

London (4) leng before it was known that superconductivity involved the

pairing of electrons. Flux quantisation in units of h/2e was first demon-

stratcd for conventional superconductors by Deaver and Fairbrother(5)

and Doll and Nabaucr(6), confirming the pairing of electrons predicted

by the B3CS theory(7).

Soon after the discovery of HTC superconductors, we were able to

demonstrate the quantisation of flux in a ceramic Y1BCO sample(8)
proving that HTC superconductivity also involved the pairing of

electrons. In a subsequent experiment, flux quantisation was confirmed

in a composite ring formed from a HTC superconducting ring bridged

by a short section of niobium (9). This demonstrated quantum coher-

ence of the superconducting wave functions across the interface

between the two superconductors, even though the microscopic

mechanism for pairing in each superconductor may be completely

different.
It might be thought that the existence of such coupling implies

identical symmetry for the conventional and H'TC superconducting wave

functions. Unfortunately, no such deduction can be made because of

symmetry-breaking at any real interface between two metals, quite apart
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from hybridisation of electronic tates by spin-orbiu coupling' (10). The
strength of coupling across the nrterf'ace, and hence the critical current
is, however, expected to be significantly reduced if the wave functions of
the coupled superconductors are different( I I ).

1he question of quantum symmetry and the strength of coupling

across an interface is of particular interest for heavy ferlion super-
conductors, a number of which arc candidates for non-conventional p-
or d-state electron pairing, such as UPt 3 and U l.xThxl3e13 (12,13),
and the newly discovered SUperconductor UPdC2 AI:3(2). Characteristic
sigmatures for p- or (I-stawe pairing include low temperature, power law
dependences of supercon(luCting propertiesi 4]. Additional evidence for
non-conventional pairing has been in.ferred from the apparent existence
of more than one superconducting phase of Ult 3 d(educCd from
measurements including heat capacity(15), and ultrasonic attenuation
(16). The splitting of the superconducting phase transition suggests an
analogy with the transitions associated with the A and 13 phases of

superfluid 3 He (see the discussion of superfluid 3 He in reference 17),
which are believed to involve a superftuid p-state.

The discovery of superconductivity of the " 123- high T." heavy
fermion superconductor UAI 2 Pdd3 , with a transition temperature -2K,
provides an additional candidate for possible unconventional pairing in
the superconducting statee(1 8). The evidence for non-conventional
pairing is suggested by the weak dependence of Tc on magnetic doping
for UPd 2 AI3 in contrast to the precipitate dependence observed for the
related UNi2 AI3 COmI)Ound. Because the transition temperature of
UI)d 2 Al3 is in the easily acccssibtle temperature range above 1.2K, we
were able to repeat our earlier experiment on quantum coherence in
hybrid rings using this material as one of the superconductors.

The UPd 2 AIj sample was prepared as described by Ceibel eI al (2).
A 450 cone of maximum diameter 1.5mm was spark-machined from a
bulk sample and was mounted in a brass holder. The cone was
mechanically positioneCd, from outside the cryostat, to bridge a slot cut
between two holes in a solid niobium block, as illustrated in figure 1.
The external adjusting mechanism was withdrawn while measurements
were made to avoid problems from mechanical vibrations and thermal

expansion. The two-hole geomettry, similar to that of the 2-hole rf
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Niobium

U Pd 2Al 3

Figure 1. Schematic of the experiment. The UPd 2 AI3 pin is lowered into the slot in the

niobium to form superconducting weak links at the contact points.

SQUID, provides a high degree of isolation from external magnetic
noise, without affecting the essential physics.

A current is passed through a long solenoidal coil inserted into one
of the holes in the niobium block to provide a known external bias flux.
As the external flux is changed, currents are induced around the
niobium holes and through the bridging heavy fermion material to
maintain the net flux within the niobium block constant (nominally zero,
if cooled through Tc in zero external field). These currents induce a
signal in the pickup coil of a superconducting dc flux-transformer
inserted into the second hole and connected to a conventional SQUID

system. Measuring the SQUID output as a function of a known applied
external flux provides an absolute calibration of the system in terms of
known flux within the two holes (equal and opposite).

As the external flux is increased, a shielding current is induced to
keep the total flux within the hole containing the solenoid constant until
the critical current of the weakest of the two bridging UPd2 AI3 I
niobium junctions is exceeded. Flux then passes between the two holes
in quanta of 'Do as illustrated in figure 2 by the hysteretic magnetisation
loops of the SQUID output as a function of externally applied flux.
Measurements at three temperatures are shown for a particular setting of
the bridging cone. At 1.25K the junctions support a flux within the
ring of Lic- 5Po , corresponding to a critical current of a few /iA.
However, the critical current decreases rapidly with increasing temp-
erature. By 1.28K, for this particular setting of the contacts, the
magnetic properties of the ring become quasi-reversible. As the critical
current becomes smaller, the transition appear more rounded- because
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Flux in
circuit

x

Flux applied to circuit

Figure 2. Flux detected by SQUID versus flux applied through the long solenoid. The
outer loop is for T = 1.22K and the middle loop is for T" = 1.25K. The central
staircase is for T = 1.26K. The steps in both axis arc at intervals of one flux quantum.

of multiple thermally activated transitions between adjacent quantum
states, which occur on the time- scale of the measurements themselves.

Figure 3 illustrates transitions induced between the quantised states

of the ring by periodic bursts of electromagnetic noise (a hair dryer)
from outside the cryostat. The quantised flux states are separated by

h/2e to within the absolute accuracy of the measurements (- +/-2%).

The observation of flux quantisation provides an unambiguous confirm-

ation of the phase-coherence of the superconducting wave function
across the niobium/ heavy-flermion interface.

The I/V characteristics for one particular point setting are shown in

Figure 4 and were measured using a standard 4-point method. The
current flows from the heavy fermion superconductor into the niobium
block through the two conlact-junctions in parallel. The characteristics

are therefbre dominated by the strongest of the two junctions. The inset
in Figure 4 shows the tcmperatire variation of the measured critical

current. For this particular setting, Jc extrapolates to zero at around
1.8K, close to the transition temperature determined from magnetic and
bulk supercurrent measurements(2). It is important to recognis., that
thermal fluctuations always result in "measured" critical currents,
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Flux in
circuit

time

Figure 3. Flux jumps stimulated by deliberately applied clectromagnetic interference
when the applied flux was at point X on figure 2. The separation between the grid lines

is 0.99 41o. The two large jumps are duc to unlocking of the measuring SQUID.

thermal fluctuations always result in "measured" critical currents,
especially when very small, extrapolating to zero below the value of Tc
determined from bulk propertics(19,20).

A measure of the quality of a conventional superconducting junction
is the 1,R product, where R is the junction resistance in the normal
state. For an ideal Josephson junction well below Tc, this product is
equal to 2A , where A is the superconducting energy gap in eV(21).

2eZua
Taking A = 1.76 kTc, we would expect a product- 2 mV, whereas
measured values never exceeded 51iV. Moreover, despite many
attempts, we were never able to confirm quantum coherence, nor even
to observe a supercurrent, in a huavy fcrmion/HTC system with the
niobium block replaced by a geometrically equivalent sintered block of
YBa2Cu3O7.d.

A present it is not possible to determine whether the weakness of
coupling across the UPd 2 AI3 /Nb interface and the lack of any
evidence for coherence across the UPd 2 AI3/YBCO interface arises
from non-conventional symmetry of the heavy fermion superconducting
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Figure 4. Voltage/currunt chiaraeteristies of a weak link formed between the Heavy

Fermion and niobium specimens. TIhese curves were measured at temperatures of 1.31,
1.36, 1.43 1.50, 1.58, 1.68 and 1.8K. The inset shows 9he Critical Current versus

Tempe emchracteristic,,- deduced from this data.

state wave function. The difficulty of establishing a large I R product

- 00

may simply be a materials science, problem. Further experiments on

UPd2AI3 and on UNt below I1K will hopefully clarify the experimental

situation.

3. Critical Current fluctuations in HTC bi-epitaxial junctions and

dc SQUIDs.

A d 4 SQUID consists ofl a superconducting ring formed by two weak-vink

junctions in paralel, as shown in the inset of Figure 5. We consider an
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Figure 5. Voltage/field characteristics of a de SQUID for a series of bias currents (Ibias
increasing towards the top of the figure). The inset shows a schematic of a dc SQUID.

idealised situation with identical junctions with critical current I and
initially neglect the influence of flux produced by currents circulating
the ring. The critical current across the device is then predicted to vary
with external flux linking the device as 2Iccos (w" /4)'4 o)I ( see, for
example (22)), where 4) is the flux passing through the ring.

A dc SQUID is operated by biasing the current slightly above 2Ic
and observing the periodicity in voltage across the device as a function
of external applied flux. Figure 5 shows a typical set of such character-
istics for a Conductus dc SQUID at 77K as a function of external field
for a sequence of bias currents. In operation as a SQUID magneto-
meter, the device is incorporated in an electronic feedback loop with
the system "locked on" to one of the minima. Any subsequent change
in external flux is then measured by the compensating field provided by
the feedback circuitry to maintain the device at the same operating
point.
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In practice, there are two potentially important sources of noise in a
SQUID device. The first is flux noise, caused by intrinsic thermo-
dynamic fluctuations or thermal activation of flux lines in and out of the
ring. The second arises from fluctuations in critical current b1c. Such
fluctuations could arise, for example, from aperiodic changes in the
occupancy of localised electron trapping centres within the weak-link
junction region. In addition to affecting the maximum critical current
through the device, the current noise also leads to fluctuations in the

current circulating around the ring and hence to flux-noise LbIc, where
L is the ring inductance.

The ultimate sensitivity of a SQUID is determined by the overall
noise in the system, which is distributed over a wide frequency
spectrum. Noise is conventionally cited in terms of the equivalent mean
square flux noise measured at a specific frequency over a 1 Hz band-
width. The sensitivity achieved for the best HTC SQUIDs at 77K
already exceeds 10-4 q5o PV Hz down to frequencies well below 1 Hz
(23) . At low frequencies the performance is always limited by an
approximately 1/f noise. The experiments described here involve a novel
method for measuring such noise in superconducting devices.

Measurements have bee,, made on a number of Conductus dc

SQUIDs, which contain weak-link junctions patterned across 450 bi-
epitaxial grain boundaries(24). Th'hse commercially available SQUIDs
incorporate 17 epitaxial superconductor, insulator and buffer layers on a

single chip(3). The superconducting flux transformer necessary to couple

magnetic fields effectively to the SQUID itself is included in the
integrated chip package. The field sensitivity at 77K is typically around

10-4T/iYHz above 100Hz, more than sufficient to record a magneto-
cardiagram(25). Our noise measurements were made on partially
fabricated SQUIDs before incorporation of the flux transformer.

It was initially believed that noise from thermally activated motion
of external flux or vortex/anti-vortex pairs trapped in the device on
cooling would limit the achievable sensitivity for HTC SQUID operation
at 77K (26). Not only could such fluctuations affect the flux linkage
within the ring but could also affect the performance by thermal
transitions of flux within the junction regions. Recent measurements on
bulk films (27) have suggested that the former source of magnetic noise
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Figure 6. I/V characteristics of a de SQUID at 20K (crossed squares) and the

corresponding noise voltage at 10 Hz (openr circles). The solid lines are thcoretical
curves and are discussed in the text,

is unlikely to be a serious problem for HTC SQUIDs fabricated from
sufficiently high quality epitaxial thin films. However, thermal activation

of flux in the junction regions could ultimately still prove to be a
problem. In present HTC SQUIDs, the major source of noise appears to

be from fluctuation in critical current. Such noise is likely to be highly

dependent on the nature and quality of the weak-link junctions used,

and will vary from laboratory to laboratory. It is clearly important to

understand the origin of such noise in order to optimise SQUID
performance.

In our measurements, a phase sensitive detector(PSD) is used to

monitor the modulation of voltage, as the biasing current across the
device is switched between ± ibias at a modulation frequency of 1 kHz.
Any fluctuations in the V(l) characteristics on a time-scale longer than

that set by the modulation frequency is observed as noise on the in-
phase signal of the PSD. The resulting noise spectrum is recorded and

analysed using a HP Spectrum analyser.

We find that the noise obtained by this means is the same, within

experimental error as that measured when biasing the junction with the
same dc current, ibias. This confirms that fluctuations in the critical

current are the major source of noise for this junction. In Figure 6 we
show the I/V characteristics at 20K, fitted to a finite temperature

Resistively Shunted Junction model. The zero temperature critical
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Figure 7. Noise voltage versus current at 10 Hz and 20K. Open squares are for zero
applicd field. Open circles are fbr cooling in 250 AT and adjusting the applied field to
the same point on the, l/B characteristics.

current, I,( 0 ) can be deduced from this fit and the effect of any fluctua-

tions in I,( 0 ) calculated. By using 6 le( 0 ) as the only adjustable para-

meter, good agreement between the theoretical and experimental noise

curves is obtained. These are also shown in Figure 6.

Figure 7 shows two quite independent sets of measurements, which

superimpose almost exactly on top of each other. The first was obtained

after cooling the device in nominally zero field, while the second set was

obtained after cooling in a field of 2504'T', trapping appreciable flux
within the device. In both eases the dependence of critical current on

externally applied field was identical, reversible and quasi-periodic,

though the field dependence was shifted by a constant small field by the

trapped flux. For these latter measurements, a small external field was
therefore superimposed so that the V(l) characteristics coincided exactly

with the "zero- field cooled" characteristics. Despite the significant

amount of trapped flux, there was no evidence for any increase in
noise. Thermally activated motion of trapped flux in the junction

regions or within the ring "self is therefore unlikely to be a major source

of noise for this particular device.
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Figure 8. Noise in a complete SQUID (open circles) and noise in a single junction
(crossed squares) at 10 Hz and 20K.

In Figure 8 we have plotted the noise across a complete SQUID ring
and have compared it with the noise subsequently measured across one
of its junctions, after isolation from the SQUID. To within experimental
error, the SQUID noise can be entirely attributed to noise in the critical
current of the individual junction.

As yet very little is known about tie source of noise in weak-link
junctions. This is clearly a major problem for both materials scientists
in the preparation of "higher quality" junctions and physicists in terms

of understanding the physics involved. We can almost certainly expect
major advances on both fronts, as is clear from the remarkably low noise
figures already being achieved, with cited sensitivities already exceeding
10-44,' oVHz down to frequencies as low as only 20mHz (see Heiden
(28) in this volume). The prospect for HTC SQUID applications at liquid
nitrogen temperatures is therefore already assured and performances
approaching those of liquid helium cooled SQUIDs may well yet be
achieved.
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Abstract. Measurements of the electrical resistivity and the Hall effect in thin films

of YBaCuO are reported. The films have been fabricated by pulsed laser deposition in

oxygen atmosphere on MgO substrates. The rounding of the resistivity curve above TC was

attributed to thermodynamic fluctuations of the superconducting order parameter and

analyzed in terms of Aslamazov-Larkin and Maki-Thompson theoriks and their extensions

for 2-dimensional, layered superconductors. These fluctuation contributions were also

found near the superconducting transition of the Hall effect. From the results we deduce

a c-axis coherence length 4 cf= 1.5 A and a phase-relaxation time -r( = 8.6 x 10"13 s at

100 K, indicating 2-dimensional transport and moderate strong pair-breaking in YBaCuO,

respectively.

1. Introduction

In early investigations of the transport properties of high temperature superconductors,

a remarkable rounding of the superconducting transition was observed and attributed to

inhomogenities in ceramic samples. These effects, however, appeared also in both thin
film and single crystal samples, and must be explained by a con~ribution of superconduc-

ting fluctuations to the normal state transport properties near Tc.

2. Experimental Techniques

Thin films of YBa Cu 0 (thickness = 0.5 gtm) were fabricated on (100) MgO subtrates by
2 3 7

'd

reactive pulsed-laser deposition using 248 nm KrF-excimer laser radiation and stoichio-

metric ceramic targets. The critical current density of these films was around

Jc Ž- 4 x 106 A/cm2. The magnetotransport measurements were performed in a closed cycle

refrigerator using lock-in technique with low current density j = 80 A/cm 2 and a

magnetic Field B = 0.69 Tesla.

In order to enhance the signal to noise ratio, the Hall effect measurements were repea-

ted several times with both polarities of the magnetic field while sweeping the tempera-

ture very slowly.
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3. Paraconductivity

The temperature variation of the resistivity p. is shown in Fig.l. The width of the

superconducting transition is about 0.5 K and we define a mean field critical tempera-

ture T* = 88.55 K by the intersection point of the tangent to the transition curve with

the T axis. Above Tf the conductivity oy= e,+ Ao, is given by the sum of normal state

and fluctuation contributions. Hence it is necessary for the determination of the para-

conductivity Aa to substract the extrapolated normal state contribution. Altough the
Ix

mechanism responsible for the normal state transport is still controversial, we found an

excellent agreement of the p. vs T curve with the model of Anderson and Zou [11 at

temperatures above 160 K, where superconducting fluctuations should be insignificant.

Essentially there are two mechanisms for the paraconductivity, well known as direct

or Aslamazov-Larkin (AL) [21 and indirect or Maki-Thompson (MT) [3,4] contributions.

These formulas were extended for the case of layered superconductors by Lawrence and

Doniach (LD) [5] and Hikami and Larkin (HL) [61. If we use the c-axis lattice parameter

d = 11.7 A of YBaCuO for the interlayer distance, the zero-temperature coherence length

in c-direction, 4(, remains the only fit parameter in the LD expression. The HL term
C(O),

additionally contains the pair-breaking parameter 8 = (T co-Td)Tc, reflecting the shift
of the transition temperature from a hypothetic intrinsic value without any pair-

breaking effects T to the lower actual value T*.C C"

The paraconductivity A( is plotted in Fig.2 together with the calculated contribu-I'X

tions from the LD and HL processes using C(O)= 1.5 A and 8 = 0.35 as fit parameters.

Deviations from the theory above 94 K can be related to a cutoff of the fluctuation

spectrum at high energies, where the slow variation approximation of the Ginzburg-Landau

theory is no longer valid [7].

120

100

E8 0

L 40 ZL .T-*•8.55K

20 88 89 90

0T [K]

100 150 200 250
T [K]

Fig. 1: Temperature variation of the resistivity p,, of an YBaCuO film.
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Fig.2: Paraconductivity AO.. in YBaCuO as a function of the reduced temperature

(T-TdIT'c. The solid lines represent the results from the fit.

4. Hall effect in the fluctuation regime

The Hall resistivity p"y as a function of temperature is shown in Fig.3. The negative

voltage observed in the temperature range from 87 to 88.7 K will be not discussed here.

T* = 88.7 K was determined by the method described above. The Hall effect in the fluc-

tuation regime can be written a = oa + Ao in analogy to the paraconductivity. The
xy Xy Xy

normal state Hall effect was subtracted using a recent theory of Andci son [8], where he

proposed an additional relaxation mechanism for the Hall angle 0 H. yielding the tempera-

ture dependence cot 0 = aT 2+ C. This theorem is in good agreement with our data in the
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Fig.3: Hall resistivity p XY in YBaCuO as a function of temperature.
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Fig.4: Excess Hail conductivity AO vs temperature. The solid lines are the resultsxy

from the fit.

temperature range from 120 to 220 K and was also observed to hold in various

cuprates [9].
The first calculation of Ao by Fukuyama et al. [101 including both the AL and the

xy

MT contributions was recently extended for layered superconductors by Ullah and Dorsey
[111 and Rice et al. (12]. Like the paraconductivity, AOy is a function of ) ?F and

in addition, of the parameter a, reflecting details of the band structure at the Fermi-

energy [10]. The excess Hall conductivi,. A4o is plotted in Fig.4 together with the
calculated AL and MT contributions. A remarkably good fit including the sign change at

90 K (not to be confused with pxy< 0 below 88.7 K) can be obtained using the values for
ýc(0) and 8 previously determined and a = -0.168.

5.Conclusions

The effect of thermodynamic fluctuations on the transport properties in YBaCuO supercon-
ductors, i.e. the paraconductivity and the excess Hall effect can be both described wit,

a consistent set of parameters. The c-axis coherence length 4c(0)= 1.5 A indicates th it

the two CuO2-planes within an elementary cell are tightly coupled, acting as one super
conducting layer. From the magnitude of the pair-breaking parameter 8, a T"co of 120 K

and a phase-relaxation time [6] T(p = 8.6 x l013 s at 100 K are estimated. The latter is
essentially equivalent to the transport scattering time, which may be an indication that

the mechanism causing the pair-breaking is also responsible for the normal state resis-
tivity, disfavouring any conventional phonon mechanism. Finally, the negative sign of a
indicates that the fluctuations are, like the normal state transport, mediated by holes.
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Metallic Weak-Link Character

of Grain Boundaries in High-T, Materials
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Instituto de Ffsica, Universidade Federal do Rio de Janeiro,
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Abstract: The intrinsic current-voltage characteristics (CVC) of high-Tc
materials are analysed in the frame of a recent microscopic theory of
metallic (nontunnelling) Josephson junctions, suitable for SNS systems.
The comparison of the theoretical model with experimental CVC of grain
boundaries shows that those intrinsic juntions exhibit the essential
features of metallic weak links and definitely do not act as tunnelling
junctions. As a consequence, the grain boundaries are also responsible for
the presence of intrinsic normal electrons in the superconducting state of
high-Tc superconductors.

1. Introduction

The high temperature superconductors, the metallic copper oxides, are non
homogeneous materials intrinsically, which means that the pair potential
of these materials is non constant in space due to the p. esence of grain
boundaries (GB) in the ceramics and twin planes in the single crystals,
additionally to a possible spatial anisotropy of the gap in the unit cell
scale. Deutscher and MUller [1] showed that the short coherence length of
those materials is the responsible for those intrinsic inhomogeneities.
Due to spatial inhomogeneities, the coupling between two fully supercon-
ducting regions with equilibrium pair potentials in those materials is of
the Josephson type. In this paper it is shown that the nature of a
particular inhomogeneity determines the charge transport process across it
in the superconducting state.

If an insulator (or a semiconductor) is placed in between two fully
superconducting regions, neither the Cooper pairs nor the superconducting
excitations can propagate across such an inhomogeneity, because its gap is
much larger than the pair potential of the superconductors with a vacuum
of density of states. In this case, the only charge transport process
possible is the Josephson and quasiparticle tunnelling through the barrier
representing the insulating (or semiconducting) gap [21. The inhomogeneity
can be represented as a superconductor-insulator-superconductor (SIS)
system and is usually called tunnel Josephson junction (TJJ)

When the inhomogeneity is due to the presence of a normal metal (or the
normal state of the superconductor) in between the superconducting
regions, the pair potential in the inhomogereity decreases or vanishes
forming a potential well instead of a barrier. The well exhibits a density
of bound excited normal states close to the Fermi surface which accounts
for the propagation of the Cooper pair and superconducting excitations (31
through the inhomogeneity. As a consequence, the charge transport process
in this inhomogeneity is the metallic conductance, instead of tunnelling,
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of a precise kind: the Andreev reflection (AR) mechanism [3]. All these
inhomogeneities belong to superconductor-normal metal--superconductor (SNS)
systems. In the literature, these systems are called weak links as well.
In this paper these ysstems are called metallic Josephson junctions (MJJ),
in order to avoid the ambiguity of the former denomination and to stress
their metallic and Josephson character.

The resulting quantum mechanical models for both systems are opposite
to each other: the TJJ are represented by potential barriers while the MJJ
ones by potential wells. As expected, the involved physics are
consequently different: tunnel lng conductance in TJJ against metallic
conductance in MJJ systems. Thus, the identification of whether the
dominant charge transport prc*:ss in GB is tunnelling or metallic
conductance, is an essential step for characterizing the intrinsic nature
of the electronic states which populate those GB. The search for that
identification of the dominant transport process increased substantially
the experimental investigation on GB [4-61 and even on the Josephson
coupling between unit cells [7).

2. Identification of the GB Nature

There is a lot of controversy about the nature of the GB. This disagree-
ment is due to the ambiguity of the method used to identify whether the GB
is of the TJJ or MJJ kind. The used criteria is the temperature dependence
of the critical current Jc of tunnelling or metallic junctions. The
experimental data of GB, normalized to the lowest temperature value of Jc,
is compared with the theoretical dependence for each kind of junction.
This attempt usually results inconclusive, as shown by figure 6 of Ref. 4,
due to the similarity between the temperature dependence of the critical
current Jc in TJJ and MIJ systems. This ambiguity is discussed in Ref. 9.

The lack of success of the criteria based on temperature dependence of
the critical current suggests the use of another physical property of both
kind of junctions but with an unambiguously different behaviour. The more
appropriate property, because it satisfies this ccidition, is the CVO of
each type of junction [8,9], since they are entirely distinct in TJJ and
MJJ systems, avoiding any ambiguity in almost all cases. These criteria,
explained elsewhere [8,9], can be summarized as follows

TJJ systems: I = G V < I N= V IRQ J J J

MJJ systems: I = I + I > I = V /RN AR N 3 3

for V < 2A, where I is the total current across the junction averaged in

a cycle, G is tL.e quasiparticle tunnelling conductance,V is the junction

voltage, I is the normal (ohmic) current, R is the junction resistance,

I is the additional conductance due to the Andreev reflection mechanism,
AR

which is voltage dependent [31 and non negative [81, and A is the pair
potential or gap. Figure 1 shows the typical CVC of TJJ and MJJ systems
and illustrates the above inequalities. The tunnelling CVC exhibits the
characteristic hysteresis crossing the ohmic curve and the metallic CVC
shows the increase of the current at low voltages, exceeding largely the
critical current.
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Figure 1. Typical CVC of TJJ and MJJ systems releted to the normal (ohmic)
curve for the same resistance. Note that the critical current of a MJJ is
larger than the one of a TJJ with the same resistance. In the MJJ systems
the current response for low voltages usually exceeds the critical current
and the total current exceeds the ohmic one, even at high voltages. Note
the characteristic hysteresis of TJJ systems, crossing the ohmic curve.

The figure 1 and the above inequalities show that in the sub-gap
voltage range, the CVCs of a TJJ and a MJJ are separated unambiguously by
the normal (or ohmic) current. The TJJ exhibits a deficLent conductance
and the MJJ an excess conductance (where the AR contribution is the
additional term) related to the metallic (ohmic) one. This excess
conductance, highly nonlinear at low voltages and increasing when the
temperature decreases below Tc [31, is the signature of the AR mechanism,
since AR is the only charge transport process which exceeds the ohmic
conductance in normal metals. The above inequalities can be used as the
criteria [9] for determining whether the character of an inhomogeneity is
tunnelling- or metallic-like.

Actually, a high-Tc sample is a 3-dimensional network of junctions
represented by GB, where each one can be of the TJJ or MJJ kind. The above
inequalities are obviously still valid for a network of only one kind of
junctions. If a particular sample has both types of junctions, the
summation of the currents over all junctions should be a competition
between both types of conductances. The final result, when compared with
the normal conductance following the above criteria, should indicate which
transport process is dominant in the sample.

3. Discussion of the Experimental Data

Applying the above criteria for CVC of individual GB [4-61, we must
consider first that at V = 0 the normal (ohmaic) cirrent crosses the origin
and at finite voltages the CVC is linear in V. Under these circumstances,
there is no doubt in concluding that in all cases of Ref. 4 - 6 the GB are
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Figure 2. CVC of pure YBCO (above) and silver-•.oated (23%) YBCO (below).
Note that the silver-coated CVC are essentially a magnification of the
ones of pure YBCO. The lines are only guides for eyes (after Ref. [101).

metallic junctions, avoiding any discrepancy, even when the authors state
in contrast that the GB form SIS junctions [61.

In the case of samples with a 3-dimensional network of GB it is
convenient to compare [101 the CVC of pure ceramic YBCO with the CVC of
another one which has nonrandom silver-coated grains [I1l. The former
sample has only MJJ between grains, due to the presence of silver coating
rather uniformly each grain. Thus, it is a control sample for determining
the nature of the GB ir the first sample of pure YBCO. Figure 2 shows the
CVC of both samples for different temperatures close to Tv. It is
remarkable that at Tc both CVC are linear (ohmic) and cross the origin,
which is the typical normal metal behaviour. For temperatures below Te the
CVC of both samples exhibit an excess conductance, nonlinear at low
voltages but constant at higher voltages, and increasing with the
decreasing temperature, which is a signature of the AR mechanism, as we
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discussed above. This shows clearly that the GB present in the pure YBCO
sample are, from the charge transport point of view, of the same character
of the intergrain metal in the silver coated sample. Following the above
criteria, this means that the GB are junction of the metallic kind, the
normal state of the YBCO, and the dominant charge transport process is
definitely the metallic conductance.

The comparison of the critical currents or the current values at the
same voltage between both samples shows that the responses in the ceramic
with silver coated grains are magnifications of the ones in pure YBCO, as
we see in figure 2. This is in qualitative agreement with the model for
critical current density in large and clean SNS junctions 1121, which
means that the length of the normal metal region is larger than the
coherence length but smaller than the inelastic mean free path. This
assumption is reaisonable for high Tc materials, which have a very short
coherence length El]. The raise of the critical current density and the
current response to the applied voltage is the result of the competition
between the increasing of the effective length of the junction normal
metal part roughly with the cubic root of the silver content and that of
the average electronic density, which tends asymptotically to its silver
value, more than two orders larger than the YBCO one 012]. The limit to
such enhancement is the decrease of the bulk critical density with the
silver content, due to the consequent reduction of the superconducting
fraction in the cross section of the sample [101. Thus, the enhancement of
the critical current density with the silver content implies the
assumption that the GB of pure YBCO sample are its metallic state.

In conclusion, the dominant charge transport process through GB in
high-Tc superconductors has metallic weak link (nontunnelling) character,
which means that it is a kind of metallic conductance with an additional
component due to the Andreev scattering mechanism. This means that there
are intrinsically normal electron density of states in YBCO ceramics even
in the supercon- ducting state. This density of states is definitely
located at the GB and possibly other parts connecting fully
superconducting regions coupled by Josephson effect, as the twin planes
and even the unit cell part between two sets of CuOz double planes [7].
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of Narrow-Band Superconductors
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Abstract. \%'( discuss soinc of t he is1*ent', ( the IOTrilloIidO viall. propeI' If's if

it superTonlductor has at nunl-tiglegh-ibleI ratio Ofl'./T I'>start iiig fronut 11ie h'S e'xpre's

sion wl, de-rive v an ialy(rt xiav~frsson foll the t l'riiiod(viiainjc potet'iall att finlite telipo)Ira

ture. which has the rele-vant p)hsical prpetes romt t here edevetht-(irep~i~ii
lielnililt ~-( izhiirg- ~a~idan ree enegy fujict ioiia near thli phase- transi o.an ics

lie behaviouir of the( orider parame~ter. tw lie hitricol potet-1ial. tilie qpecilic heval and tIl(e

expansivity tiear TF,_

1. Introduction

O11e of the featiures that ulist iingiiishres: It,'~oo it' I frolnt ordinlary sproi ot Is it

ru'aaelt large1% scale. of thle tratlisit toil tteiiipei at lilt' erilparu'u to tw In' I]til -agr) Irn
III eiip('rtlire(. l'Ii -eat111re is sonliet iin' uised, as. anl artgumenvit InI favour of ait oe El'ist e'lii
4on1hd'iisat toil pictairt' of hligh 1leinpe1rat iire4 siiporcolldlict iviOv FrOl)iti a anlylksis of t lie, M'S
modelI in tilie low dviisity lulimlit, it hias liciit shown [2). that if 7:/i,.. IS nto longer11 smalld. fthe
clir'nIical potnt jital Is shilftedi at Y' =0. Atf hinifte tenipejratutre tht' shift of tOe cheicjal po-
telitial can he atpproxinliate~d I)\ the rel-ation /'(T)/pji, (1 /p, whiere A(T) is the
tetniltratlire dependulent. M 'Si-gali (31, NI\ Ito lieluecnu tin t ransit ion t lie first dleriva
ti%-e of tlie chietilicica p~ uteial has a Jn111np. giýven b~y tietlt, r-ionii A up/dT )-,1 :ý 2.17'F /1,..
A hhialaitat ively similar heliaviour of p has allso huegirlit u for a ouitesoa (21))

charged bioson gas. which nnde-rgoels piair iolidei'isattion idie to all at~tract ive initeract ion
bektween.r the bos4oits [11. lii lt ia weaik cimpluig aid Miua.lh~sigt hiory ti
effect, is llo1 colisiuhereil becialuse I,. 7'j, i' s asslinil"I. Thie jump i tl hI L specifi ichat ilt I'
is calculakted ais TOiS/107, at fii 'd ji lit the sutamolrd lI(S trh'atni'nt
[lie almimunah ill /I does niot lead' to unuilssal lwehilviouri of thel( of her t-hu'rmiiodvl'uiatic filtic,
lions. It mere~ly calis(s at sniall resluctt ion of tlie jiilhi inl t1li specific hevat amid 6tvn thermnal
e'Xpanlsivity coviliiciit. Onlyv if 7"./i'p. Is of order I or larger this reduction would becomet
not icahief. On flthe other hand, If the, vehr'' ric precssure Is somnehow ('xteriially fixved. a
jlmmill) liti d/l/di imliilius a a jumllp lit eiitriopy (withl at cottespolidIifig port iol 4f latenit heatl

at thel phi-o'e tratisit iol), because ii Is the ( ;ii~ us free energy- per election. hlowever, as.
long as it. Is justifie'd to atssume1 that the vollinne is esseilltiahly tvicstantl du1e to tw livlastic
re~storing forces of thec crystal. tHeV eIecTroiiic Ir'_SSlum4 is- a t(1nilo'ratuire dclepemoletituantity
andl the vnt ropy has tio 1w calculated ci'if hr fm-tint tilt- HIeniliolt z free energy or fronit the(
thiernmodynamic potential. Dl-m to tlIc latrge value of thin' blk miodnihis (of order 1001 (PA~)
-omuipareul to the( suiperromiduclt~ivitv unuanil' chanlges of elecrt onic ptevsstirv (< 60 (~if HInl

h~igh 'I", cuprates). he14 chalnge-s oif tlilt crystal 'ollunif ;.re indeecd vecry smiall.

Spr'ingcr Scrics in Solid-Stato Scienccs. Vol. 1 13 Electronilc Properties of Hligh-Tý Superconaductors 93
Editors; H. Xuzmuny. M. Mciiring, 1. Fink (D Springer-Vcrtag Berlin, Heideffbcrg 1993



2. General expressions for the thermodynamic potential and entropy of a
BCS superconductor

WN;e assumne that the electrons interact withi each other with an effective attraction jk,'

leading to a B('S-typ~e superconducting state. The theridndvantilc potential of a l1( S
superconduictor is, after carrying out the Bogolitibov transformation iJ-5:

Q(js. T, V'. A) f2TlIn (I + e-' c~ k- - Ek + ý,LtUih !KJý2ii]

where I. += A a-.0 The (Ituasi-particlt' energie,ýs and fk ji are the single
electron energies reh.' i Ye to the Fvrmii energy. The l3( S gap) equiation c-an he obtained
fromn this fiinctwiom 1by looking for the mininini with respect to A4. 'Anl expresNsionl for
the average niulimer of -lectrons is found' from the relation N, -0d

2 =7'ý Ek (FI/f

= ~ ~ tnkt A/41t]t2)

The oinly types of excitations considered are the (itiasi-particles. hence the ( ferinionic)

qluasi -particle occupatoion mnuibers determtine the electronic elitropy ini the uisual way for
a fermion01 gas-, tiaelly-

= 1j(p T) E f ( [( E (k)l( I f f( /)k + f(E k-)lI f ( Ek I

T[le (entropy depends, onl A and it trough the qua1isi- particle energies entering the Fermi
0Cccipat ion functions and thrmirogh thle inutegrat ion bouidri aes. As thest- are andiyhtcal

fui-ct ions, and as we will see That A and p have nio discontiuiltY at I.., also S( T) is conl-
tinliolis at the phase transit ion. Hlence the transition remfainus of tOe second ordIer t Vpe.

3. Coupled gap equations of a layered superconducting electron gas

W'e assume that the electronic stirtictnre is represented bv at stack of 21) layers, with
a handwid il 1VV = N., /{ Vp). where V is the crystal volijute, X, is the numbher of atomis.
andl p is a Constant density of stales per unit volume. We assuulue that. in the same
way as; in a free electron model, p does [loIt depend onl V and Nn. and that the electrons,
have ;a k- independent iot- ret artled OFet i e attractive linteract ion ( -YVV4), So that thle
gap- parameter A- is also k-inmdependent.
At 7'T 0 the t herniody namiic potential is, obtainied by direct integrat ion of E,. I. Thme
suimmations over k: canl be replaced by Integrals using the relation =k Vp f7 d(-

0(p.t, A) - U + 4 ( + 2+ in ~)](1

We determiniie A, at the inininmium and thle coniiIitioni for particle nulnlher conservation as
in the previous section. We fiirthermiiore approximate terms of the form In 4rI-2 withl

In 4W'I- fN- and expand 'in leading ordersoi 2 This way we find]
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As we will later be i tert'stl it, the electrouic pressure, it is minportatlt to note in this

context, that D is i' voluwe dependent function, whereas I is a constant lium1er.
The gap equation is ontained as usual from the miniIium with respect to A. 'Tlhe ndwiler

of electrons is found from -00 '/i, winch provides the teniperature dependance of , due

to the opening of a gap. [hese coupled cq(Iations are

1 = g 0 exp 1 - ,

' = .)A" = 214 + -V

At 7 = 0 these expressions are seen to reduce to the result of the previous section. Front
the equation for A we see, that ithe critical teiiperatire is

"I7 .... 3-10DII -7 (U I

In order to have a 2A 0/Tiratio of about 3.5, we need 13 "- 2.9. The critical temperature
depends oin vollule (and therefore on pressuire) via 1) and it,,. The latter is proportional to
V-1. whereas the voleinie dependance of tl:e former can h tve any sign and value depending

on the details of the underlying iflodel [101. The pressure dependance can be written in

the form
______ = 4,, + ' ' (12)

where B is the bul kmoduhis of the crystal. Near the critical teimlperature we can expand

around A 0:
A(T)2 = 32(7"•-72)

(131
pt = • -p , ,,-' +O( )

5. Helmholtz free energy and thermodynamic properties

As we are interested in the thermodynamic properties of the system at constant par-
ticle number it is useful to write down the lie:..holtz free energy. We c(an derive this

quantity from the thermodynamic potential by means of a Legender transformation, I.r.
by adding it.-, = 2ppt,,/pV and expressing all quantities which were previously a func-
tion of it explicitly in the new variable NA. For general values of A this requires the

inversion e" a rather formidable expression, but nezar' T, it is sufficient to make a Tayler

series expansion of A, keeping only terms up to order A". The result is the following
(;izizbmrg-ILandau free energy finictional

P, (N, 7'.V. A)- F,, = pi [A2In ± + " (1+•), (1,4)

where it is understood, that /1,, = N,/(2pV) is an explicit function of N,. The same
applies to T•, which is depens on N, through p,, and D as can be seen from Eq. I. The
logarithmic term ni(T//;:) is a remnant of the logarithmic term in the expressions for
the thermodynamic potential, As the series expansion in A is only valid near 7T, we will

replace it with -(1 - TIT,) in the remainder of this section.
The temperature dependance of the order parameter, as well as the behaviour of it (using
pu = i)F/ONV) follow easily from the above llehnholtz free energy expression, and have

exactly the same limiting i)ehaviour near T, as in the earlier expressions.
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The' entropy is cahculal,'d t'roul 1,qý II. ] 1 1t11 .1" td.... i•/" Ti ').v ..1. (Ah•rtclla ikv•lv onc+

may use Eq. 9 with ,' -- (i)J '),.. |Th[e result is', of toulr,,.,I lie -alme near the phas•
t ralisititil )

which is ctulilillwN. alt the critical t tl•inpratlI Sir om it we (•;li noN% Vxprc,ýs the juimp in

the specific elat:

- c,, -, r , ... .... {2. -- .- (1 6)

"lh:e tt. in I he denoihtthi n . it riiatuii fOtn ear which i'% lAte to the coulplig htwe.n

the order parameter am1 ir.

whe ktcvhtrtdn preand rT is whttired Artin th t lationt p, ---(ii/i' )', ( usi)wng Eq. " I
while keephing JL atiel 7" tixeet. wheeit, is i+ Iiiptort~ti sitil tha ,,, 'i: +uiid 1) ehlepentt on vol lime.l'

Near T1 the samiett rsuilt is ututainiied frtli f diteriltiati n tu of LI!. I I

'1 ' ± .1 4 \ +f+m + - P " P w;, + +<+ +; -•,+r-' " - .- ,Ti

(IT)

- ~lpA3(7) 2 Ii--::-+ (A')(

where in the last line we ued -q. 12.

)o far we have let thn, ,list ittr ,hlrimat imn 'mergy of iew ryvst al wat of cojisideratitot. Tie

bulk tiodiulis relat is lie in prcslsur it (hangeh ill volliic': W" = (1/')blp. This

way we cal now ci•ilil Iat the jumnp in +xpoiivivity (o E 4d li] V/,1')

(o, 0 p3/IrT• -(IT, (IS)
S1~ + -,--- dy

6. Discussioti

"The exP•ansivity aid silp ,leciic heat julilips shlolul obe'v the tElireifest relation [7]

dT- -- , - ,l-

fti C,, - ("I

which. compliarinig th, vlt',xlssihms 16 anm It Y is h wihsat is,,ilNd. The correcttions oul the

expanlsivit.y ctoefficie'nit and lh1e Specific heat due t.o tie coupling bleitween the order pia-

rameter and the, cheUtnical l1(11 eitial arm usually snAi!: for the hi' h 7: 1'cuiprates the rat iti

of 7.-17' is about 6W. o ltha. there' is oily a reduictmo of 0.1+X of thie sp-ecifih heat jump.

Vice versa, even if t here is no direct couling lhetween the order paramietel and the rchPmI-

iral potent.ial, a jumlip in elpansivity coefficient will contrihute to the jump in dy/d7I,
hec-.,ise p xc V-' in a Lqverd 21) electroin gas. The junmp in exj)ansi vity or 1'Ba2 (ui.)07

is about -2 1-0-'A' [61. with ia strolig iii-tplauie aniisotropV and nio contrihuitioni along

the c-a;xis. Thie fomer could he related Ito the r;esfer of charge betweten Itlante. and

chains o"culing ;at the onstl of slptlerroini ctivity as has been treated ,by Kltoniski (81,

the lattler is consistent withi the assuimipt tion of quasi-21) blehaviour. As the effective'r cFrmi

temiptrature is about 15001) K we anll estihnate that, due to thel lattice ainomnaly there is at

contriht, lion to (dA,,dT -- dq,,/1dT") , <,f :1. M'), '"'li , obs•,rved effect is alhuit. :1 orders

of inmgi-ititlWi' larWge [l¶, which implies that has a ditfrentct origin. In p~articul;tr the effect.

Call be attributeud to the le lttlii•g hbetween 1, and(h /L assuming that. is, about 0.06.
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7. Conclusions

We generalized the G.iniumhiag- Landau free' eniergy expre'ssioni to incorporate the effect of
the con ping of the order paramiet er to t he chemic al poutential occu rrintg in the 13( S Iht-

ory of a dilutit interacting electron gas, We have shown that there is a jumlp inl dit/417 at
the phase transition, andt calculated the consequenctes of t iiis effrect for some of the other
thermiodynamic properties, in particular the speciftic heat and the expansi vitv" paraileter.
The correct ions dto not change, the nature of the transit ion, and t hey are siiiall even In the
rangofpr etroflh I cupat es with a relat ively large [, /T.-- ratio oif about 0.06.
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Abstract. Measurements of the current-voltage characteristics of
S-c-N Nb-TlBaCaCuO point contacts have been performed over the
temperature range from 4,2K to 300K under applied microwave ra-
diation at a frequency of about 12 GHz. Two types of the excess
current dependence on the power P of the external radiation were
found. In one case, excess current oscillates with P increase
that is explained by the processes of Andreev reflection in
S-c-N contacts. In the other case,the excess current is found to
be stimulated by the radiation power. Obtained resultes indicate
the complicated nature of the quasi-particle spectrum and trans-
port properties of the new superconductors.

1. Results and Discussion

Performing the study of S-c-N point contacts between normal me-
tals and HTSC Y 1:2:3 ceramics we have obtained the series of
results indicating the presence of noticeable quantity of quasi-
-particles in these superconductors well below Tc. In this con-

nection, the investigation of the nonlinear and nonequilibrium
phenomena in the high-Tc superconductors is of a great interest.

Therefore, the current-voltage characteristics (IVC) of S-c-N
point contacts between Nb needle and single-phase ceramic cry-
stallite TI2Ba2CaCu20x with Tc•I00K have been studied as a

function of temperature and applied microwave radiation. For
these measurements, the .ontacts having metallic type IVC with
large excess current Ie and pronounced dV/dI=Rd minimum at

zero bias V=0 were chosen. Two types of Iexc behaviour were
found. Nonmonotonous lexc(P) dependence was observed for the
first type point contacts over the temperature range from Tc to

50K (Fig.l). The dots is the Iexc on z - V P dependence for
T=55K and V=200mV (where z = eVW/ w). These results support the

idea [1] that induced by Andreev reflection IVC nonlinearity
mechanism is responsible for the existence of Iexc in S-c-N
contacts at the bias V >>A, T. In this case the IVC affected by
external radiation can be described by

I(P)=Jo(Z)IoxcsignV + V/R. (1)

Therefore, Iexc= IýP)-V/R must oscillate with P increase
following the law J (z). This curve (Fig.l) fits well our
data. We think this is the first experimental confirmation of
the predicted for conventional superconductors (11 I on P
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Fig. 1 Iexc as a function of z=eV/ ( 1 V P for the 1-st type2

contacts (dots). Solid line is the Bessel function J (z).Squares
0

- the e alogous dependence for the 2-nd type contacts showing
the I stimulation effect. Solid line is guiding the eyes.

dependence in the S-c-N contacts. Thus, the induced by Andreev
reflection non-Josephson mechanism of IVC nonlinearity at high
biases can also exist in HTSC S-c-N contacts showing the
presence of energy gap A in the excitation spectrum of
quasi-particle current carriers. Besides, this mechanism may be
used for detection and fiing of microwave signals as well.

Somewhat different I (P) behaviour was found for the second
type contacts (insertion of Fig.l, squares connected Av a solid
curve, T=93 K, V=60 mV). We revealed stimulation of Ie, i.e. of
supercurrent which was observed earlier on Nb-Nb and Nb-Sn point
contacts near Tc [2].

There are several physical mechanisms responsible for
increasing of direct current through contact under applied rf
radiation. First of all,we think this effect cannot be explained
by classic detection because the IVC displacement at V=O under
microwave irradiation was not observed. In conventional super-
conductors such behaviour is usually connected with well-known
superconductivity stimulation effects. If the current is homo-
geneously distributed in the superconductor Eliashberg mechanism
acts [3). In this case the microwave irradiation with frequency

W > (where rz is the electron-phonon inelastic relaxation
CC

time) stimulates the shift of superconductor distribution
function "center of gravity" to higher energies. Such shift
leads to energy gap increasing and, consequently, to increasing
of superconductor critical parameters. In the structures with a
pronounced spatial inhomogeneity of the order parameter, such as
point contacts, the stimulation obeys the Aslamasov-Larkin [4]
theory. This mechanism is due to energy diffusion of electrons,
localized in the contact region, upward to energies mainly
caused by the "vibration" of potential well. In the latter case,
however, there should be two superconducting banks, while we
deal with S-c-N contacts. Thus, there are several theoretical
approaches to the rf power dependence of the critical current in
superconductors, but to use them, more detailed information on
the nature of the revealed effect should be necessary.

We would like to emphasize here, that we obtsed our data
well below T .Moreover, earlier we have found I stimulationc
of the Nb-YBa 2 Cu 3 0x point contacts at T=5K. The observation of
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Fig.2. Differential resistance as a function of the reduced tem-
perature. Dots - Nb-Y 1:2:3 contact; squares - Ta-Cu contact (7]

such effects associated with non-equilibrium processes in
superconductor at temperatures T<<Tc suggests that the

quasi-particles in HTSC have a more complicated dynamics than
in conventional superconductors.

Firstly, there should be mechanisms providing existence of
non-freezing quasi-particles. This role can be played by
eltron scattering from uncompensated spin magnetic moments of
Cu localized in low-oxygen regions of HTSC, and by strong
electron-phonon and electron-electron interaction [5]. The
experimental results and the ideas presented here are consistent
w~th our earlier data [6] on the temperature dependence of
R d=dV/dI of HTSC S-c-N point contacts at zero bias. There is a

well-known fact that at T<Tc the conductivity of S-c-N point con

tacts is due to quasi-particles, both with energy E>A and
E<A [7]. In accordance with these ideas Rdo of measured contacts
drops sharply at T<Tc (Fig.2,dots) at the expense of the appear-

ance of the additional conductivity channel for quasi-particles
with E<A due to Andreev reflection connected with energy gap in-
creasing in superconductor with lowering T. Then the value of Ro
practically does not change because of the energy gap saturation
at low temperatures.In contrast with these results the zero- ias
conductivity of the classical S-c-N contacts decreases [Rd(T)

rises] at T/Tc<0,8 (Fig.2, squares [7]) because of the freezing

of quasi-part cles with E>A. Thus, our data did not display the
increase of Rd and, consequently, the decrease of the number of
the quasi-particles in high-Tc superconductors with lowering T.

Secondly, localization phenomena, which can make their con-
tribution to transport properties of the contacts, are strong in
HTSC (5]. Thus, in the case of weak localizations, the delocali-
zation can take place due to external radiant energy W a total
number of current carriers may increase affecting I growth.
Fig. 3 08ws I XC(T) dependencq at P=O (squares). Triangles de-
note I (T) of the 30x200 pm microbridge cut out by laser scri-
bing from the YBa Cu30x film on which only a common monotonous

suppression of I and Ic was observed under irradiation. In

this case Iexc (T), according to the theory [8] can be written as

Iexc (T) = A/eRN(n 2 /4-1)xth(eV/2kT) (2)
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Fig.3. Iexc as a function of the reduced temperature. Squares -

Nb - TI 3:2:1:2 point contact; triangles - Y 1:2:3 thin film
30x200gm microbridge.

15dB Rd, RELAT. UNITS

2)•0 20d0V8

Fig. 4. Rd=dV/dI and IVC vs T at different rf power levels P(a),
(Pmax= 4 0mW). The waveguide attenuation u is denoted by dB. Al exc

and 1 exc are the stimulated and undisturbed excess currents.o

and follows A(T) dependence with a sufficient degree of accura-
cyxc( Fig..3, solid curve). In the first case, the dependence
I •(T) is practically linear indicating the lack of an excess
current that agrees with statements of ref .5 about localization
phenomena in HTSC.

Figure 4 shows the IVCs and their derivatives dV/dI=Rd(V) of
the second type contact measured a function of rf power P.The

unusual linearization of I-V characteristics at small biasesunder applied microwave radiation was found simultaneously with
d 1increasing. The obtained results demonstrate (Fig.4,ur=3dB)

that at voltages less than Vwin=9 mV IVC becomes linear and goes

under the undisturbed curve (Fig.4, = 50dB), giving the
corresponding minima on Rd(V) usually connected with the gap

features 2A/e of a superconductor. Assuming A(T=93K)=9meV and
follows the BCS theory we will get the value of A(0)=20 meV,
which is typical for HTSC. But this minimum swiftly shifts to
higher V with increasing of P (Vmin= 3 7 mo at c=20 dB, Fig.4)

that is difficult to connect with A increasing. We suppose
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this behaviour is due to expansion of linear part of I-V
characteristic under microwave irradiation as it takes place in
conventional long superconducting channel being in current re-
sistive state (9]. The physical mechanism of this behaviour both
in HTSC and in conventional superconductors was not explained
yet. These results will be further developed in another papers.
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Abstract: The Hall effect of epitaxial YBa 2Cu 3 0 7 - and Bi 2Sr 2CaCu2 O2 films has
been investigated experimentally and theoretically. In both compounds the normal
state Hall coefficient RH (B 11 c-axis) is positive and exhibits a strong temperature
dependence, which is more pronounced in YBa 2Cu3 O7 _. than in Bi 2Sr 2 CaCu20. The
Hall coefficient R",, in the normal phase has been calculated on the basis of a renor-
realized two-dimensional tight binding model using the relaxation time approximation.
Strong correlati-n effects are accounted for via doping dependent hopping terms lead-
ing to band narrowing. The influence of the choice of the relaxation time on the Hall
coefficient is explored. The calculations have been performed for a wide range of pa-
rareters and are compared to experimental data.

1. Introduction

Besides their striking superconducting properties copper oxide superconductors exhibit
a variety of anomalous properties in the normal state. Among various other transport
phenomena the Hall effect, which has triggered immense efforts of both experimental
and theoretical investigations [1], provides valuable information about the electronic
stri -•,,'," of t0- ' 'ig! ; "r .v,'crc,.-tors (HTSC) in the normal phase. In this brief
contribution we report on a comparative study of the Hall coefficient on epitaxial
YBa2Cu 3,O_7 • and Bi,2Sr 2CaCu 20O films and its interpretation on the basis of a simple
model.

2. Experiment and Discussion

The Hall effect measurements have been performed on epitaxial films of YBa 2 Cu 30 7 -

(T, z: 90 K) and l312Sr,2CaCu 2 QO (T, z 80 K) l)repared by pulsed laser ablation onto

(100)-SrTiO 3 substrates. The details of the sample preparation are described in Refs. [2]
and :3]. The measurements were carried out in magnetic fields up to 5T17 by a stan-
dard dc-method for the configuration B 11 c-axis ( 11 ab-plane). Figure I dis-

plays the Hall coefficient RH versus temperature of various YBa 2CusO7 _, (1:2:3) and
Bi 2 Sr 2CaCu2 O, (2:2:1:2) films. The Hall coefficient in the normal state in both com-

pounds is holelike and exhibits a strong temperature dependence (more pronounced
in 1:2:3 than in 2:2:1:2) with a maximum slightly above T,. It is worth noting that
the unusual temperature dependence of RI(T) as well as the complicated electronic
structure of high-T, superconductors does not allow a simple interpretation of the Hall
coefficient in terms of the carrier concentration. [n the phase transition R1t(T) shows
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Figure 1: Hall coefficient versus temperature of several epitaxial YBa 2 Cu3 O37 -. (a)

for B = 5T and Bi 2 Sr 2CaCu 20 (b) films For B = 5T (upper curve) and B = 3T
(two lower curves).

a peculiar behavior including a sign reversal. These overall features of RH are in good
agreement with reported data (I].
For the interpretation of the Hall coefficient RH(T) in the normal state, we propose
for the electronic structure of the CuO 2 planes a two-dimensional tight binding model
on a square lattice:

c(k) = -2i(cos (k-a) + cos (k~a)) - 4? cos (k.a) cos (k-a), (1)

where

denote the renormalized nearest and next nearest neighbor hopping terms, 6 tile doping
concentration (per site), and a the lattice constant. This band dispersion, which might
be a reasonable starting point in the large doping regime of HTSC, accounts to some
extent for strong correlation effects between the quasiparticles. The tight binding model
describes an effective 0 2p band which is located between the splitted lower and upper
Cu 3d Hubbard sub-bands. Doped holes are created cluse to the top of the upper band
edge. Assuming B 11 c-axis and the weak field limnit, we have calculated within the
relaxation time approximation the anisotropic Hall tensor 11 = R"¶j - o().
The transport coefficients are given by [4]:

We '-.BZ / O
= v Zr(k)v(-) Of (k)

,,.aB(Z 2C) ,,- ( Z) (4)

where V is the normalization volume, r(k) the relaxation time, tv,,(k) &149k,
(a = x, Y), and f (c.()) the Fermi distribution function. For the relaxation time, which
in general might be a very complicated function of k and T, we have examined two
simple ajpproaches:
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Figure2: (a) Comparison between theory and R,1 of 1:2:3. Solid lines are the
predictions for the parameters t = 0.40eV, t* = 0.175eV and 6 = 0.25,0.3,0.35
(from top to bottom) assuming r1. The dash-dotted lines are the results for To and
the parameters t = 0.30eV, t' = 0.075eV and 6 = 0.3 (upper curve) and 6 = 0.35
(lower curve). (b) Comparison of theory and data of 2:2:1:2. The solid curves are
the results for the parameters . = 0.45eV, t* = 0.18eV and S = 0.275,0.3,0.325,0.35
(from top to bottom) assuming ri, while the dash-dotted line is the result for t =

0.3 eV, t* = 0.075 eV and 6 = 0.3 taking r0.

r(k) = = r(T,6) (5)

and

_ I(T, 6)-rk = -r = (6)
(k) + vl(k)

The k-independent relaxation time To, which is often used for theoretical investigations
of the Hall effect, has no influence on Ruj. The calculations of R1, have been perfomed
numerically for f > 2 1 t* I taking into account the temperature dependence of the
chemical potential.
In the following the unusual temperature dependence of the normal-state Hall coeffi-
cient of the l:2:3and 2:2:l:2films is compared to the predictions of our calculations.
Values for the doping concentration 6 have been chosen to be close to 0.20 - 0.25 per
Cu site (and per sheet), which Shafer et al. [51 found for the YBa 2 Cu30 7 -.. (T, zt 90 K)
compound by iodometric titration. In the case of 2:2:1:2we assumed similar values.
The volume of the model unit cell entering in the calculations is 89 A for 1:2:3 and
115 A3 for 2:2:1:2. For t we take such values, which lead to a reasonable bandwidth
W = 8t of 0.6 - 1.2eV, and t* has been choosen to fit the experimental Hall data as
good as possible.

In Fig. 2 (a) and (b) we plot the experimental data of the 1:2:3 and 2:2:1:2 samples as
well as the calculated Hall coefficient for fixed hopping terms varying the doping con-
centration. It should be noted that the temperature dependence of the calculated Hall
coefficient comes only from the Fermi distribution function. Assuming the k-dependent
relaxation time Tj we find a qualitatively good agreement between theory and Ru(T) of
YBa 2 Cu 307-.r, while for "o there is no agreement (ovposite curvature of the graphs).
In the case of the 2:2:1:2samples it can be seen that for the chosen parameters the
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calculated normal-state I lall coefficient is in good quantitative agreement with experi-
went for both relaxation times.
At first glance it seems that our simple model for thc electrowc structure is Ca-
pable to explain qualitatively the unusual temperature dependence of the 1:2:3 and
2:2:1:2 samples. I lowever, the ccrrcspondi ng Verini surfaces (sniall hole l)oCkets, not
shown here) are not consistelit with e�ptriin(ntaI data ]6]. A detailed discussioii of this
serious problem of our i.'odel as well as predictions of �oine other transport properties
can l)c found in Ref. [7] Concerning the tin usual doping and teinJ)eratilre dependence
of the hall coefficient of l-lTS(� several approaches have been wade, including calcula-
tions on the basis of conventional band �tructure �8] and strongly correlated models c.g.
Refs. [9] and 110]. But so far. no satisfactory explanation of the Hall coefficient, which
is also compatible with the large Fermi surfaces observed in some of the cuprates, has
been ach iCVENI.
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Abstract. We have measured the temperature dependence of thermoelectric power (TEP) and
resistivity for the cuprate superconductors and the alkali metal doped bulk C60 fullerenes. The
results for both high T, materials are anomalous. The magnitude of TEP is small characteristic
to that of the broad band metal. But the temperature dependent TEP of cuprate superconduc-
tors are semiconductor-like. To understand this somewhat controversial behavior, we propose
the so called 'mixed state model' where the independent bound pairs and single-particle--like
carriers coexist in the normal state, T > 7T. This mixed state model is compared with the local
pair theory, as well as the marginal Fermi liquid theory. For the alkali metal doped bulk C6 0
fullerenes, the TEP shows two types of temperature dependences. One is very much anomalous
with positive TEP values and the other is less anomalous in a sense that it is more or less simple
metallic with negative TEP values. In both types, however, there exist electronic transitions in
70K < T < 200K.

1. Introduction

The high T, superconducting materials, both copper oxides and doped C6 0 fullerenes, have shown
many anomalous features compared to the conventional BCS- type superconductors. One of the
ieost pronounced anomalous data, perhaps, is the temperature dependences of thermoelectric
power (TEP) [1,2]. In this paper, we will summarize the anomalous features of TEP data of both
cuprate superconductors and the doped C~o fullerenes and propose a possible charge transfer
mechanisms for each case. Moreover, a set of data on the pyrolyzed C60 samples is presented,
which turns out very much similar with those of the positive TEP class of doped C6 0 fullerenes.

2. Experimental

Doping on CW/ C7,o fullerenes have been carried out in our laboratory and the details are
published in reference [2]. One remark is that we have used the two zone heating method, as in
the case of the graphite intercalation. This two zone heating method is particularly interesting.
Because the heating of the C60/C7 0 fullerenes in one side could create some kind of the amorphous
fullerenes. Z. lqbal et al. in Allied-Signal Inc. have pyrolyzed the Cr O/C70 fullerenes at three
different temperatures (TP = 800K, 1000K and 1500K) for 16 hours in vacuum sewed tube
and measured the X-ray diffraction patterns. It turns out that for Tp = 800K, the peaks
corresponding to the C60 /C 70 signal are still existing although the peaks are broadened. At TP
= 1000K. the original peaks of C 6o/C 7 o have disappeared and very broad peaks corresponding
to the amorphous nature of samples have appeared. But these broad peaks are different from
those of the amorphous graphite. At TP = 1500K, the X-ray diffraction patterns are very much
similar to the peaks of the a&,orphous graphite 13). We have chosen the 1, = 1000K sample
and measured the TEP and resistivity as a function of temperature.
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3. Results and Discussions

3.1 Cuprate superconductors

We have reported [l] the anomalous T' P of Y- Ba-Cu-O(NYICO), substit uted Y ICO such a-s
Caf~aACu:lOy with A = Y or Lanthanide, lli-Sr-Ca-('u-O(BSCCO) single crystals and TIl-Ca
Ba-Cu-O(TCBCO). All these results are not consistent with the simple metallic picture. The
magnitude of TEP at room temperature for the cuprate superconductors are very small charac-
teristic to that of broad band metals. But the temperature dependence is semiconductor like.
That is, the TElP increases uinon cooling. Besides, the sign of TEP is quite complicate, so that
it is not consistent with the expected values from the point of the doping. To understand tnese
anomalous features of TEP, we have proposed the -mixed-state model" to fit our TEl data of
"ICBCO, YBCO. substituted YBCO, IISCCO single crystads. The model is based on the as-
surmption of the strong Coulomb correlation in this system. In the -normal state, i.e., for T > T,.
there exist two types of independent carriers. One is the single particle like carrier and the other
is the hound pair. The bound pairs are not .orrelated each other, so that it is an independent
hound pair. To exist such a bound pair in real space, the high Coulomb correlation is essential.
At this moment, it is not clear whether it is the negative U type attraction or the antiferromag-
netic type. short range interaction which causes the formation of a bound pair. Intuitively, the
existence of such bound pairs in the normal state is plausible because of the short coherence
length of Cooper pair in the superconducting state. The idea is that as T becomes higher than
T,.. the paired electrons do not change to :he normal electrons completely. Instead. the pair-pair
correlation vanishes at T >T,- but the individual bound pairs remain uncorrelated cath other.
These bound pair. change to normal electrons as temperature becomes higher. The temperature
(ldependence of the number of bound pairs turns out slightly different from TCBCO and other
cuprate superconductors when we fit the data. The "mixed-state" means the coexistence of the
bound pairs and the single particles in the normal state. The concept is somewhat similar to
the two fluid model of Gorter-Ca~simir for the superconducting state (which is in the same frame
of the BCS type superconductors) except, that we are dealing with the normal state properties.
i.e.. for T > T,. But if the origin of the bound pairs are the negative U attraction, then it
is similar to the local pair theory of superconductors. In fact, Elishberg et al. had proposed
[ the mixed state of the local pairs and the single particle band carriers to explain the linear
temperature dependence of resistivity for the cuprate superconductors in early days. Another
intiresting point is that the coexistence of the bound pairs and single particle like charge carriers
are similar to the mixture of the charged bosons and fermions in the normal state. In this sense.
the marginal Fermi liquid theory proposed by Varma et al. [51 might have some relationship
with our mixed state model. At this moment, we must admit that our mixed-state model is
only a phenomenological model which could fit some of the anomalous TEP results of cuprate
superconductors. But we have to extend our model to fit all the rest of the unusal phenomena
of cuprate superconductors. Furthermore, the model itself should be well established in the firm
theoretical frame.

3.2 C,0 fullerene

Figure I shows the temperature dependence of resistivity and TEP for the pyrolyzed C60/C 7 0.
The pyrolysis of (-60/C70 mixture is done at TP = 1000K for 16 hours. Being discussed in the
previous section. the sample pyrolvzed at T, = 1000 K, which is used in the resistivitv and TEP
measurements shown in fig. 1, is amorphous fullerene in a sense that the XRD pattern is in
between the fullerene and the amorphous graphite.

Poth resistivity and TEP have been measured from room temperature to 5K. The room
temperature conductivity is high, aRT = 80 S/cm, even without doping. The weak temperature
dependent resistC ity is observed with p(5K)/p(RT) ý- 1.4. The slope of resistivity versus tem-
perature, dp(T)/dT, changes at T - 50K, but there is no noticable electronic transition in p(T)
data. On the other hand, TEP data shows big electronic transition. The sign of TEP is positive
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Figure 1. Temperature dependence of resistivity(n) and thermoelectric power(A) of the py-

rolyzed C60 /C70 fullerene

and the room temperature value is quite small, SjR" -_ +3.5 UtV/K. Quasi-linear temperature
dependence with a small knee at T = 180K is observed. The small magnitude as well as the
linear temperature dependence of TEP is characteristic to that of the diffusive simple metals.
At T :- OOK, the TEP crosses zero. Below T =100 K, it remains negative until it changes the
sign to positive at T ý- 30K. The absolute value of TEP for 5K < T < lOOK is less than 0.3
pV/K.

Figure 2 shows the TEP of potassium doped C60/C 7 0 fullerenes. The doping conditions
for all samples shown in fig.2 are identical to that described in reference [2]. However, the
resistivity and the TEP of each sample are quite different as shown in the figure.

The large temperature independent TEP of sample 1(A) shown in fig.2 can be analyzed

using the Heikes formula.

S' = k8--• In I -p , 1
e p

where p is the ratio of the number of charge carriers to the number of available sites. For

SRT•100pV/K, p can be calculated as p ý- 0.25. This means that the potassium concentration x

: 0.25 in K.C 60 . The temperature independent TEP of sample 1 is well known for the molecular
solid, where it can be understood as a result of the mobility activated hopping conduction [6].
The quasi-linear temperature dependences shown in sample 2 and 4 in fig.2 can be analyzed
using tke diffusive TEP formular for normal metals.

ir kB 2

S(T) = r kBT"7(j-(,) (2)

where A(EF) is the density of state at the Fermi level. From the slope of the linear temperature
dependence of sample 2, one can estimate that hl(EF) ý- 20 states/eV - C60 consistent with
the value measured by the photoemission method (7]. Here we assumed three, potassium atoms
per each C6o, i.e., the composition of sample to be K3Cfo. Similarly, for sample 4, 71(EF) s

5 states/eV. C6o. which is about factor of four smaller. The TEP of sample 3 is somewhat

peculiar. It is in between the TEP of sample 2 and ,,ample 4, which is presumably due to the
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intermediate doping concentration between thle two samples. The origin of this kind behavior
might be due to the phase separation of the two p!I'ses, one is the positive TEP phase awd
the other is the negative T17P phase. Unfortunately. we have not succeeded in nmeasuring the
composition of x in K1 CW of each sample by chemnica) anal).Y•s. The TJEP data of sample 2
shown in fig.2 and the TEP data of pyrolyzed Cw shown i'i fig.l are very much akin with each
other in their temperature dependences. although the room temperature value is different for
one order of magnitude. From the X ray diffraction result, it was delermined that the structure
of the pyrolyzed C 6o is amorphous fullerenes [3). Thus. the anomalous TFCP data (sample 2 in
fig.2) suggest that our Potassium doped ('60 also has amorphous like structure. When we dope
alkali metal to C6o fullerene, we useu the two zone heating method [2]. Our sample zone is
heated up to 210'C( very slowly. The C60 fullerene could have pyrolyzed during the slow heating
process.

In summary, we have shown the anomalous TEP results for both cuprate superconductors
and tt - doped C6 0 /C 7o fullerenes as well as the pyrolyzed Cc,o/('70 fullerene. Althc.Agh all the

data are conbistently reproducible. there are a lot more to be done to understand the charge
trasport mechanisms in these unusual solids.
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Abstract: We present specific heat measurements of (YPr)Ba2Cu307 in
external fields up to 11 T. The results are analysed in terms of crystalline
electric field (CF) effects and indicate that in these systems Pr appears to
be trivalent rather - .n tetravalent.

Among the family of superconducting RBa2Cu3O7 compounds (R = Rare Earth and
Y except Ce, and Yb) that form the orthorhombic Pmmm structure, PrBCO is an
exception since PrBCO is insulating and orders antiferromagnetically (AF).
To investigate the effect of Y/Pr substitution upon superconductivity the
phase diagram was determined which shows a gradual reduction of
superconductivity until antiferromagnetism occurs for both the Cu- and Pr
sublattices for x>0.55 [1]. In order to obtain information about the valency
of Pr several experiments have been performed (see e.g. Ghamaty et al. [2]
and Fink et al. [3]). However, the valency of Pr (either +3 or +4) is still
a matter of debate.

Shown in Fig.] is the specific heat of PrBaCuO7-5 for 5 ; - 1 and 0. For
both the orthorhombic (8 = 1) and the tetragonal compound (5 = 0) the
anomaly at the antiferromagnetic ordering temperature of Pr is only slightly
shifted to lower temperatures with rising exterial fields and appears to be
suppressed almost at It T. In contrast to the Cp measurements, the shift of
the anomaly at Tn is hardly observable in the susceptibility measurements up
to 5T which indicates that either the AF order is not of a simple mean-field
type or an appreciable anisotropy is present.

The entropy associated with the AF order yields important information
about the valency of Pr as long as the phonon contribution can be subtracted
from the total heat capacity with reasonable accuracy. This is a point to
which we come back later. The crystal field calculation by Nckvasil [4]
using the superposition model predicts details of the structure of the CF
spectra. Accordingly the groundstate of the Kramers ion Pr+4 is a doublet
whereas for Pr+ the ground state is a quasitriplet corresponding to an
entropy gain of S = Rln2 or RIn3, respectively, above Tn.

To avoid complications due to the AF order of the Pr sublattice we
substituted Pr by Y and applied external fields up to lIT; thus via the
Zeeman splitting of the ground state we try to elucidate of whether Pr is
either tri- or tetravalent. For the heat capacity of Yi-xPrxBa2Cu307 (x=0.2
and 0.6) in external fields, displayed in Fig.2, we obtain reasonable
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Fig.l. Specific heat of PrBa2Cu307 and PrBa2Cu3O6 as a function of
temperature. The effect of external fields fields upon Tn is shown for
PrBa2Cu307 in the upper part in a CpiT representation. A similar effect of
the external field is observed for the 06 compound.

quantitative agreement between the experimental data and the calculated
specific heat under the following conditions:
For the background heat capacity we use the experimental Cp(T) data of YBCO
assuming identical phonon contributions to Cp for x * 0 and x = 0. Although
we measured the heat capacitity of YBCO and PrBCO up to room temperature, we
failed to determine an accurate lattice heat capacity for PrBCO since the
Debye approximation is only valid at low temperatures and Einstein
frequencies give rise to a rather significant deviation from the Debyc
function in the intermediate temperature range. The use of the phonon
contributior of YBCO for PrBCO appears to be a rather crude approximation,
which hampers an unambigous determination of the entropy associated with the
magnetic order. Nevertheless, an pstimation of the entropy corresponding to
the quasitriplet groundstate of Pr , for which we used Pr/Y diluted samples
(with x=0.2 and x=0.6) at 1 IT, yields an entropy gain of 0.851n3 ± 10% up to
60 K for both samples (x=0.2 and 0.6)

To determine the CF contribution of Pr to the heat capacity, we use
the complete set of CF parameters obtained by fitting the CF spectra to the
inelastic neutron scattering data [5]. The calculation including the J
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Fig.3. Comparison of the experimental specific heat of (PrxYl-x)Ba2Cu3q7

(x =0.2 and 0.6) at I1iT with the calculated CF contribution to Cp (for Pr )
plus Cp of YBCO. Full line: CF contribution to Cp only for Pr".

mixing of the three lowest multiplets as well as intermediate coupling
wavefunctions of the free ion predicts a well isolated quasitriplet ground
state with ['4 as the lowest level [5]. In the present work, both the
susceptibility and the specific heat were calculated according to the pr+3CF

lcvel scheme as derived from inelastic neutron scattcring without any
furthcr adjustmcnt. A comparison of the calculated and experimental specific
heat for x=0.2 and 0.6 at l iT is displayed in fig.3, where we also included
the corresponding hcat capacity contribution of Pr~ for x = 0.6 at 1liT.
Under the assumption that Pr is tetravalent in this compounds the the
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dsusceptibility of PrBa2Ca307 (v,Y) and PrBa2Cu306 (D). Two PrBa2Cu3O07
samples are displayed which are representative for the susceptibility data
in the literature.

external field should ' nlit the doublet ground state of the Kramers ion
(Pri) giving rise to a pronounced Schottky anomaly which, however, is not
observ.'d in the experiment.

We note that the experimental Cp data of fig.3 are the same as in ref.
[6] where the CF calculation has been performed in terms of the Stevens
notation without J mixing. The inclusion of J mixing significantly improves
the agreement between the experiment and the calculation in fig.3.
Nevertheless we still find a deviation between the experimental and
calculated data below 11K. A plot of this difference ACp as a function of
lnT yields a bell-shaped curve. Its maximum is shifted to higher
tempetatures with rising external fields whereby the height of the maximum
remains unchanged for both the superconducting (x=0.2) and the
semiconducting compound (x=0.6). This behavior is reminiscent to the
specific heat of magnetic clusters which might be created by Y/Pr
substitution and contribute to the suppression of superconductivity.

According to the analysis of the inelastic neutron scattering data of
the fully oxidized (07) and the oxygen deficient (06) sample, the oxygen
deficiency appears to have only a minor influence upon the CF parameters Bmn
and therefore upon the splitting of the quasitriplet ground state [5].
Consequently the calculated susceptibilities of both compounds are, as shown
in fig.4, rather similar to each other. The agreement between the calculated
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and experimental susceptibility for the 06 compounds above Tn seems
satisfactory. In the literature a broad scatter of the the susceptibility
data of PrBa2Cu307 exsists (and we measured also various 07 samples of
different laboratories), therefore we plot the susceptibility of two
representative 07 compounds together with the calculated X(T) for
comparison. In this context we believe that the 07 sample labeled as IL with
the lower susceptibility contains fewer impurities than the other one,
labeled as IN since the latter exhibits a field dependend susceptibility
below and above Tn which is not the case for the former. Despite the
experimental uncertainty this comparison in fig.4 also supports that Pr can
be considered as trivalent. However, susceptibility measurements of a single
crystal would be very helpful for a further CF analysis.

Contrary to our interpretation, Ghamaty et al. [2] recently discussed
the zero field heat capacity data of this series ii terms of a S= 1/2 Kondo
effect. This implies a tetravalent Pr with an PF5/2 ground multiplct where
the grond state is a Kramcrs doublet. As stated above, this doublet would be
splitted by external fields giving rise to a significant Schottky anomaly at
1IT with CpiT peak values nearly three times larger than the experimental
values for x =0.6. This, however, is not found in the experiment (see
fig.3). The interpretation of Ghamaty et al. [21 yields impressive agreement
beween their model calculation in terms of a Kondo effect and the zero field
Cp(T) data up to 10K. However, the comparison of the susceptibility and the
high field specific heat data with our results from the CF calculation
(fig.2 - 4) strongly indicates that the ground state of Pr in these systems
is a quasitriplet rather than a doublet. This means that Pr is mainly in
trivalent state which is in full agreement with recent inelastic neutron
experiments [5] and electron loss spectroscopy [3].
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Investigation of the thermal conductivity, x(T), of high

temperature superconductors (HTSC) is particularly useful in

probe scattering processes, in both the normal state above Tc

and the superconducting state below Tc. In particular, stu-

dying the anisotropy of x in superconductors reveals the elec-

tron-phonon coupling and carrier scattering mechanisms. This

work reports measurements of thermal and electrical conducti-

vity in YBa 2 Cu 3 0 7 y and Bi.Sr.CaCuO,-x single crystals. Mea-

surement were made in the ab-plane and along the c-axis of all
samples. Single crystals of YBa 2 Cu3 0 -y were prepared at the
Institute of Solid State Physics in Chernogolovka, and

Bi2 Sr 2CaCu O-x crystalj were grown in Moscow Institute of

Steel and Alloys. Further characteristics of the investigated
samples are tabulated in Tab.l.

Table 1. Characteristics of investigated monocrystals.
Material and size Tc AT P3 00  dp/dT

Abbreviation mm3  K K gQ*cm gQ*cm/K

YBCO-21 1.70*0.94*0.030 92.5 0.5K 208 0.77

YBCO-25 1.65*1.00*0.135 92.5 2 K 428 1.51

BSCCO-3 2.30*1.20*0.020 82 4 K - -

BSCCO-4 2.00*0.59*0.050 86 1.5 K 417 0.99
BSCCO-6 0.96*0.58*0.016 89 3.5 K 756 1.53

The measurements were made using standard experimental me-
thods. For example, the electrical resistivity was measured
using a conventional four-wire configuration. Silver paint was

used used to insure good contact between the sample and the
connected copper wire (diameter 0.05 mm). The thermal conduc-
tivity was measured using a classical steady-state technique

in a liquid helium cryostat. The plate-like samples
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were glued to a heat sink on one end, while a heater (: 300 £)

was attached to the opposite end. The temperature gradient

across the sample, AT., was determined by means of differen-

tially space constantan-chromel thermocouple junctions (dia-

meter o =10 Am). The overall temperature of the sample was

monitored with a similar thermocouple oriented with one leg

attached to the sample, and the other to the cold plate which

enclosed a calibrated germanium and platinum resistance ther-

mometer. The limited temperature resolution of the constantan-

chromel thermocouples restricted the studied temperature range

at low temperatures to a minimum = 10 K. The absolute error of

the thermal conductivity measurement was potentially large

because of the uncertainties in the effective sample geometry,

which in our investigation was on the order of 30% for thin-

ner samples. The reproducibility of the measurements were

within 2-5%, and the error in the ratio K/a was : 10%.

Results and Discussion

In Fig.1, we show the electrical resistivity as a function
of temperature for speciments investigated. The resistivity

ratios RR=(pIPab) of sample Y-25 were RR(300 K)= 20 and

RR(100 K)= 55. Figures 2 and 3, show the temperature de-

pendence of the in-plane and out-of-plane thermal conductivity

of our samples.

The most pronounced properties in thermal conductivity HTSC

monocrystals are:

1. The anisotropy in K is less for the Y compound (for Y-25

from KalKc = 3.4 at 150 K to =6 at 10 K), and more for Bi

materials (Bi-3 K abI/xcz 5.1 at 150 K and 100 K, to - 7.5 at 50

K; for Bi-4 KalcZ 8.6-->11 at 20 K; for Bi-6

K ab/c l00-->220 at 10 K).

2. The ab-plane conductivity is found to be 5-10 times large

than in the corresponding ceramics.

3. The maximum of Kab (T) for all samples occurs near Tc/4

which is in the lower temperature than in ceramic HTSC mate-

rials where Tmax- Tc/2.

4. We note the monotonic decrease of K (T) as a function ofc
temperature, in the c-direction. From highest investigated

temperature, K(T) monotonic ally decreases without any pecu-

liarities near Tc .The out-of-plane conductivity does not show
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Fig.l. Temperature dependence of the resistivity of the inves-

tigated HTSC monocrystals. The measurements were carried out in

the ab-plane. The dashed line is results of the measurement of

the resistivity in the c-direction.

a behavior correlated to the upturn of the K ab(T) curve (in

ab-plane) below Tc-

Resistivity was measured, and using the Wiedemann-Franz law

we separated the free-electron contribution to K(T) by descri-

bing the total K as the sum of thermal phonon and electron

conductivities:

K K ph + Ke

The electronic contribution in the ab-plane contributed up to

50% or more of the total (sample Y-21). K e/K -10% for Y-25,

X /K -13% for Bi-4 and K e/K =2.4-3.5% for Bi-6. In the

c-direction, throughout the normal state temperature range, K

was dominated by phonons carrying the thermal energy. The heat

flcw coupled with electron system in sample Y-25 was only a

few percent of the total (Ke/K 1ý %).

For an estimation of the phonon-electron interaction we

separated the phonon thermal conductivity from electronic. For

thermal resistivity W we expressed interaction between phonons

and any kind of scatterers as

Wp= 1/Kp W pp+ Wpd + Wpe

where as hi denoted the thermal resistivity of phonon-phonon,

phonon-defect and phonon-electron scattering respectively. At

low temperature (8-20 K) thermal conductivity decreased ii-
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Fig.2 and 3. Temperature dependence of the thermal conductivity
in the ab-plane and c-direction. The dashed lines are calculated
the electronic part K e of the thermal conductivity. The solid
line is a - typical curve of the thermal conductivity for Bi
ceramic sample (Reference U3]).

nearly with T. We subtracted low temperature behavior
(V L-T" ) from common thermal resistivity (without further

examination of its nature). Te.ase estimation value gave us
upper limit of phonon-electron interaction V pe 0.05-0.15
K*m/W, which led to typical relaxation times of phonon-
electron interaction in HTSC rpez 3-9 * 10- 1 s at TzTc (sound
velocity vsz4000 m/s El] and for specific heat C p=IJ/(cm3 K2)
(2]). This value was about 10 times higher than the corres-
ponding values calculated for ceramic samples [3].
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For a quantitative explanation of the difference in the

absolute values of thermal conductivity in the ab-plane and

c-direction we suggest a reduction of relaxation time Tph in

c-direction. This may be only a change of matrix of phonon
scattering on any centers or the appearence of a new dominant

scattering mechanism, or only an increasing contribution of
this onteraction in common of interaction processes

Our investigation of thermal conductivity of HTSC monocrys-
tals showed ahsignificant anisotropy in K, 3<K abc<20.

Typical phonon relaxation time on electrons is Tp= 3-9 *

10-12 s at T=Tc in HTSC monocrystals. pe

For relaxation time of phonon irteraction we may write the
ratio (ze//Z ph)ab >' lO*(re/rph)c.

Comparison thermal conductivities withween monocrystals and

ceramics show that simple average (K cer 2 / 3 #cab+ 1/ 3Kc)
doesn't give absolute values of thermal conductivity of cera-

mics, we must take into account scattering phonons on inter-

crystalline boundaries.

l.T.I.Kim, J.Kowalewski, W.Assmus et al-Z.Phys.B, 1990, 78, 207
2.S.B.Ota, V.S.Sastry, E.Gmelin et al - Phys.Rev.B, 1991, 43, 4
3.V.Efimov, L.P.Mezhov-Deglin, S.A. Shevchenko et al. - CBepx-

I1POBOZMOCTb (USSR, Superconductivity) 1991, 4, 6, 1114
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Abstract. Angle-resolved photoemission experiments on the cleaved surface
of YBa 2 Cu 3 O7- 6 single crystals revealed an intrinsic surface-derived electro-
nic state around the X and Y point of the Brillouin zone with 0.92 eV binding
energy. A surface electronic structure different to the bulk can be of basic
importance for the surface superconductivity of this high-'fr cuprate. Ilere we
briefly review recent experimental results and present new hydrogen adsorption
experiments, demonstrating the surface character of the 0.92 eV state.

1. Introduction

Angle-resolved photoermi.uion spectroscopy (ARPES) performed with high
energy and nionient.ui resolution on single-crystalline high--IT, superconduc-
tor surfaces has provided valuable experimental information on the electronic
structure in both their normal and superconducting state. Most of the results
concerning Lhe origin of the electronic states, in particular of that at EF, their
binding energies and dispersions, the Fermi surface in the normal state, and
the opening of the superconducting gap for T < T, were obtained on the sy-
stem Bi 2Sr 2CaCu 2O5 4 , [1]. For YBaCu;307_A it is a puzzeling problem, why
no superconducting gap could be detected by ARPES. Early photoemissioni
measurements could not even observe a Fermi edge in this material. Arko et
al. [2] have shown that. the YBa 2Cui3 O7 _-surface is not stable in vacuum at
room temperature but that the surface remains stable if the sample is clea-
ved and kept at very low temperatures. Under these conditions a Fermi edge is
observed for certain k values, determining parts of the Fermi surface, but no su-
perconducting gap has been realized [3, 4, 5, 61. Since ARPES is a very surface
sensitive spectroscopic technique with a probing depth of about 5-30 A depen-
ding on the kinetic energy of the plhrAoelectrons the question has to be posed,
how far the electronic structure derived from the surface of superconductors is
representative for the bulk properties.

Because of the quasi two dimensional character of Bi 2Sr 2CaCu 2Os+6 chiemi-
cally stablc surfaces can be prepared by cleavage between the adjacent Bi--O

iayers. Tihese iayers are only weakly bonded by van der Waals--like forces with
almost no valence charge between them and the creation of a surface represents
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i1o strong (list urbance to the Ililk chc roi ic structure. 'lThis, and th.le ob.servw-
lion that besides the (Cu-() 0planes, c iommon to all cupratc Supcrconductors, it
contains of metallic [I] and lweow T,. even sup'rconductiiig Bli- layer, t7, 8]
make HiSr2(a('hIOs+• appear sonmcwhal extraordinary aiiiomig the high. T1•
cuprates. Thus, Flr th.,Sr.(a( i(+ there 'xit up i to low no evidncie for
surf1 lae(-c lfcc s.

For thi high- T coMI)ound Y1 11 a2 (Iaa('). 3O the situation is rather diifferent.
Ilert- the formation of a surlace inevitably requires breaking of strong ionic or
covalent, bonds between the layers, In particular, cleavage between the Ba
0 and Cu---O planes obtained by cleavages from the top of the sample, the
charge transfer in the bulk from the CuO3 chains to the CuO2 planes may lcad
to a rearrangement of electronic charge and thus to changes of the electronic
structure at the surface comupared to that of the bulk. Such surface eiffcts
have ocen first proposed by Calandra et al. [9, 101, finding distinct. illodifi-
cations of the surface-derived density of states with respect to the bulk. The
present contribution adresses the experimental evidence for surface effects on
Y13aa2 Cu3 0 6 ,9, obtained from recent hiigh-resolution angle-resolved photoctis-
sioll studies [4, 11], and new hydrogen adsorption experi anents.

2. Experimental

In the hydrogen adsoption experiments we used similar YBa 2 Cu 3 0 7 _. (6 =

0.2) single crystals as in the previous studies [4, 11]. rhe preparation of the
sanmples with a sharp transition temperature of 1.5 K between 88.5 89.5 K
is described elsewhere [4]. The samples were attached to the cold linger of a
cryostat. by a conducting glue and were cleaved in ultra-high vacuum (base

prea.ssure in the low 10-10 mbar range) after they were cooled down to less
than 20 K. In order to reduce water and other rest gas contaminants with
high sticking coefficients at these low temperatures from the sample surface, in

addition to the ion pump, a refrigerator-cooled cryopurnp was used.

The photoeirission spectra were taken with Hle[ radiation (h/ = 21.22 eV) by
means of a spherical analyzer mounted on a two-axes goniometer. The energy
resolution was 25 ireV, the angle resolution better than 0.5*. In order to avoid

oxygen loss from the surface the sample temrperature was kept below 20 K for
all experiments. The quality was judged by the strength of the Fermi edge
for certain emission angles, the absence of the notorious 9 eV peak, which is
related to oxygen depletion in the surface region [12] and becoming visible af-
ter heating the sample to above 100 K, and the intensity and sharpness of the
surface peak at 0.92 eV binding energy which will be discussed in detail below.
Molecular hydrogen of high purity is adsorbed on the surface via *ultra-- high
vacumr valve from a bakable reservoir.
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R.estilts adH( Discussion

DIurIriIg syvsther It ic ARIPE VS s Itdi ds of thcit ForrmI surfLce antd of occu )I ed (Iis per-
sivC 1rilk derived hbanids <' to 1l. of \! ta~( is:(),; V we have observed a sharp
aMd intense 1 onk ar(olun thre X(Y) point of thIi BIlorimi zorne [4]. In Vig. I
typical 'in 'rgy distrib iou ('itrv 's for t.his pjak aro. shown b'twen 0..5 and
I.; c\V taken along the I' F . Y direction at iunission anglcs corresponding to
wavw('ctors A,, aromid Oft, Brillouin zone boundary. Such a spectra series is re-
preseitatlive for t.his im aterta! and iti agrevie iit. with previouls [., 5, (i] and very
rece tit [I'l] data on twiifnied anid 'illtwin imed saniplehs fromi dil ereint laborato-
ries. Besides several dispersing (Anisisoit itaxitia close to l4.', which hawv bevCl
discussed in detatl wi th respect to the bulk band st ructlilre c calculat-ed within
the local density applroximatjion [f4], the pronounced maximum (;ssigind S)
with dispersion ptarallel to the surface, k, around the X(Y) -point is discrssed
ill d(tail III rcf. [II]. Its ilite sit.y is strongest at .hei X(Y)-) point., dec reaising
d rarnatically away f'rom X(Y), all( vallishifig at a distla're of abowt )/3 of 1.1e
Briloliin zonei extension. Within this regiive the k/l dispersion is about 70 me\V,
shown together with the mlost prominent bulk band at E1 l., (for details see ref.
[,1]) in Fig. 2. Tihe binding en(ergy of .; is 0,92 eV at. X(Y).

Th'e ext. raordiltury low vallie of Ih lie i lintrinc inewid(.h of .S' of ab)out 100 IIeV
(I"WII,) ii ia he this peak to o0eW of I.hir sharpest, emissions observed in Jhigh-
1,I m al.cti'als so far. Such (a sniallI maiid widt.ti is remimiisce-nt of widths found

F -X,Y

k11(kl)

" "----- 1.06

-..-. 1.00

0.9

0.88
t,...,." -'----- 0.e4

I.

.,. -" ."" " ---- 0.082 y

".0.75

0,88 Figure 1:
"Angle rcsolved phot, oeission spectra

........ 0.55 of a Y .,2 C u.3 06.8 twinned single cry-
I stal takeni with 21.22 vV photon energy

1.5 1.0 0.5 along the P X, Y direction in the first
binding energy (eV) and second tIrillouin zone at T < 20 K.
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Figure 2:

C Comiparison of the A UPES reStilts of

C ~ YI~a9 CU3 0 6 , with a LDA band struc-

0C ture [13]. Solid and dashed lines repre-
01 0 sent theoretical bands along the r--x

C . and 1'-1' direction, res p., and c a&s3igns
0-: Cu--O chain bands. Full circles denote

- pronounced A RPES peaks, open circles
\ 7 weaker structures and shoulders. Note

~Q5 the k11 -dispersion of the surface band
- - S fromn the series of Fig. I around the

_ ~X(Y.) point.

1.0-
r Y X

for surface states in metals, e.g. (I'i metal. Because of these properties and
'lle faOt that. ban (I S ha.S no (fi recl. cquiivalerit. in the b~ulk band .struct nre it is

at~trib~uted to a surface derived state [11]. The observation of kil dispersion rules
out. an assignment to a localized defect state, but supports an interpretation
as an intrinsic surface lband,, which is located in a gap of the projected bulk
band structure near the X(Y)-point (due to a surface state) arid merges into
the bulk band region becoming a surface resonance away from it.

Further evidence for the surface nature of band S is given by the absence of
k,. dispersion p~roved by photon energy dependent measurements. Thus S is
localized perpendicular to the c--axis a-, is characteristic for a surface state.
In addition, hanid S reveals a strong sensitivity to adsorbates, In ref. (111
we (lescribed coaitaininatioti experiments. B~ecause the sample temperature
was below 20 K during the measurement, the sticking coefficient of residual
molecules in the chamber hitting the surface approches unity. Hence, after
about 6 hours the intensity of band S appeared to be strongly reduced arid
after about 1.3 hours it was completely suppressed. All the other peaks in thle
spectra clue to emissions from bulk--like states are not affected.

Althoughi ii. is well knowni Chat. M coi aminination experiments froxin the residual
gas at low temiperat~ures imostly water adsorbs on the surface, a imore. reliable
prove of the surface sensitivity mray be achived by using only one adsorbate.
In Fig. 3 we show a spectra series obtained with hydrogen. The spectrum on
the bottom is an example for a fresh surface recorded within 20 minutes- after
cleavage. Besides the intense surface--derived state at 0.92 eV binding energy
lying on a broad emission onset of bulk bands the spectrumn consists of broad
emission starting at the F'ermij energy (0 eV binding energy). After an amount
of 0.02 L hydrogen the intensity of the surface peak is already decreased and
after 0.5 L the Intensity has dlecreased dramatically. The uppermost spectrum
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Figure 3:
Sensitivity of the surface band S on hy-
drogen adsorption given i'l L anginuirs.

flash The spectra have been taken at the

. X(Y) point of the Brillouin zone with
"21,22 eV photon energy (overall energy
resolution of 25 ineV, T' < 20 K) and
are normalized by constant photon flux.

-• 0.5L wTh measuring time for the whole series
" • was about I hour.

0 02L

fresh

1. -1. -05o.

was recorded shortly after the 0.5 L one, but with the sample having been liea-
ted to 50 K for a few minutes (flaslhing) and cooled to below 20 K again. By this
procedure it became possible to desorb most of the hydrogen from the surface,
controlled by a mass analyzer, the surface peak is found to be almost totally
recovered Note that, similar to the previous contamination experiments, all
additional emission is not affc-ted by the adsorbed hydrogen. It is interesting
to mention further that after the flashing procedure Ihe intcnsify of the surface
peak starts to decrease again arid revwals a stipprcssion sinilar to th, 0.5 L
splectrunl after about 1 hour. With a next flashing treatment one is able to
recover it again, and so on. T'his behaviour points to hydrogen diffusion out of
the sample which has beeCn absorbed in the bulk of the YBa 2 C:.O0,;.s crystal
during the adsorption.

The appearence of a surface derived state indicates a redistribution of
charge in the surface. This can be explained by the fact that cleavage of
YBa 2Cu 3 O7 _6 requires the breaking of strong bonds between the layers. In
particular, for a Ba-O(4) termination with a Cu(1)-O(1) sublayer, which is
the only non-polar one, marked changes have been theoretically proposed by
Calandra et al. [9, 10] in the surface density of states in comrparison to the bulk.
X-ray photoernission [15] and photoemission experiments in the constant-final--
state mode [16] show shifted components of the Ba core levels, which are inter-
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preted to represent a Ba surface species. From our photoemission investigations
we would conclude that the cleavage plane consists of Ba 0(4) and C(Iu(2)-
0(2,3) domains. This seems to be the easy cleavage plane of YXa 2 Cu3 O 6 ,.

On the other hand, it should be mentioned here that, besides the normally
obtained cleavages between adjacent Ba-O and Cu-O planes, there seenis to be
also some probability to cleave the crystals between the Cu-O planes separated
by the yttrium layer [14]. For this surface Ratz et al. [141 observe that the
surface-derived band at about I eV binding energy is absent in the spectra and
the emission onset at the Fermi level is shifted compared to the Fermi-Dirac
edge of a normal metal, what may be a hint of the superconducting gap.

I!1 -. mundnry, the ub,-,rvatiun (f a u:.f,-cc-d(-'vr(d bar (,1 t.lh, l'a-O(4)/Ci(2)-
0(2,3) face ('normal' cleavage plane) of YBa 2Cu3O)6 .8 , indicating a rearrange-
ment of electronic charge at the surface probably explains why in this compound
no superconducting gap could be detected by photoeinission (or scanning tun-
ncling spectroscopy, STS) so far. The very recent evidence for the possibility
of a second cleavage plane in this compound reported in ref. [14] is interesting
and needs further experimental work, but also shows that spectroscopic expe-
riments on YBa 2Cu 3 0 7- are much more complicated than on the previously
studied li 2Sr 2CaCu2 O8+ 6 system. On the other hand, Fermi edges and disper-
sing bands have been detected on surfaces where the 0.9 eV surface peak was
realized. Hlence, a mapping of bulk derived bands by ARPES remains to be a
meaningful experiment.
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Abstract. The electronic structure (if high-temperature superconductors
near the Fermi level which is of primary interest for the understanding of
the mechanism of superconductivity, is not yet well understood. Most
theoretical investigations deal with Cu3d.-y and O2 px,y orbitals at F,

but whether or not O2p, and Cu 3(13:.r orbitals contribute to states at E,
is still under discussion. The contribution of states with out-of-plane
orbital character has been investigated by polarized x-ray absorption
spectroscopy (XAS) on IITSC single crystals. For La 2 .xSrCuO4 a small
contribution from O2 p, orbitals (8% of holes in O2p valence band states)
was observed which increased to about 13% on 30% Sr doping. In n-type
doped HITSC there is no clear evidence for 0 2 pz orbitals at EF, but states
are observed slightly above E1 ,, with O2 pz character depending on the
doping and annealing conditions. An observed admixture of Cu 3 d3z-r
states to the predominant 3d, hole states at EF of a few percent did not
significantly exceed the expermental error limits.

1. indroduction

The commonly accepted picture for the electronic structure of CuOplanes

in La 2CuO 4 as derived from cluster calculations gives a lower occupied Cu
3d band, the lower Hubbard band, and an occupied 02p band separated by
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a charge transfer gap froni the unoccupied tipper I Iubbard band. On p-typc
doping, states with Cu3d,2 .Y2-O 2 p,,,o symmetry having strong Zhang-
R~ice singlet II Il character rorm, in, the gap. rphese states may be related to
superconductivity. This picture satisfactorly describes the observed 01s
absorption edges fin- LaSrCuO. Upon Sr doping 02p hole states at the
Lop of the valence band are formned and the transfer of spectroscopic weight
from the upper Ilubhard band to statcs at E' are observed as measured by
Rtomberg el al. 121 and Chen et (it. 131. According to Khomskii et al. 141,
upon p-typc doping the cuprates the energy of the 3d,,2.y2 states are
lowered, while states with 3 d3,2-,2 orbital character crosses EF.. Mackawa
el al. 151 point out that the increase of apical 02p, states to the in-plane
holes may destabilize the Zhang-lRice singlets and thus may destroy
supercondchitivitv On the other hand, clectron-phonon Jahn-'leller
interactions involving the apical oxygen was at the origin of the search
for the cuprate superconductors 161. In the d-d model of Weber [71 holes in
the 02p band pair mainly via virtual excitations of d-d transitions on Cu
sites. Kamimura. et at. 181 have proposed a spin-polaron model with high-
spin hybricles of Cu3dj,.2,r2 and 02p, orbitals for p-type doped cuprates
and of Cu3d,,2_Y2 and Cu'ls orbitals for n-fvpc doped cuprates.
Experimiental investigations of the symmetry and orbital character of the
states near to the Fermii level are very valuable as they allow
d1iscrimination between different models.

2. Experimentai

ILa 2 -xSr_.CUO 4 crystals used in this investigations were large enough to
cut a,c-oricnted surfaces. The other cuprate sampi..;s studied were thin
single crystalline platelets with a,b oriented surfaces. The crystals were
glued to Plt-covered sample holders and clean, flat and mirror-like surface
were produced using an ultramicrotome with a diamnond knife. Finally,
they were mDounted on a manipulator which can be rotated around the
horizontali and the vertical axes to adjust the crystal axis under
investigation so as to he parallel to the electrical field vector of the
incident, light. Bulk sensitive, polarized XAS measurements were
performed at the SX700/11 mnonochromator at BESSY using a Germanium
fluorescence detector. The energy calibration and resolution were
monitored with the help of a low-pressure Ne gas cell. Tlhe energy
resolution used was 340 meV (780 meV) for most Ols (Cu2p)
investigations. The Ols absorption measurements were corrected for the
intensity variation of the photon beam as a function of energy with the
help of a normalizing spectrum derived from total electron yield
mneasurunments of a clean Au surface. Self absorption corrections had to be
applied to the Cu2p) absorption data considering the different
experimental geometries.
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3. Results

Fig. I shows the flUorescence yield SpeL'Ctrka Of[a2-.SrCLCuO4 for x = 0,0.1 ±
0.01, 0.15 ± 0.01, and 0.3 ± 0.02 for the polarization vector E of the
incident synchrotron lightL perpendicular and parallel to the
crystallographic c-axi,;. For EIc and x = 0 there is a peak at 530.2 eV
assigned to transitions to 0 2px,y states hybridized with Cu3d,-y states
in the conduction band (i.e., the upper I lubbard band). This is followed by
a sLeep rise at 531 eV due to transitions into unoccupied 0 2 pX,y states
hybridized to La4f and 5d states. For x > 0 a new peak due to hole states in
the valence band (E -- 529 eV) and a transfer of spectral weight from the
conduction band to valence band states is observed. These results agree
with previous investigations on polycrystalline samples 12,31 and with
theoretical investigations 19,101. For E lI c the spectral weight below 531
eV is strongly reduced, but shows, siijilar x-dependence. A chemical shift
of 0.3 eV is obsurved for the absorption threshold energies between the
E 1I e and E I c spectra. This indicates that the absorption edges originate
from (lif'erent 0 sites, that for E I c rrom thc in-plane 0 sites and that for
E 11 c from the apical oxygen sites. From an analysis of the pre-peak at 529
eV we infer an 021) character relative to the total number of O2p holes
induced by doping of 9%, 7%, and 13% for samples with x = 0.1, 0.15,
and 0.3, respectively. The absence of 0 1z holes in Bi2Sr 2CaCu 20 8 (T, =85
K) I II and the lower'Tl. <- 4l) K for I a2-,SrCu0 4 samplcs with about 8%
of apex holes may be takeni as an argument for the destabilization of the
Zhang-[Rice singlet due to holes on the apical oxygen.

In contrast to the (1is spcctra of' la 2 .xSrCu0 4 , those of the n-type
doped (Nd, Sm)2xCCCI1() 4 6 show no unoccupied states in the valence

E.Lc Eflc

/f\Ji
0.15 0.3

0.1 0.15

0 0.1

00
z

526 528 560 532 526 528 530 532

ENERGY (eV)

Fig. 1: O1s x-ray absorption spectra of l~a2 .xSrCuO4 for x> 0, 0.1, 0.15,
and 0.3 measured for polarizations E I c and E t1c.
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band. The relative intcnitily of' the conduction band states for in plane

(F-Le) excitations does not change significantly with Ce doping. D~espite

the absence of apical oxygun sites there is some absorption observed for

E52 c in the energy range 6f the conduction band (528-530.5 eV) even for

the undoped sam ples. In Nd s.pCe tCua 4 (Fig.2), the absorption for E 0 2 0

seenis Lo inlcrease proportional to the doping concentration x. Hlence, the

observed 02 .3 states c ould be assigned to hybridization o r I2p states with

Ce4f and Ce5d state ites i of' t as are predicted by band structure

calculations 1121 to be close to the infermi level. On the other hand,

invet tigation on SMp CuO 4.i (Fig.3) show that a simailar increase in the

E c i absorption can be observed on reducing an undoped crystal. The

similarity of the spectra for undoCed, attnealed and for x = 0.15 doped

S ervd2.PCe ,C t ate4 ind icate th at sim ila r defect states a t w529 .5 eV ca n be

induced by oxygen defect states produced in a reducing atmosphere.

In vesig.4 we show the Cu2p absorption edges of SmnCeCuO for E iL

E and E ' 1 c. For E pi the transition into empty Cu3d r2y2 states is

observed and assigned to the upper Hubbard band. For E 11 c a strongly
reducud peak is obseved at the same energy. This transition is commonly
assigmed to Cu3d3z2r2 states, In Table I the ratio of Cu3d3z2r2 to Cu3d
(total) holes are given for cuprates from the present XAS investigations.
These values represent upper limits, since systematic errors as
misorientation of the whole crystal or local misorientation and non-perfect
polarization of the photon beam will result in the inclusion of part of the
3dx2_y2 spectrum in the E II c-spectrum.

In Fig.4, above 932 eV, a clear edge is observed for E I1 c. In the
undoped as prepared sample the edge appears at -935.2 eV, while it is
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Fig.4: Polrized Ols x-ray absorption spectra of Sui 2 tChxC=U0 4 for x=O
and x=0.15. Samples with0>Owere annealed in argon.
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V'Ig. 4: Cu2ii absorption -peC~ra OfS8m1.2CxCCCUO4-6 With x= 0 and x -ý0. 15,
sa iples with 8 > 0 were annea led in argon. The spectra are riot
corrected for self-absorption, which would enhance the E I c
spectrum by a factor of 2.8 in the maximum.

shifted by -2cV to lower energy upon reduction and/or doping. These
edges may be assigned to Cu3d2,.2 character probably hybridized with a
broad Cu4s band. This would indicate that the Cu4s band would be shifted
towards the Fermi level upon reducing and/or doping. The additional
intensity formed upon doping or annealing as observed in the Ols

138



Tableh 1: lxperi mental radio { -- holes 3 dJL2_r2/holCs in 3d
(a t annealed in argonx; g a.: c in grazing angle; a,c: a,c-planc)

Sample 1{%) geoil

Cal •SrX110(0t12 I g.a.

Laa2 .S*•Cu(,0 (0. 1 a,c
0. 1 4 a,c
. 15 2 a,c

().3 4 a,c

lz Ih C d C: 1()0 1 g.a.

Sill., \. t d).( 4 () 3 g. a.
0, a I g.a.
0.15 2 g.a.

0.15, a 3 g.a.

NdM2 xCQ.Cu) 4 -6  0 1 g.a.
0.15, a 1 g.a.
0,22, a I g.a.

absorption edges foi- E U c (ligs.2 and 3) may be related to this shift of the
Cu4s band to lower energies.

4. Conclusions

Co1111 14)in most actual models for the high temperature superconductors,
the stAles near 1';' have dominant in-plane character. The contribution of
CU3d1:1,2 r2 to 3d states in the uppl)er Hubbard band is small or zero. In
ILa2 SSrxCu04, about 8% of holes on oxygen sites have O2p character. At
x = 0.3 this number is slightly increased to 13%. These results are in
qualitative agreement with those reported by Chen et al. 1131. For the n-
type doped T' phase cuprates there are 021) states in the energy range of
the upper Hubbard band close to E' independent of doping. At slightly
higher energy additional 021) states are formed upon doping.
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Abstract. The electronic structure close to the Fermi level of Bi 2Sr2CaCu2O8 .s

was studied in the superconducting state by high resolution angle-integrated,
resonant photoemission spectroscopy as a function of temperature and
submonolayer Au coverage. In addition to the opening of an energy gap below T.,
described by a reduced gap parameter 2A(20K)/kBTc- 8, a relatively sharp
density of states feature is discovered within the gap. Resonant enhancement at a
photon energy of 18 eV indicates that this feature is oxygen-derived. Its relative
spectral weight decreases with temperature, and also under submonolayer gold
coverage. This suggests that it either originates from oxygen atoms in the Bi-O
planes exposed at the cleaved (001) surface, or possibly the 'apex' oxygen atoms
situated immediately below.

1. Introduction

An important issue in current thinking about high-Tc superconductivity is the
attempt to uncover its underlying electronic pairing mechanism. For this reason,
the observation of deviations from the usual BCS behaviour is of special interest,
since these provide important clues for identifying the sought mechanism.

Analogous to what has been observed in ac-conductivity measurements and
infrared spcctroscopy,[1] we present angle-integrated photoemission evidence in
favor of electronic states effectively filling in the gap upon warming towards Tc. A
resonance effect strongly indicates the oxygen 2p-derived nature of this feature,
while submonolayer gold deposition depresses this signal and suggests that it
originates either from oxygen in the Bi-O planes exposed at the cleaved (001)
surface, or else the 'apex' oxygen atoms, which lie in direct neighborhood to the
superconducting Cu-O plane.

2. Experimental

Our experiment was carried out at the 3m-NIM I beamline at the Berliner
Elektrotienspeicherring fur Synchrotronstrahlung (BESSY), employing a
commercial angle-integrating electron spectromenter system (Leybold EA-11,
acceptance angle ± 140) in order to simultaneously monitor changes in as large a
portion of the total density of states as possible. In order to gain signal intensity,
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the total system resolution was sct to 40 meV (FWHM). The as grown
Bi 2Sr 2CaCu2O8, 8 crystals were single phase, with a sharp superconducting
transition at 85 K, as measured with x-ray diffraction and low-field magnetic
susceptibility. All PE spectra were taken directly after cleaving under vacuum, in
the low 10-10 Torf range, at the temperature of measurement. In all cases, the
Fermi edge of bulk Au in thermal contact with the sample was monitored for
reference. Identical results were obtained with samples made at the St. Fetersburg
State University and in our own group.[2]

The spectra were least-squares fitted by superposing a BCS-like density of states
resulting from a constant density in the normal state, with the trailing edge of the
weakest-bound valence-band peak, the latter also being multiplied by a BCS
density function; in addition, a narrow Lorentzian-shaped peak P in the gap had tac
be added. The resulting curve was multiplied by a Fermi distribution function and
convoluted by a Gaussian to simulate instrumental broadening. The solid curves
represent the results. It must be noted that using the BCS function here must be
regarded as qualitative, since angle-resolved photoemission results have shown an
appreciable deviation from the expected shape, notably at aprox. 75 meV binding
energy.[3] This however, does not detract from the basic phenomenon reported
here: filling-in of the superconducting gap.

3. Results and Discussion

Figure 1 shows selected valence-band PE spectra at hv = 18 eV, the energy of the
oxygen 2s-2p resonance. Consistently good fits could only be obtained when peak
P was included. At 20 K the valence-band edge is moved farthest away from EF,
due to the formation of an energy gap. This gap decreases only slightly with
increasing temperature, while P's weight increases dramatically. Above 80 K, peak
P is so intense that we can no longer discern the energy gap.

Figure 2 demonstrates the removal of the resonant enhancement of feature P
when the photon energy is shifted away from the oxygen 2s-2p resonance. This is
strong evidence for the oxygen-derived nature of this intragap electron density.
The gap parameter is the same for both spectra (20 ± 3 meV). Note that the
valence-band peak, whose tail is visible here, is known to resonate also at hv = 18
eV.

In order to learn more about the origin of peak P, we further studied its intensity
as a function of gold coverage in the submonolayer range. Au was chosen because
of its very little chemical reaction with the cleaved (001) superconductor surface.
Fig. 3 displays PE spectra taken at 63 K from surfaces with three different
coverages e. A decrease of peak P's relative spectral weight under Au coverage is
clearly observed, while the gap remains constant. One can expect that changes
induced by an almost inert overlayer will predominanly effect the surface. This
means that the electron density P inside the gap must originate either directly from
oxygen in the Bi-O planes exposed at the cleaved (001) surface, or possibly the
'apex' oxygen atoms, which lie immediately below and directly above the
superconducting Cu-O plane. The bottom data of Fig. 3 show the relative intensity
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Figure 1. Some high-resolution valence-band PE spectra at hv = 18 eV, the energy
of the oxygen 2s-2p resonance.

Figure 2. Spectra taken both on and off the 0 2s-2p resonance at approx. 63 K.
The gap parameter is the same for both (A = 20 ± 3 meV). Note that the valence-
band peak whose tail is visible here, is known also to resonate at hv = 18 eV.

of P with Au coverage at 63 K. The presumed asymptotic saturation indicates the
intrinsic bulk nature of P, against just a surface state, since the residual portion of
P coming from deeper layers should remain unaffected.

There remains the question, why angle-resolved photoemission work has so far
not reported seeing this intragap intensity. For this there are several reasons. The
first is that almost all PES studies of the superconducting state have been
conducted at temperatures around 20 K, at which this feature is so much reduced
that, for our experiment, it is no more compelling in the data analysis. The second
is the resonance at hv = 18 eV, a photon energy not used these works. Third is the
nature of angle-resolved work, where workers so far have restricted themselves to
directions of high symmetry (r-M and r-X,Y), and so missed this interesting
feature, which must lie somewhere else in the Brillouin zone.

143



' Figure 3. Top: T= 63 K spectra for a clean
: .'O .Bi2Sr2CaCu208+4 surface and two coverages of gold.

Pi..63 K Bottom: relative intensity of peak P.
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WO have stiidlCe the e'lectronic prop~erties of interfaces torinedl 1)h Al.

Aui. Bi. CdTe. Cu, G('. PI) and1 Snl with cleaved1 single crv' staMs adfl withI
elpitaxial thini filmns of 130Sr-CaCT12 08, usinig angle-int (grate (' Il)i(oto-
ilIssolol spectroscopv with s-,tlchrot roti radliat ion. M easuirem ients were

Iperforinedl over it wide range of photoni energies. from 16 eV to 160) eV.
yieldhing valence bail(l. core level and( resonant photoewiissioii spectra
which. iii (c0111binat ion). p~rovid ed 1(et aihef inforinat if )l abIolit thle in1ter-
faces. The resonant photoeinission spectra give clear evidence of changes

inl the electronic structure associated With the C110 2-PlaneOS of the suIper-
condluctor as a ffimetion of adsorbate huxti thickness. All the iiiaterials
dlepositedl o1l the slilpercol~idctor initcll( soi1W changes inl the weakl *y-
bound electroniic states arising fromi the CuO02 -Planes. A.A Cu. (e aild
Sn formn stronigly, reactive interfaces, whereas Bi. CdTe and Aui are les-s
reactive. PIh is au jiltermiedi at e case silice it formis a mionlolayer of insli-
hating Pb() at the interface. The systein CdTe/Bi'2 Sr2CaClu2Ox8+b is an1
interesting examplle of a less react ive int erface b etweell a sem~iconuo~ihi r
anl a snIperconuhuctor. Ill this paper we focuis oin Ali overlavers. which
are sultabl)e for utse as mietallic Contacts in devices.

Int erfaces b etween seiiicon(1lit ors or mletals anld copper-oxide-I ase(
high- temlperatllre sl1Jpercollductors have attracted at tent ion becauise the
miaterials coinpatilbilitvy issues have to be thoroughly exp~lored1 and olpti-

iiiize(I if these snplercondluctors are to be integrated with other mnaterials

iin (devices. Althouigh the Au/Bi2 Sr 2CaCl12()S+ initerface bas b~eenl ex-

teiisivelv. stud~ied1 it is still the s1lbject of coiltroversv [1-6]. Ourll resuilts

show that Aui deposited at roomi telnlperatture oin Bi2 r 2 CaXim 2 08+± formis

a reactive interface.

Evidence of the disruption of the Bi2 Sr2CaOu2 08+ýA(001) surface duel(

to An-(leposition is p~rovided 1) the Bi '5(13/2 ali(l d5( 15 2 core level slpectra

showit ini Fig. 1. As exlpectedl the intensity of the Bi 5id core levels decrea-
ses with increasing gold coverage. buit at a coverage of 86 A a smlall peak
at lower bindin1g energy- dIue to released mretallic Bi (-an he seen. The
flelsitY ot states at the Fermi edge (Eli = 0(Av). consistinig of states front
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Fig. 1: The Bi 5d core levels and the Fermi e5ge .ere measured for diffe-

rent Au coverages at 50 e V photon enerqy: th~e intenstit of the core levels
is plotted on the right-hand side.

the Cu() 2 and Bi() planes. is suppressed at intermnediate Au-coverages
and increases again at higher cove"rages l)e(cause goii JJself has a large
density of states at EF.

Weawer et al(.[561 showed using scanning tunneling microscotpy (SIM)
that submonolayer deposit of Au at 300 K produce •25 A dliamleter ('hi-
sters that form rows alonig the b-axis. These clusters result from c'on-
version of the terminating BiO surface layer into a Bi2O:a-like structure
which is energetically more favourable and the activation energy is pro-
bably provided by Aw Au bonding or clustering.

The model proposed lbv Weaver et al. is supported by our photoenis-
sion results. The supplression of the dlensity of states at the Fermi edge
for intermediate coverages shows that~ the nietallicity of the surface Bi()
lplane is destroyed an(I it is likely that p~art~s of the surface become insu-
lating as expected for the formation of Bi2 03 -chlusters. The two slopes in
the attenuation curves in the lower part of the right hand side in Fig. 1
show clearly that the sticking c'oefficient changes for different gold (leposi-
tions; for coverages ill to 3 A it is larger than for coverages of more thani
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3 A. The first slope can be explained by the formation of Bi20:)-clusters
up to a Au coverage of 3 A and the second slope is due to laver growth
of the gold on the reacted surface.

The 200{ meV shift of the Bi 5d core levels to higher binding energies
observed in the photoenission spectra for small Au coverages shown in

Fig. 1 can also be explained by a higher oxidation state of Bi which would
normally cause a shift to higher binding energies. It should be mentioned

that local charging effects can be excluded, because otherwise it would
not have been possible to perform STM measurements on this surface.

There are two ways of converting the BiO plane into Bi2() 3 clusters-
one involves the addition of oxygen ( 2BiO + 0 --0 Bi20 3 ) and the other
separation into Bi and Bi2O.3 ( 3BiO --4 Bi + Bi 20.3 ). The photoemnission
results in Fig. I show that Bi segregation occurs, but the amount of se-
gregated Bi is only about 1 (A. Hence, insufficient oxygen for complete

Bi20 3 formation is provided by this reaction and the additional oxygen
has to be provided by the superconductor. The question that arises is
therefore from which layers in the superconductor is the oxygen removed?
Photoeinission measurements of the Sr 4p and 0 2s core levels show that
some oxygen is released from the SrO layer, but the amount does not
correspond to what would be needed to convert the first BiO layer into
Bi2 0.3-clusters. In Fig. 2, the Cu 3p-3d resonant photoennission spectra
demonstrate that the Cu()2 layer also suffers oxygen depletion.
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The Cu 3p-3d resonance is l)articularly important in the cuprate super-
conductors because the spectra are sensitive to changes in the electronic
structure associated with the Cu(2-planes. Difference spectra obtained

by subtracting spectra measured off-resonance (bh, = 70 eV) from those
measured on-resonance 0h- = 76 ,\) are shown in Fig. 2. There are three
distinct features in the difference spectra from the freshly cleaved sample:
the structure at 12.7 eV binding energy associated with the singlet final
state of CuOe the antiresonance of the valence band and a small reso-
nance near the Fermi edge. The antiresonance, which delicately reflects
any small changes of the chemical state of the CuO 2-planes, remains al-
most linebreak[2] itualtered for low coverages. At higher Aiu-coverages
the structures arising from the An 5d ('ore levels become more p)redtomi-
nant. The intensity of the structure at 12.7 eV binding energy decreases
not as nimch as would be expected for Au-coverages up to 2 A and (-hall-
ges significantly for coverages above 2 A. This effect (can be exp)lained
in terms of modified Auger matrix elements for the su per-Coster-Kronig
transition. that reflect changes of the hybridization between Cu 3d and
() 21) orbitals in the Cu()2-planes [7]. These changes are l)rol)ably( due to
oxygen diffusing out from the Cu1) 2 planes. This clearly indicates that
gold modifies the electronic structure of at least the first Cu( 2-plane.
It (an be conc(lded that the interface of Au/Bi2 Sr 2CaCu0(2 08 formed
at room temperature is reactive and the electronic structure of at least
the first Cu1) 2 - and SrO-laver is modified and the surface BiO-layer is

converted into Bi2O 3-like Clusters.
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Abstract Investigations on the electronic structure of 'r -ty'pe NdciX 1 D.e2Sr 0. 4Cu0 4 -6 by
Means of photoelectron spe(:troscopyv are presented and compared with resuilts fur elec-
tron doped compounds of the T'-structure. Concerning the Cu -0--layers we finod slightly
altered 01--0-hybridization and -charge transfer energy. which (-all be exp~lained 6V the
different surrounding of copper in) both compounds. Also the electronic properties of the
rare earth layers exhibit small but (liStinct differences in both systemns which also can be
related to different structural properties.

1. Introduction

Superconductivity in the Nd 1 4 Ce V 2 SrOAC(Ju0 4 . 6 -system iwas discovered in 1988 by Akimi-
tsn et al. 111. Neutron refinements [21 confirmed its "T*-strurture" to be a hybrid of the
well known T- (La 2CuO 4 -) and T'-- (Nd 2 CIUO 4 -) structures. Thus instead of CuO04-plates
(as in) T') or CuC)6-octalmdrons (as in 1T), Cu ]in the '1 -compounds has an pyramuidal
surrotinding of 5 0-ions. 1-lall--effect measurements revealed a positive sign of majoaitv
charge carriers (.3] for this compound, which therefore stands at the borderline to n-
type superconductivity within the family , f the closely related T -, T- - and T'--systemns.
Furthermore due to the. simplicity of its crystal structure it c-an be considered as model
romlpound for other HTSC containing Cu0s-pyramides (like i.e. Bi2 Sr2 CaCu 2 ()8+6). we
therefore think investigations on the electronic struicture of'l to bec of particular interest.

2. Experimental

Samples were p~reparedl by a standard solid state reaction technique, described iii de-
tail elsewhere [4]j. The samp~les had a T, of 25 K and a MeiBner fraction of 26% of the
ideal value.
For photoeniission experiments surface quality of the samples was checked by the EB =

932eV.-shoulder of the Ols--peak for core level spectroscopy and the 9.5eV-feature of the
valence hand spectra. respectively. wvhich are both due to chiemisorbed oxygen on the stir-
face. B~oth featuires were minlinize(I by scraping tile samples under 1' EV. Both core level-
and valence band--spect~ra show degradation of the surface in UJIlV at roomn temiperatutre
within fewv hoiirs. as was also ob~served for other L-ITS(. [5].

3. Results and discussion

Cu-0-layers. A rough estimnate of a first impIortanlt electron~ic parameter of the Cu-0-
layers, namely the hole-hole--correlation energy at the copper site I dd, can be given by a-
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Table 1: Values for Cu O--hvbridization V and -charge-transfer-energy A obtained by a
Single-Impurity Anderson model ( UT,k, = 8. I eV).

Nd2 CuO4  Ndj. 4 CeO, 2Sro04Cu0 4 _6 Bi2Sr-,CaCu s0_ _

I... / 1.. 1 2.6 2.2
A AE (eV) 8.6 8.6 8.7
V (eV) 4. 1 3.2 2.2 W.
A, (eV) 3.4 2.45 1[45 . 2.0eV
V (eV) 4.1 3.2 2.2 W=
A (eV) :3.75 2.8 1.95 3.0eV

comparison of the two-hole binding energies of the Cu Lvv-Auger feature and of the self
convolution of the XPS--valence band [6]. From this we estimate an Udd of approximately
7.2eV for Ndl, 4Ceo.2 Sro4 CuO 4_.6
The mean Cu-O-hybridization V and -charge transfer energy A were determined by
evaluating the Cu2p3 / 2-core level spectra by using a Single Impurity Ander Model
[7]. For divalent copper compounds the Cu2p 3/2-spectra consist of a main peak at about
933 eV and a broad satellite feature around 941 eV. Whereas the main line is mainly due
to a Id 0 L c_)-configuration in the final state (charge transfer of one 02p-electron to the
Cu), the broad satellite has its main origin in [d c )-final states [8]. L and c denote holes
in the ligand 02p-orbitals and in the Cu2p-core levels, respectively. From the spectra
one extracts the main line to satellite intensity ratio 1,/I., and the peak separation AE.
Within the above mentioned model one obtains for a constant value of the Cu2p-hole-
Cu3d-interaction of Ud. = 8. I eV for different oxygen bandwidths W the results for V and
A given in table 1.
For the Cu-O-hybridization one observes an increasing value going from T'-compounds

over T*-systems to Bi 2Sr,2 CaCUO20 8 -6 . Since in the p-doped systems one has a very remote
apical oxygen with CuO-bond lengths of 2.23 A and 3.31 A for Ndj.4 Ce0 2Sr 0.4 CuO 4 _6 and
Bi2 Sr-2CaCuiO 8s_, respectively, the rinan CuO-hvbridization is reduced for those systems
compared to Nd 2('uO 4 . The smaller value of A = - E, + 1J,'i for p-doped systems we

attribute to a smaller value of Uld for those compounds: Cu3d-holes may delocalize on 5
instead of 4 ligand oxygen, leading to a reduced Coulomb interaction.
The difference in U,&d between p- and n-doped systems can be checked more directly by

rn~:dcrin -i]' •,'ernct bLnd spci ra in the Cu3p-+3d-resonance at a photon energy of
hw = 74 eV. At this energy the emission of the features with Cu 3d'-final states at bind-
ing energies of 12.5eV (singlet states) and 10eV (triplet states) is resonantely enhanced.
The energy speration of the C:u3d-singlet-feature and the main valence band around 4 eV
gives an estimate for the Coulomb repulsion Udd of two holes (d8 -final state) at the copper

site [7,9]. As can be seen from Figure 1, the jd 8}-peak is shifted to lower binding energies
for the p--doped T* compounds by about 0.5eV. reflecting the same trend for 17,1d as
concluded from the Cu2p-core level spectra.

Rare-Earth-Layers, F1igure 2 shows the Nd3d-spectra of Ndt.4Ceo.2 SrO.4CUU 4 -6
and Nd 2 CuO 4 . Besides the main line at EB= 1004eV. for Nd3d-spectra of trivalent
Nd-compounds (n, = 3) there are two satellite lines at binding energies of 1000 eV and
1008eV, which are due to 4tf- and 4f 4-configurations in the final state. Evaluation was
(done within a simple two dimensional Cl-model, similar to the analysis of Ikeda et al.
[10] in the limit of zero 02p-bandwidth. With a 4f-core hole interaction Uf, = 12.7eV
one obtains for the Nd-O-hybridization values of 1.49eV and 1.47eV for Nd 2CuO 4 and
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Figure 1: Valence band spectra of Nd 2CIIuO 4 and Nd1 .4(C0..2Sro.4 Cu04_• at w, = 74 eV.

2.5 - ' I - 1 1 1 1 1 1 1 1 1 ' 1 1 1 -
NdI 4ACeo 2Sro.4 CuO 4

Nd 2CuO4 _6
2.0

( 1.5

0 1.0
Q f2

f4l
0.5

0.0

1010 1006 1002 998
Binding Energy (eV)

Fi',ure 2:Nd~hla/.-,p('( ra 0r Nd,,,Ce..,Sr(., 'O ,_ andI of Nd'2 ( '4OI. Sl('ctra are lnorma-
lized on thel ' V--satellite.

Nd(, 4 Ceo.2 Sr).4 CuO4 _h, respectively. The Nd-O--charge transfer energy can be obtained to
be 9.65 eV and 9.58 eV for T' and "T*- systerns. respectively. A similar trend in the charge
transfer energy can also be seen from the partial Nd-If--valence band sp)ectra. which are
presented elsewhere ti 1]. The larger mean Nd-O-distance in the I d,. 4 (,'e. 2Sr r,,CuO 4 A-
"ssen 141 together with the completely different surroun~ding of Nd in the T -type part
of the r* str,,ct're should be able to explain the observed differences.
From an analysis of the Ce3d-spectra one can confirm Ce also in T*-.iysteins to be
tetravalent (n1 = 0.5). Thus. the T'-tvpe (NdA.Ce)-layers of the sy.stem closely resemble
to those of n-(dope, IITSC. whereas the majority charge carriers seeim to be due to the
,livalent Sr -dopants in the T I.ype ( NdSr)- sheets.
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Introduction to the Nuclear Magnetic Resonance (NMR)

in High-Tc Superconductors
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W-7000 Stuttgart 80, Fed. Rep. of Germany

Abstract. In this tutorial lecture I want to introduce the non-NMR expert to the physics and
terminology of NMR and its application to high-temperature superconductors. An introduction is
given to the basic principles of NMR. the experimental technique as well as the important
parameters relevant for superconductors like Knight shift (Ks) and nuclear spin relaxation (T1 ,T-,),
Special emphasis is placed on the connection of these parameters with the charge and spin dynamic
in high-temperature superconductors. It will be demonstrated that NMR experiments have revealed
some important information on the anti-ferromagnetic correlation and on Fermi-like quasiparticles in
this class of materials. This lecture serves as an introduction to the following NMR presentations.

1. Introduction

Nuclear magnetic resonance (NMR) and nuclear quadrupole resonance kNQR) have played
a decisive role in solid state physics in general[ I I and in superconductors in particular. One
of the prominent features in BCS type superconductors was the observation of the Hebei-
Slichter peakJ2] in the relaxation rate l/T1 which appeared around T, and was taken as an
indication of the "coherence factor", an important ingredient in the BCS theory. Another
important aspect in classical superconductors was the determination of the temperature
dependence of the paramagnetic susceptibility in the superconducting state by NMR via the
Knight shift, leading to a strong support for s-wave pairing. In fact the two parameters
mentioned, namely Knight shift (K.), where the subscript s stands for the spin-dependent

part, and the spin-lattice relaxation time T1 turn out to be also the most important parame-
ters in the NMR spectroscopy of high-temperature superconductors as I want to demonstrate
below. For reviews on the subject see 13,41.

For introductory purposes I mention a few facts about NMR and NQRI I1. If the nuclear
spin under consideration has spin I> 1/2 and has a quadrupole moment (Q) and in addition
its local surrounding is lower than cubic or tetrahedral symmetry an electric field gradient
splits the energy levels of the nucleus. In the case of I=3/2 the ±L 3/2 levels are separated
from the ;t 1/2 levels by the quadrupole frequency PQ. Irradiation with radio-frequency

fields at this frequency causes transitions which can be detected in a coil surrounding the
sample.

To be more specific we consider the 6 3Cu nucleus (I=3/2) in YBa 2Cu 30 6 +b
(abbreviated YBCO 6 +). There are two different Cu-sites, namely in the Cu-O-Cu chains
(labelled Cu(l)) and in the CuO2 planes (labelled Cu(2)). Both show a large quadrupole

splitting of about 22 MHz for Cu(l) and about 32 MHz for Cu(2)!3, 4, 51. Other
quadrupole interactions of e.g. 170 and 13 7 Ba have also been measured in the YBCO
systems( see e.g. Brinkmann and Berthier in this volume). From these measurements one
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obtains the electric field gradient (EFG) for the particular nuclear site, which is an
important parameter for the electronic structure of cuprate superconductors.

It is important to note that the values for the EFG calculated by Schwarz and co-wor-
kers and others 161 within LDA approximation for all different sites in the YBCO unit cell
agree quite nicely with the experimentally observed data, besides the Cu(2) position which
is off. As Schwarz pointed out, however, a slight charge redistribution in the copper d,2-

orbital could rectify this deficiency. This sheds some light on the contribution of this orbital
to the conduction band.

In NMR an external magnetic field B0 is applied in the z-direction. This splits all Kra-
mers doubletts which were still degenerate in the NQR -ituation. The splitting is called Zee-
man splitting and it separates the spin levels by the Larmor frequency v0 = Yn Bo, where "in

is the nuclear gyromagnetic ratio. With fields between 1-10 Tesla this corresponds to fre-
quencies in the range of 10 - 300 MHz. If I= 1/2 (e.g. in 89 Y) only one transition, i.e. a
single NMR line occurs. If 1> 1/2 as is the case for 63 Cu(1=3/2) or 170(!=5/2) a total of
21 lines occur according to all possible Am = : I transitions. Whereas the "central" tran-
sition (-1/2 - + 112) is affected by quadrupole interaction only in second order, first order
quadrupole interaction determines the splitting and oroadening of the other transitions. If
one wants to determine the Knight shift, to be discussed below, one restricts oneself to the
observation of the central transition, where magnetic interactions are dominant.

Both NMR and NQR allow to measure the spin-lattice relaxation time T, and ipin-spin
relaxation time TY. The experimental techniques involved require radio-frequency pulses
applied on-resonance to the nuclear spin system. The recovery of the z-magnetization
(population difference) is observed in a typical T, measurement, whereas the decay of the
x,y-magnetization as observed in a spin-echo experiment leads to T2 . Both quantities give
information on the fluctuations of the local magnetic or in the case of quadrupole moment
also of the electrical fields.

2. Hyperfine Interaction and Knight shift

In Fig. I I have scetched the important atoms in and near the CuO 2 plane of cuprate super-
conductors. These are besides Cu(2) and 0(2,3) also Y or TI(2) between two CuO 2 planes
and Cu(I) or Ti(I) in the intermediate chain or plane. The arrows mark the different hyper-
fine contributions (A,B,C,D,E) to different nuclear sites deriving from electron spins in the
copper-oxygen hybrid orbitalsl7l. Due to the itinerant nature of the electron spins these
hyperfine interactions cause a shift of the resonance line which is called the Knight shift Ks.

There are of course other contributions to the lineshift of an NMR line which we label
chemical shift 6c, because they originate from orbital contributions which depend on the

bonding orbitals. The total shift can therefore be expressed as

b(T) = bc + Ks(T) + (I-N) M(T)/B 0  , (I)

where I have added the additional shift due to the magnetization M(T) including also the de-
magnetizing factor N of the sample. The magnetization can usually be neglected in the nor-
mal state but has to be taken into account in the superconducting state. In singlett pairing
superconductivity it is expected that the Knight shift vanishes at T=0, neglecting here pair
breaking effects. This allows to separate the Knight shift from the chemical shift.
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Fig. I Atomic orbitals anu

Cu(1), TI(1) nuclear sites in and off the

t CuO, plane including the hy-

E 0(4) perfine alphabet with arrows
I C indicating the transferred hyper-

B fine interaction.

Cu(2) Y, TI(2) Cu(2)

It has been demonstrated by comparing Knight shift data of 6 3Cu(2), 170(2.3) and 89Y
that all scale with the same spin susceptibility, leading to a single spin fluid model. In such
a single spin fluid modelJ8, 9. 1O, I11 the Knight shift is connected with the spin sus-
ceptibility by

K, A a,S g OZB

with V S g2 A 2 X(q=0) 2 2h)

where A1(a,) is the z-component of the hyperfine tensor and )( is the electron spin sus-
ceptibility per CuOi unit. For comparison with theoretical calculations I have introduced

the reduced spin susceptibility at wavevector q=O according to Eq.(2b). Once the hyperfine
interaction is known the Knight shift is a direct measure of the paramagnetic susceptibility v
(q=O)and vice versa[12, 13, 171. As an example of such such an evaluation I have plotted
in Fig2,2 the paramagnetic susceptibility of YBa2 Cu 40 8 (124)(T, = 82K) as obtained from
63Cu(2) data by Brinkmann 151. Note that there is a strong temperature dependence in the
normal state, typical for underdoped YBCO. A similar behaviour is observed for YBCO(b6

(T,=6OK), however, with smaller values of X(0)18, I 11. In contrast, the X(O) values of

YBCO 7(Tc=92K) are larger and are almost temperature independent, In a one electron
model V(O) = D(EF)/4. where D(EF) is the density of states per CuO2 unit and spin. It is

interesting to note that the value obtained for YBCO 7 corresponds to D(EF) = 3.3 eV"1
which is rather close to the value 2.5 eV-t obtained from LDA bandstructure calculations.
The decreased susceptibility in the less doped samples can be readily interpreted as a re-
duction in the density of states. The temperature dependence, however, is not comptible
with Pauli susceptibility and has its origin in the unusual properties of this spin fluid. In fact

the curve drawn through the points is a fit to X(0)=0(I l-tanh 2 (A/2T)j where a is the "spin

gap" energy as proposed by Tranquadal 181. It results in A=233K and x(O) = 0.64 eV-1 for
this particular system.
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3. Spin-Lattice Relaxation and Antiferromagnetic Correlations.

Adopting the Moriya expression for the spin-lattice relaxation rate in metals to the specific

hyperfine couplings in cuprate superconductors one arrives atI9, 101

t = ii kB T 1n2 (Aiso(q=O)) 2 1K (3a)T1

E lmn X + -(q,¢•0)

with 1K = F(q) o0 (3h)

q

and F(q)_ A( A(-q) (3c)(Also(q))2

where A(q) = E Aj exp(-iq rj) (3d)
j

Aiso(q=O) = AJis is the total isotropic hyperfine interaction constant. T is the tem-

perature and Im X+- (q, wo) is the imaginary part of the dynamic susceptibility x+- (q, (0)

at some characteristic frequency wo which is usually considered to be the nuclear Larmor

frequency. It is important to realise that the formfactor F(q) is a weighting factor in q-

space which can filter certain parts of q-space. As an example let us consider the 170(2,3)
relaxation. Its formfactor can be expressed as F(q) = cos 2(qx/2) if the Cu-O-Cu bond di-
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rection is along x and besides a constant factor which is given by the ratio of the hyperfine

interaction perpendicular to the magnetic field and the isotropic hyperfine interaction. Note
that qx = r and vice versa qy = r give vanishing contribution to the 170(2,3) relaxation,

i.e. it is "blind" to the anti ferromagnetic fluctuations1 13, 171. In contrast 6 3Cu(2) has a

more complex formfactor, which has particularly strong weight at Q=(-irr) if the magnetic

field is applied perpendicular to the c-axisJ8, 11, 15, 16, 191. If the dynamic susceptibility
X(q.w) is separated into the two parts X(q,w) = xQp(qw) + XAF(qwo) as proposed by

Millis,Monien and Pines19], where kQp is the quasiparticle contribution centered around

q = (0,0) and XAF represents the antiferromagnetic correlations centered around Q= (-x, ).

From the foregoing it is evident that 170(2,3) relaxation picks out the XQp contribution.

whereas 6 3 Cu(2) relaxation is dominated by XAF. Their relaxation behaviour is indeed ob-

served to be very distinct. In order to supply parameters which characterize these different
contributions I separate 1K according to Eq.(3b) into 1201

[K = F(0) 10 4 F(Q) I = k3 TIT .nn2 (Aiso(q=0))2 (4a)

V Im x +'(q.w,0)

where the sum °'.Q = I X-0 (4b)

q

is restricted to 0 !- qx < -x/2 ; 0 !5 qy < -r/2 in the case of 10, whereas for IQ it is

restricted to ir/2 < qx !- r; r/2 < qy !f- r. Altough the detailed features of the q-

dependance of the formfactors is still contained in the quantities 10 (quasiparticle spectral
density:QSD) and IQ (antiferromagnetic spectral density:ASD), this dependence is weak

and will not be considered in the following where the gross features of these fluctuations
will be discussed. It is one of the major goals of spin lattice relaxation measurements to de-
termine 10 and IQ.

Particularly interesting is the temperature dependence of IQ which is shown in Fig.3
in the case of YBa 2 Cu 4 08(124) which has Te=82K and is considered an underdoped

sample. The data were taken from Brinkmann[51 and using the standard set of hyperfine
interactionsl9, 201. Similar features have been observed some time ago in oxygen depleted
YBa 2Cu3 0 6 +6 samples 113, 15). It was argued that the

characteristik peak at T* > T, is connected with a "spin gap" opening above Tc. This has
independently been observed in neutron scattering [211 and a comparison between NMR and
neutron scattering results is made by Berthier in this volume. Rossat-Mignod 1211 gives a
detailed account on this also in this volume.See also [221. The solid curve in Fig.3 is given
by Tl.*Ill-tanh2 (A/2T)1 as discussed in section 2, with A=280K here.A more realistic

form would include A =aoI(T*-T)/T*II/2 or another temperature dependence, which will be
discussed elsewherel201. In Fig.3 I have also marked the IQ values of YBCO 7(Tc=92K)

and YBCO 6 .6(Tc=60K) at 200K. It appears that samples with larger IQ, i.e. larger antifer-
romagnetic fluctuations have lower Tc. This is a preliminary analysis which is based on

certain assumptions about the hyperfine interactions in these samples. It still has to be
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proven that these assumptions hold. A more detailed discussion on Knight shifts and spin
lattice relaxation in cuprate superconductors can be found in 1201.
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Probing the Electronic Structure
of Y-Ba-Cu-O Superconductors by Cu, 0
and Ba NQR and NMR

D. Brinkmann

Physik-Institut, UniversitAt ZUrich,
Sch6nberggasse 9, CH-8001 ZUrich, Switzerland

Abstract. We summarize some results of recent copper, oxygen and
barium NQR/NMR studies of various Y-Ba-Cu-0 compounds. We will
deal with: electric field gradients in 1-2-3-7 and 1-2-4-8; 170 Knight shift
and relaxation in 1-2-4-8 (evidence for single spin fluid); thermally acti-
vated Ba relaxation process in 1-2-4-8; evidence for inter-planar coupling
in the "superstructure" 2-4-7-15.

1. Introduction

The power of the NMR/NQR spectroscopies is that they may probe di-
rectly substances on an atomic level. By using different isotopes, various
aspects of the electronic properties may be investigated. We will sum-
marize some results of recent studies of some Y-Ba-Cu-O compounds,
in particular the Y'Ba 2 Cu 4 0 8 (1-2-4-8) structure which has become a
"playground" for our research because of its stoichiometry and its ther-
mal stability and homogeneity. Some new data for the "superstructure"
compound Y 2Ba 4 Cu 7 0 1r-y (2-4-7-15) will be presented; some remarks
will concern the electric field gradients in 1-2-4-8 and YBa 2 Cu 3OT.

The 1-2-4-8 samples have been prepared in collaboration with the
group of Prof. E. Kaldis of the ETH-Ziirich; Prof. A. Yakubovskii
(Kurchatov Institute, Moscow) has been involved in the Ba studies. The
2-4-7-15 work is a collaboration with the group of Prof. J. Muller (Uni-
versity of Geneva).

2. Electric field gradients in 1-2-3-7 and 1-2-4-8

The electric field gradient (EFG) at a nuclear site is an important prop-
erty of a solid since it depends sensitively on the charge distribution
around the nucleus in question. Blaha et al. [1] have developed a first
principles method to compute EFG's from a full potential linearized
augmented plane wave (LAPW) band structure calculation. The good
agreement with experimental values for 1-2-3-7, 1-2-3-6 and 1-2-3-6.5
(except for the planar Cu2 site) was already discussed in [2].
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In the past, we have determined experimentally the Cu EFG's in
1-2-3-7 [3,4] and 1-2-4-8 [5,6]. Recently, we have obtained the EFG's for
all four 0 sites [7] and the Ba site [8] in 1-2-4-8 which agree quite well
with the theoretical values [1]. Together with the recent experimental
result for the Ba site in 1-2-3-7 [9j, it is now established that the LAPW
method within the local density approximation adequately describes the
charge distributions for Cul, all 0 and Ba sites in 1-2-3-7 and 1-2-4-8.
However, for the Cu2 site the theoretical values are too low. In 1-2-
4-8 the experimental value is three times larger than the theoretical
result. The origin of this discrepancy probably is that the local density
approximation not fully accounts for exchange-correlation effects [2].

3. Oxygen Knight shift and relaxation in 1-2-4-8

We will start with a discussion of new 170 NMR shift measurements [71
which yield access to susceptibilities on a microscopic scale.

The magnetic shift Ki is the sum of two contributions: Ki(T) =

Ky"b + Ki""(T) where K~r is the orbital or chemical shift generally
being temperature independent, and KSPIn(T) is the spin or Knight
shift. As in 1-2-3-6.63 [10], all components of K diminish significantly
with decreasing temperature in the normal state. Both systems show
even remarkable quantitative similarities as their K values only differ
within 10 % in the measured temperature range, thus revealing again
(in accord with our copper shift data [11]) the equivalence between these
compounds, i.e. their low-doping character. However, there is a big
difference between the plane oxygen K data in 1-2-4-8 and those in
1-2-3-7 where all K components are larger and show no temperature
dependence in the normal state.

With the help of K."b values from 1-2-3-6.63 and 1-2-3-7 we calculate
K,', of the plane 0 sites in 1-2-4-8. KI%"m arises from the spin density in
the 2s and 2p states. The separate contributions of the 2p and 2s states
are obtained from the axial spin part K-,P•T  = 11/3)( , VI",•) and

from the isotropic part Ki" = (1/3)(K(•" m + K.pjz + KC"). Here, Kn

denotes the component perpendicular to the CuO2 planes (Bo 11 c) and
K 1 and K 1L the in-plane components where B0 is parallel and perpen-
dicular to the CuO-bond axis, respectively.

Evaluation for 100 K yielded the remarkable result that all compo-
nents of Kspi are larger in 1-2-3-7, whereas in 1-2-3-6.63 and 1-2-4-8 the
same K8 pl1 values are found within the experimental error. This again
is evidence for the different doping. Fig. 1 shows the important result
that various components of KP"p at the Cu and 0 sites have a common
temperature dependence. In 1-2-3-7, 1-2-3-6.63 and 1-2-4-8 the same
Kj /63 K.' -ratio has been found, which is moreover independent of

ba tmets in nd31 follow the same temperature
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Fig. 1. Temperature dependence of various magnetic shift com-
ponents of 170 and 6 3Cu in 1-2-4-8 [7].
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Fig. 2. Temperature dependence of the 170 1/TIT for planar
oxygen sites 02 and 03 in 1-2-4-8 [12]. The 1-2-3-6.6 and 1-2-3-6.8 data
are from [13].

behavior. According to Cu NMR experiments, 6 3KSt h is directly pro-
portional to the spin susceptibility X3d [6,11] which implies that the ratio
X2p/X3d is independent of hole content and temperature. This requirespin an ~spin
that, provided there exists a hole spin susceptibility, X andX
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should have the same dependence on hole concentration and tempera-
ture. In other words: the spin of the oxygen hole forms one single entity
with the Cu 3d spin system, the system behaves as a single spin fluid.

We have measured the 170 spin-lattice relaxation rate so far for the
planar oxygen sites above T, [12]. Fig. 2 shows the plot of 1/T 1 T versus
temperature, the data are intermediate to those of 1-2-3-6.6 and 1-2-3-
6.8 [13]. Usually, the Cu and 0 relaxation in the normal state are treated
within the framework of wave-vector (q) dependent fluctuating hyperfine
fields and of the imaginary part of the dynamical spin susceptibility. For
the planar oxygen sites the anti-ferromagnetic fluctuations (which are
"seen" by the Cu nuclei) cancel. Thus the dominant contribution to
1/T 1 T will be due to spin fluctuations around q • 0. Whether 1/TjT is
proportional to the static susceptibility at the oxygen sites - as suggested
by a comparison of the three data sets of Fig. 2 - remains to be proven.

4. Barium NQR in 1-2-4-8

Because Ba is located close to the apex oxygen 01, Ba NQRP/NMR
should shed additional light on the role the oxygen ions are playing for
the superconductivity mechanism. In addition, the Ba site NMR/NQR
properties are valuable informations with respect to the problem of the
Ca substitution [14]. So far we have measured the temperature depen-
dence of the NQR frequency, vQ, of the NQR. spin-lattice relaxation
time, T 1 , and of the spin-spin relaxation time, T 2 [8].

Surprisingly, the temperature dependence of iQ can be described by
VQ(T) = vq(0) - AT3/ 2 where A is a constant. This relation has been
found to be applicable to non-cubic metals and it has been explained on
the basis of conduction electron screening of the lattice potential [15].
Interesting enough, we found that the Ba v/Q(T) data in 1-2-3-7 [9] can
be described by the same A value as in 1-2-4-8. Does this point to a
mecallic behavior in the Ba sublattice?

A very unexpected result is the temperature dependence of the Ba
spin-lattice relaxation in 1-2-4-8. Fig. 3 shows 1/T 3 of the two Ba
isotopes 13 7Ba and 135Ba in 1-2-4-8. While preliminary data indicated a
maximum in the rate, the new data clearly show a power law behavior.
The underlying relaxation mechanism is mainly quadrupolar as revealed
by the ratio of the rates for the two isotopes. The fit to the data yields
1/T 1 ox T 2-1. This comes very close to the T 2 behavior for relaxation via
the two-phonon Raman process. In other words: the anti-ferromagnetic
fluctuations as seen by Cu and very weakly by 0 nuclei seem to be
very small or negligible at the Ba site. This contrasts with the 1-2-3-7
compound where at 300 K the 137Ba relaxation rate becomes flat [9].
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5. Cu NQR in 2-4-7-15

The 2-4-7-15 compound can be considered as a natural superlattice made
by an ordered sequence of 1-2-3-7 and 1-2-4-8 unit cells in a 1:1 ratio.
The central question here is: why can a T. of 92 K be obtained which
is significantly higher than the T, = 82 K of the 1-2-4-8 structure?

So far our Cu NQR studies have revealed two very surprising facts
[16]. First, between 100 and 300 K, the Cu2 NQR frequencies vq(T)
of the 1-2-3-7 and the 1-2-4-8 block in the 2-4-7-15 structure differ only
slightly from those of the "pure" structures 1-2-3-7 and 1-2-4-8, respec-
tively. This means that the charge transfer between the 1-2-3-7 and
1-2-4-8 layers is negligible and the increase of Tc cannot be explained
by a simple enhancement of charge carriers. The second fact is that the
Cu2 relaxation rates of the two different structure blocks in 2-4-7-15 are
proportional to each other, at least between 100 and 300 K - in contrast
to the rates in the "pure" structures. This implies the presence of a
common spin dynamics in the different layers of the 2-4-7-15 structure
and hence a coupling of these layers.
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Abstract. 170 and 6 3 Cu NMR results obtained in three single crystals of YBa2Cu30 6+x,
show that the static spin susceptibility and (T1T)-i for Cu(2) and 0(2,3) have completely
different temperature dependence according to the regime - overdoped for x > 0.94,
underdoped for x < 0.94. In the overdoped regime a Fermi liquid description seems to be
correct, while in the underdoped regime a pseudo-gap in the magnetic excitations opens well
above Tc, supporting the phase diagram based on the spin-charge separation. We also show
that both neutron inelastic scattering results and Cu(2) and 0(2,3) NSLRR results can be
explained using the same X"(q, (o).

1. Introduction

The possibility of describing the whole phase diagram, from antiferromagnetism to
superconductivity, by simply changing the oxygen concentration in the CuO chains t 1] has
promoted YBa2Cu306÷x to a model system for high Tc superconducting oxides. Recently, a
careful analysis of the phase diagram of YBa2Cu30 6+x by Graf et al. [2] has revealed that close
to the maximum concentration of oxygen, one moves from an underdoped regime with a
maximum value of Tc = 94 K for x = 0.94, to an overdoped regime for 0.94 < x < 1 with Tc
decreasing down to 92 K. Indeed, a drastic difference in the temperature (T) dependence of the
Cu(2) Nuclear Spin-Lattice Relaxation Rate (NSLRR) between YBa 2Cu3 0 7 and YBa2 Cu306.9
has already been pointed out by et Horvati6 al. 131: in the stoichiometric compound, the
NSLRR divided by temperature 6 3(TIT)-I continuously increases when T decreases from 300
K to Tc, and then drops abruptly, whereas in YBa 2 Cu 3 06.9 the 6 3(TIT)-l passes through a
maximum around Tr = 130 K, well above Tc. However, this difference was attributed to the
disorder present in the substoichiometric phase, and its consequence on the conductivity along
the c-axis. Later, 6 3 (T 1T)-' data in YBa 2 Cu4 08 [4] revealed the same behaviour as for
YBa2Cu306.9, i.e., a maximum well above Tc, although the former is an ordered and
stoichiometric compound, thus indicating that this behaviour is related rather to the hole
concentration in the CuO 2 planes. Theoretically, it has been predicted by Suzumura et al. 151
and Nagaosa and Lee [61 in the framework of the spin-charge separation [71 that the normal
state in the underdoped and overdoped regime should be quite different. For hole
concentrations 5 smaller than 8c (which corresponds to the maximum of TC), when lowering T,
the system should first cross-over from a "strange metal", in which holons and spinons are
decoupled, into an RVB state, and then undergo a Bose condensation at T = Te. For overdoped
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compounds (8 > 8c), there is a transition line below which holons condense to give a Fermi
liquid, before undergoing a BCS type transition at To.

In this paper, we compare the NMR properties - T dependence of the spin susceptibility
and of the NSLRR for Cu(2) and 0(2,3) sites - in YBa2Cu 3 0 6 +x single crystals of
compositions belonging either to the overdoped or to the underdoped regime. The general
features are in fair agreement with the phase diagram mentioned above; we also show that they
are not restricted to the 123 system, but extend to other high Tc materials, and thus put severe
constraints to any comprehensive microscopic theory of these compounds.

2. Results and discussion

NMR measurements were carried out on three "porous" single crystals 181 corresponding to the
following compositions: YBaI.92Sr0.08Cu307 (Sample 1, Tc = 89 K), YBal.93Sro.o7Cu30 6 ,)2
(Sample 2, Tc = 91 K) and YBa2Cu30 6 .52 (Sample 3, Tc = 59 K). Sample 1 and 3 were
enriched in 170, whereas Sample 2 is i piece of the single crystal used for neutron experiments
by Rossat-Mignod et al. [9,101. As will be discussed below, Sample I and 2 belong
respectively to the Dverdoped and underdoped regime of the so called "90 K" phase. We first
compare the Cu(2) (TIT)"1 in the three samples, which are plotted in Fig. 1. (We also include
the data from a YBa 2 Cu 307 oriented powder sample, obtained by grinding porous single
crystals, with a T. of 92 K 131). There are two clearly distinct behaviours:
- for the two 07 samples (Tc = 92 and 89 K), 6 3(TIT)-I continuously increases when T

decreases from 300 K to Tc, and then drops abruptly, while
- for Samples 2 (Tc = 91 K) and 3 (Tc = 59 K), 6 3(TIT)-1 passes through a maximum around

T* = 130 K, irrespective of Tc. Such behaviour was first reported by Horvati6 et al. II 11l, and
Warren et al. 1121 for the 60 K phase.

These results are now fully corroborated by neutron inelastic scattering: in the case of

Sample 2. the T dependence of 63(TIT)-1 and that of X"(QAF, W = 10 meV) 1101 as given by
neutron inelastic scattering are quite similar (Fig.2).

Remembering that (TIT)-! - Y_ lAq12X"(q,(on)/OWn, this means that the Cu(2) NSLRR is

dominatud by the contribution of the enhanced antiferromagnetic fluctuations (AFF) to X"(q,co).
Neua.ron data [9,10] indicate that the decrease of 6 3 (TIT)-I below T* = 130 K is due to the
opening of a pseudo-gap in the magnetic excitations, i.e., due to a transfer from low energy to
high energy in the spectral weight of the magnetic excitations. The maximum of (TIT)-I above
Tc is a common feature in all underdoped compounds: YBa2Cu 4 0 8 14], as grown
Bi2,Sr2CaCu208 1131, and also La2.XSrxCuO4 114] where 6 3(TIT)-i seems to have a maximum
around 50 K. On the contrary, in overdoped compounds: YBa2Cu 3 O7 , annealed
Bi2Sr 2CaCu208 [13] and TI2Sr2CaCu208115] there is no maximum above To, lc., the gap for
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5 A 0 20 !1 63(TIT)-I in:

A u o -- a) overdoped regime:7.. 4 • o15 ".
A 0 J YBa 2Cu 307 (oriented powder, 110

A o , H/c-axis. data from Ref. 131): aiAd *
-2 YBaj.92Sro.08CkJ3O7 (single cryslal,

1 6 l, Ho/ a,b plane), and in
0 b) underdoped regime:

0... 0 -) YBaj.91Sr t,(7Cu3O 6 .92 andS 5 •0 1 00 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 A "11 3 C 1 0 J m g e c y t k (SYBa2CtP.06 'i (single crystals. |11(

Temperature (K) //c.ax is),

169



>60 . . . .. 25 FIG. 2 Comparison of 63(T")'l (K))

50 Q20 and X"(QAF, No = !0 meV) (0)

S40 0- measured by NMR 1241 and inelastic
o 150 neutron scattering [101 in the same

> 30 0 0 . YBal. 9 3SrO-o7Cu 3 0 6 .9 2. 8 10
O20 cm single crystals.

: 10
Oa .. ....... . .... ..... ..... 0

50 100 150 200 250 300 350
Temperature (K)

the spin and charge excitations opens at the same temperature. This has recently been confirmed
by neutron inelastic scattering in a YBaj. 9 3SrO.07Cu 307 single crystal, a composition very close
to our Sample 1 [161.

As regards the NMR of 0(2,3) nucle;, we first consider the T dependence of the spin
susceptibility. It is now fairly well established in YBa2Cu30 6+x that all nuclei of the CuO2-Y-
CuO2 sandwich probe a unique static spin susceptibility Xs(T), which has the same T
dependence as the macroscopic susceptibility [ 17-21 I. The XS(T) is directly related to the spin
part of the Magnetic Hyperfine Shift (MHS) tensor 17 K experienced by the 0(2,3) nuclei:
17 Ka•x - 17 Caax XS, where a refers to the principal axes of the MHIS and Electric Field
Gradient tensors ( i.e., X parallel to the c-axis, Y perpendicular and Z parallel to the Cu-0-Cu
bond in the ab plane, ) and 17 Caa is the hyperfine field. Fig. 3a shows the 170(2,3) MHS
results in Sample 1. Note that Kaax increases slightly with decreasing T, which me .as that the
spin susceptibility is not flat, but slightly increases as already noticed in Cu(2) 1221 and Y 1231
MHS. This appears to be the signature of slightly overdoped samples, which is the case of pure
YBa 2Cu 30 7 [21. In contrast, the MHS of Sample 3 shown in Fig. 3b exhibits a strong T
dependence as already reported in "60 K phase" samples [18,20,21,25). The relationship
between Kzz and Kyy is linear [211 as expected for one spin degree of freedom. In the
overdoped phase (Sample 1) the slight increase of XS when T decreases from 300 K to T, is
compatible with the Pauli susceptibility of a Fermi liquid in a narrow band metal. In the
underdoped regime (Sample 3) Xs(T) decreases continuously with T; no definite theory is
available yet to explain this behavior, except recent quantum dynamical Monte-Carlo
calculations [261. However, in the scenario proposed by Nagaosa and Lee [6J. this should be
due to pairing of spinons. Experimenzally, it is obviously related to the opening of a pseudo-
gap.

Fig. 4a shows the T dependence of the NSLRR for 0(2.3) nuclei in Sample 1 for the
three orientations of the applied external magnetic field HO 1271. The most striking feature of
these data is that 17(TjT)-I also continuously increases on decreasing T from 350 K down to Tc
[21,271, although this increase is much less pronounced than that for the Cu(2) 6 3(TIT)'i (As
for the MHS, the increase is more pronounced when tio is in the a,b plane.). Note that in
YBa2Cu3 0 7 only T independent behaviour has been reported so far 120,281 corresponding to
c-axis component of NSLRR measured on oriented powders.

The behaviour of 17 (TIT)'I in YBa2Cu 3 0 6.52 is quite different, as shown in Fig. 4b. It
continuously decreases with T, and at T, only a small change in the slope can be noticed.
Plotting 17 (TIT)-i versus KZZ demonstrates that for HO// Y the 17 (TIT)-i is accurately
proportional to the spin part of the MHS [211. Similar results have been reported in the 60 K
phase for HO// X (c-axis) 1 I8,2f-]. However, if we now turn to the data measured with H0 /I Z.
such a relationship no longer holds, which has the important consequence that the NLSRR
anisotropy is now T dependent [21], in contrast to the behaviour observed in
YBal.92Sro.08Cu 30 7 [21,271. Such a T dependence of the NSLRR anisotropy for [I0 in the a.b
plane was first reported by Barriquand et al. 1291 in a YBEa2Cu306.5 single crystal.
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FIG. 4 Temperature dependence of L7(T 1T)-I for 0(2,3) sites a) in YBaj 9 2Sr.(),8Cu307 and
b) in YBa2Cu 30 6 .52 .

It is now widely recognized that the different T dependences of the NSLRR for Cu(2)
and 0(2,3) result from the filtering of the AFF at the 0(2,3) site, because of its symmetric
position between its two Cu(2) first neighbors [281.

17(TIT)-i , Z 17C2 11 + l/2(cos qaa +cosqbb)]X"(q,o)n)/o, .
q

Since in substoichiomerric samples 17(TicT)1 (a=X,Y) depends linearly on Xs(T) 118,211, a

decomposition of the dynamic susceptibility has been proposed 1301: X"(q,co) = ttXs(T)/P +

XZF(q,o)) 1311. Because of the filtering form factor, the contribution of X•F(qO)) which is
peaked around Q = (7t/a, 7t/a) vanishes, and 17"I"I'1 - Xs(T).

We now tum to the results in the overdoped regime. Both 17K 00O, and 17(TIT)'- increase
when T decreases. and we see in Fig. 5a that (KspinTIT )-I slightly increases rather than
staying constant. One possible explanation for this behaviour is that the filtering of the AFF is
no longer as perfect as in the substoichiometric compounds, due to a shortening of the AF

correlation length. Ajother possibility is a Fermi liquid like behavior: x')TIT = const. Indeed, it
can be seen in Fig. 5b that the Korringa law is well obeyed in the whole T range above Tc,
where (TIT) 1 varies by =30 %. Since it is hard to believe that the agreement with the Korringa
law is an accident, this renders the first explanation unlikely and strongly supports the phase
diagram based on the spin-charge separation.

We now turn to the comparison of the NMR data with the neutron results and, for the
sake of clarity, we shall limit ourself to the case of the 60 K phase. Starting from the Mila-Rice
Hamiltonian to describe the coupling between the electronic and the nuclear spins, and taking
the appropriate hyperfine coupling constants and form factors for Cu and 0, the ratio R =
6•-(I'T) t / 17 (TIT)-i depends only on the functional form of X"(q,wn)/On. Neutron
experiments tell us that the characteristic energy WiAF of the AFF is of the order of 25 meV,
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and the width in q space of XF(qo) is temperature independent and amounts to 0. 1 - 0.14 in
reduced lattice units along the (h,h) direction of the Brillouin zone in two dimensions. The
shape, however, is not accurately determined. On the other hand, in all NMR experiments on
samples belonging to the 60 K phase 17 (TIT)-I was found accurately proportionnal to XS(T),
which implies that the AFF contribution to the 0(2,3) NSLRR is negligible, and thus imposes a
severe constraint on the q dependence of the X"(q,con)/wn. We have calculated the ratio R for
various forms of X)F(q,0o), including the squared Lorentzian proposed by Millis, Monien and

Pines 1301, and verified whether the contribution of XF(q,w) to 17(TIT)-t is small enough to
fall within the experimental uncertainty. Fitting the shape of Xý,F(qo) observed by neutron

spectroscopy to a squared Lorentzian centered at Q = (it/a, it/a) provides a contribution which is
definitely too large. We found [321 that the only way to reconcile NMR and neutron data is to
fit the experimental XF(q,(o) to a Gaussian or, even better, to the sum of four Gaussians

centered on QiAF equal to (1/2 ±, 1/2) and (1/2, 1/2 ± 5), as proposed by Tranquada et al. to
explain the q-dependence of X"(q,%) of their neutron data in YBa2Cu30 6 .5 1331. In the latter

case, the total width at mid-height of the X4F(q,o) is mostly determined by the

incommensurability 8, whereas the AF correlation length ý is rather related to the steepness of
the sides of the AAF peak.

3. Conclusion

In conclusion, we have shown in YBa2Cu306+,, that depending on the hole concentration in the

CuO2 plane, the low energy excitations around Q = (it/a, it/a) and q = 0, as well as the static
susceptibility, exhibit drastically different behaviours; in the underdoped regime (x < 0.94) the
decrease of the static susceotibility XST'), the opening of a pseudo-gap in the spin excitations at
T* well above Tc, the proportionality between 17(TIT)-I and Xs(T), and the T dependence of
the 0(2,3) NSLRR above Tc are signatures of a strange metal. In the overdoped regime
(x > 0.94) the gap for spin and charge excitations opens at the same temperature Tc, and despite
a T dependence of 17 (TIT)-I, a Korringa behaviour is recovered, as in a normal Fermi liquid.
The cross-over between the two regimes occurs just within the so-called "90 K plateau" in
YBa2Cu306+O. Such different behaviours for underdoped and overdoped compounds can also
be recognized in other compounds, e.g., in YBa2Cu4O8 [41 and Bi2Sr2CaCu2Og [13]. These
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features strongly support the phase diagram based on the spin-charge separation 15,6! and put
severe constraints on any theoretical microscopic description of the normal state of the cuprate
oxides.
This work was supported by the Direction des Recherches et des Etudes Techniques (contract
DRET N' 89/045 ) and by the MinistCre de la Recherche et de la Technologie (contract MRT N'
90.A.0579).
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Vortex Lattice and Vortex Motion in YBa 2 Cu 3 07_b

and YBa 2Cu4O8 Superconductors from 89 Y NMR

P. Carretta and M. Corti

Dipartimento di Fisica "A. Volta", Sezione INFN and
UnitA GNSM-INFM University of Pavia, 1-27100 Pavia, Italy

Abstract. The analysis of the second moment of the field distribution inside
the vortex lattice at low temperatures and its temperature dependence are
discussed in the light of new relevant data from "gY NMR experiments in
samples of YBa 2Cu3 O7 _6 (Y123) and YBa 2Cu.108 (Y124) families.

1. Introduction.

Since the early days after the discovery of high T, superconductors (HTCSC)
the study of the vortex lattice (VL) has provided relevant information both
on macroscopic and microscopic aspects of these new materials. In particular,
the analysis at low temperatures of the second moment of the field distribution
inside the VL (< AB 2 >) in different samples showed that T, and < AB' >
are related and a linear dependence of T, on " was inferred for the low doped

samples [1], being n the superconducting carriers density and maI the inplane
effective mass. Moreover, the observed temperature dependence of < ABW >
appeared to be consistent with a two-fluid model [2].

In this manuscript we discuss critically the approach used to analyse
these results in view of new relevant data from 89Y NMR and A+SR [3-7]: i) a
remarkable difference between the values of < AB' >',--,) that we have derived
through s":Y NMR [3,4] and those obtained by Uemura et al. [1] through /+SR
is observed; ii) both our ",Y NMR measurements and recent 1L+SR experiments
[7] evidence the onset of motional narrowing phenomena related to the motion
of vortex lines. The comprehension both of the vortex motion and of the origin
of the differences observed between "Y NMR and iL+SR is crucial for any
further understanding of microscopic aspects of HTCSC.

2. Low temperatures. Rigid vortex lattice.

We will first discuss the VL at low temperatures , where it may be considered
rigid provided that the characteristic correlation time r, of vortex motion is
longer than the characteristic time scale of the microscopic probe, namely for
NMR or I+SR (< AB 2 >1 y)-' (y is the gyromagnetic ratio of the micr-.scopic
probe). Being -y,, >> 7:8) the above condition is more easily suited in A+SR
experiments.

In the low temperature limit due to the strongly type-Il character of
HTCSC, namely ý(O) < d << A(O) (d is the intervortex separation, ý and A are

Springer t'rics in Solid-State Sciences. Vol. 113 Electronic Properties ot Illgh.T, Superconductors 175
Editors: H. KXtrmany, M. Mchring. J, Fink Q Springcr-Vcrlag Bcrlin. Heidelberg 1993



the coherence and penetration lengths respectively), London approximation
appears suitable to describe the field distribution inside the VL, and in view
of the high anisotropy of these new materials (m,. > 25mtb), a simple relation
holds between the second moment of the field distribution inside the VL of a
powder sample and A~b (B 1 cl in the clean limit [8]:

< A2>= ký (O)
X 1.

Vab Mab

with k = 0.00162.
The London approximation is appropriate to describe a homogeneous

superconductor with no reliable variations of the order parameter. However,
in HTTSC at low temperatures the coherence length along the c axis is shorter
than the separation s between CuO2 layers and therefore, t)- intralayer region
becomes "less superconductive" and creates an intrinsic pinning center which
distorts the ideal VL field distribution predicted by London approximation.
Although such an effect is known from the study of the VL in superconductor-
insulator superlattices [9] the problem of how < AB 2 > is affected by these
distortions in a powder sample has not been solved yet. Anyway, in principle,
< ABD > should depend also on the magnitude of the ratio 4,/s.

Experimentally < AB' > can be derived both from the full width at
half intensity of the "Y NMR line, Az/_- 2.36 < AB 2 > , or from the muon
depolarization rate o" = 2i-t, < AB 2 >-' /v/2; in the case of Gaussian lines.

In Fig. 1 we show the general trend of < ABD > as derived by Uenura et
al. from jA+SR in different HTCSC [1] compared to the values we have derived
through 89 Y NMR in Y123 and Y124 powder samples, where T, was varied

100 .

90-

80 St'SR

70

60

5 0 r.
0 10 20 30 40 so

<AB'>'1' (Gauss)

Fig. I Dependence of T, from < AB 2 > for T-- 0, as obtained from the
"89Y NMR linewidth. Circles give the data extracted from our measurements in
Y124 samples [4], while triangles refer to the values derived from 89Y NMR in
Y123 samples [3,5,6]. The solid line is the best fit line according to the linear
relation T, = a < AB 2 >A with a = 5.55 K/Gauss. From Ref. [13 one would
derive aP = 2.4 K/Gauss (dotted line).
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either by deoxigenating the sample or by Ca doping. The general trend of

the data is similar, T, increases as < AB 2 >I increases for the low dopedT_0

samples and then reaches a plat6; it is not well estabilished, however, if only n
is varying while T, is increasing or if mrt, and •,: are also varying. As can be
observed from the figure there is a remarkable difference between the absolute
values of < AB 2 > that we have derived from "Y NMR measurements and
those derived from Ref. (1]. Up to now only Awo tentative explanation, both
based on the effect of pinning centers on the VL, can be given. 14+SR exper-
iments are usually performed in fields of a few KGauss, much smallers than
NMR ones; under this condition the number of vortex lines per grain can be
comparable to the number of pinning centers and a stronger distortion of the
VL is expected with respect to the case of NMR experiments where the higher
number of unpinned vortex lines gives rise to a more regular VL with a smaller
< AB' >. The second possible explanation: Uemura's and most A'SR exper-
iments have been performed on sintered samples where grain boundaries act as
efficient pinning centers distorting the VL and increasing < AB' >; this expla-
nation seems to be supported by recent IA+SR experiments in Bi 2 Sr 2 CaCu 2O2
single crystals 17) where a much smaller value for the second moment of the
field distribution was derived with respect to a nominally equivalent sintered
sample.

3. T--, Tc. Vortex motion.

At higher temperatures the thermal activation of vortex motion shortens r,
and when r, < (< AB 2 > -y)-' a narrowing of "9Y NMR line with respect
to the rigid lattice behaviour is observed (Fig. 2). Two narrowing regimes are
evidenced: one at low temperatures where Av decreases sharply with increas-
ing temperature and another one at higher temperatures where the linewidth
decreases more smoothly. The analysis of the temperature dependence of
Av(T) in the context of intermediate narrowing conditions [10] shows that
the low temperature behaviour is consistent with an activated vortex motion
(r, = The(U/T)), while the high temperature one with a non-activated motion
[3,4].

The crossover from one regime to the other can be attributed to the
breaking of vortex lines in 2D pancake-like vortexes once their electromagnet-
ic and Josephhson coupling has been overcome by thermal fluctuations [11].
When the 2D vortexes are still coupled forming a vortex line the pinning cen-
ters are very efficient since they can pin the whole vortex line, while when they
are decoupled the pinning center is able to pin only the 2D vortex in the same
plane leading to an effectively non-activated vortex motion. Such a decoupling
has been also observed through resistivity measurements in superconductor-
insulator superlattices when an external magnetic field was applied [12]. The
crossover temperature is directly related to the coupling between Cu02 layer-
s, and we observed through 8"Y NMR that this temperature increases as Tc
increases (4), showing that in a certain family of HTcSC the coupling between
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Fig. 2 Temperature dependence of the extrabroadening of the 89Y NMR line
below T, = 68 K for an YBa 2Cu 4Or. 9 sample (a constant value of Am =
1.1 KHz, the linewidth measured above T,, has been subtracted) The dotted
line shows the expected behaviour for Am according to the two-fluid model in
the absence of vortex motion. The solid line a) shows the behaviour of the
linewidth in the low temperature thermally activated regime for a temperature
dependence of the correlation time given by -r, = e4 :s. The solid line b)
shows the behaviour in the high temperature melted regime with r, = 35ps.

different CuO 2 layers is stronger for the materials with higher T,. We remark
that this crossover temperature is different from the measured irreversibility
temperature [4,12].

In the activated regime the effective potential U is related not only
to the pinning potential but also to the anisotropy of the superconductor; in-
fact, being "9Y nuclei able to probe the fluctuation of vortex lines at different
wave vectors they are sensible also to their tilting motion, which is more rel-
evant in more anisotropic superconductors. The effective activation potential
U is temperature dependent, however, since no appropriate description of its
temperature behaviour far from the critical region is available we assumed, for
simplicity, a temperature independent U. From 89Y NMR measurements in
different Y124 powder samples we observed that U increases as T, increases,
probably not only due to a variation of the pinning potential but also because
of a decrese of the anisotropy with a correspondent increase of the tilt modulus.

4. Conclusion.

For what concernes the extracted values of the second r'oment of the field
distribution inside the VL there is still some controversy, p._ bably arising from
distortions in the VL introduced by pinning centers, especially at low fields;

i
therefore, the presence of a universal T, vs. 7 AB 2 >' line [1] is still an
open question, especially in the light of these new results. Furthermore, a more
appropriate theory to describe inhomogeneous superconductors should be used
to derive informations on microscopic aspects of these HTCSC.
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As regards the temperature dependence of < AB' > it was observed
that its behaviour is strongly infilenced by vortex motion especially at high
temperatures. The effect of vortex mction on the temperature dependence of
< AB' > has been detected both by our "Y NMR measurements and, in more
anisotropic HTCSC, also by u+SR [7]; its analysis points out the existance of
different regimes for the motion of vortex lines, activated and non-activated,
and their study gives relevant information on how the anisotropy of HTCSC
vary while T, changes.
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in the High-Temperature Superconducting System YBa2Cu 30 6+x

J. Rossat-Mignod1;2, L.P. Regnault1 , P. Bourges2 ,, C. Vettier3 , P. Burlct1 .
and J.Y. Henry1

lCentre d'Etudes Nucl6aires de Grenoble, DRFMC/MDN,
85 X, F-38041 Grenoble Cedex, France

2Laboratoire Leon Brillouin, CEA-CNRS, CE Saclay,
F-91191 Gif-sur-Yvette Cedex, France

3European Synchrotron Research Facility,
B.P. 220, F-38043 Grenoble Cedex, France

Abstract. We report on inelastic neutron scattering experiments carried out on
single-crystals of the YBa2Cu306+x system. The spin dynamics has been
successfully investigated as a function of temperature in the metallic state over the
whole doping range from the weakly doped (x = 0.45, 0.51) to the heavily doped
(x = 0.69, 0.92) and the overdoped (x = 1) regimes. Dynamical AF-correlations
remain in the metallic state but the in-plane correlation length decreases with doping
whereas the AF-coupling between the two Cu(2) layers is not affected, excepted in
the overdoped regime.

At low temperatures, in any superconducting samples, an energy gap has been
discovered in the spin excitation spectrum, with a value EG/kTc = 3.5) which
becomes weaker close to the I-M transition. Moreover, in the heavily doped regime, a
pseudo gap persists above Tc.

A quite unusual T-dependence of the spin excitation spectrum was found,
especially in the weakly doped regime.

1. Introduction

Since the discovery of superconductivity in copper oxide materials by J.G. Bednorz
and K.A. Muller [1] a huge amount of experimental and theoretical works has been
reported [2]. However there is not yet a well accepted understanding of their unusual
physical properties in the normal state and the origin of the physical mc';hanism
involved in the Cooper pair formation is still controversial.

With the advances in single crystal growth careful and quantitative experimental
works on well characterized high quality materials are becoming available [31 and are
establishing on firm grounds that cuprate oxydes are not "classical" metals but they
must be considered as strongly correlated electronic systems.

Macroscopic measurements of transport (resistivity, Hall effect, thermoelectric
power), magnetic (susceptibility, magnetization) and thermodynamical (specific heat)
properties were fundamental in establishing the unusual properties of these nmaterials.
However microscopic measurements were of crucial importance to get more insight
in the physics of these high-Tc materials.
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Fig. 1. Phase diagram of the YBa2Cu3O6+x system as a function of the oxygen
content.

In particular, nuclear magnetic resorance (NMR) and inelastic neutron scattering
(INS) experiments, by establishing the existence of spin excitations, have provided
master piece informations which prove the strongly correlated nature of the CuO2
electronic planes. They are actually complementary techniques, NMR is probing
locally with high accuracy the zero-frequency spin fluctuation spectrum at different
sites (Cu, 0, Y,...), whereas INS gives informations on both spatial and temporal
spin fluctuations over the whole crystal. Neutron scattering actually is the unique
probe to get both th; wave vector and the energy dependences of the spin excitation
spectrum, i.e. the imaginary part of the dynamical spin susceptibility .(q,bh).

As far as INS measurements are concerned, an important activity started, since the
discovery of high-Tc materials, in Europe, US and Japan but it is during these last
two years that very important results were obtained in the metallic and
superconducting state as the evidence of a spin gap in the YBa2Cu306+x system [41
and the existence of incommensurate peaks in the La2-x(Ba,Sr)xO4 system [5] at low
temperatures.

Our group has focused his interest, from the beginning, on the YBa2Cu306+x
system because of its versatile character and the possibility of growing a large single
crystal (- 0.3 cm 3 ) of sufficiently good quality for INS measurements in which the
oxygen content can be changed from 06 to 07 with good accuracy and homogeneity.

During the last five years a continuous investigation has been carried out from
the antiferromagnetic (AF), to the metallic and superconducting states [4,6-101. The
phase diagram has been determined, see Fig. 1, and six characteristic regimes can be
defined. For each of them a systematic study of the spin dynamics has now been
performed, successively with increasing difficulty, in the pured (x = 0.15) and doped
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(x = 0.37) AF-states, the weakly doped metallic state (x = 0.45 and 0.51), the heavily
doped metallic state exhibiting superconductivity below Tc = 60 K (x = 0.69) and
Tc = 90 K (x = 0.92), and the overdoped metallic state (x = 1).

In this paper we shall concentrate mainly on the most recent results obtained in
the weakly and heavily doped metallic states ( x = 0.51, 0.69, 0.92) and new results
in the overdoped state (x = 1) will be reported here for the first time.

We have to mention that similar experiments have been carried out by the
Brookhaven group in the weakly doped states and a detailed study has been reportcd
recently by Tranquada et al. [11] on a sample with x = 0.6.

2. Experimental

Recent neutron scattering experiments on single crystals were performed on the three-
axis spectrometer 2T at the Laboratoire Lon Brillouin. This high flux spectrometer,
operated by the Karlsruhe neutron scattering group, is equipped with both a vertically
and horizontally focusing monochromator and analyser. The gain in intensity is quite
important in our case because the q-width of the resolution function is smaller that
the intrinsic physical q-width.

The single crystal sample (- 0.30 cm 3 ) was kept inside an aluminium box and
orientated with the [110] and [001] axes within the horizontal scattering plane. The
single crystal, grown by a special technique, has a mosaic spread il = P and a
porous morphology allowing to change easily the oxygen content from x = 0
to x = I with good accuracy and homogeneity (- 1%). However, recently, we
realized that the sample contains some Sr because the purchased BaO materials had
not the required purity, but contained about 3% Sr. Therefore the exact chemical
formula of the single crystal is Y(Ba0.965Sr0.035)2Cu3O6+x. The main effect of
Sr-substitution is to d&press slightly Tc, as an example from 93 K to 91 K for x =
0.92.

3. The Weakly Doped Metallic State (x = 0.51)

For an oxygen content larger that xc -- 0.40, an insulating metal (I-M) transition
takes place because of a sudden transfer of a large amount of p-holes (- 10 %) from
Cu(1) into Cu(2) planes. This sudden transfer occurs because of some oxygen
ordering yielding the formation of long Cu-O chains inducing then a tetratogonal-
orthorhombic phase transition. Experiments, carried out on samples with oxygen
contents x = 0 45 and 0.51, have already been reported [4,7,8]. While no 3d-AF
ordering survives to such a p-hole doping, AF-dynamical correlations persist in the
metallic state and the spin excitation spectrum exhibits an energy gap (EG = 3 and 4
meV, respectively) in the superconducting state (Tc = 37 K and 47 K, respectively).

More accurate measurements have been performed again on a newly prepared
sample with about the same oxygen content x = 0.51. The magnetic scattering
consists in a broad spectrum in cnergy (see Fig.2), weakly temperature dependent,
which is concentrated, in q-space, along the 2d-AF rods, as can be seen in Fig. 3 and
4 showing q-scans across and along the rod, respectively. The magnetic contribution
can accurately be determined due to a good knowledge of the background contribution,
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Fig. 3. Q-scans across the 2d-magnetic rod at -1f = (1/2, 1/2, 1.6) and different

energies for YBa2CuJ306.51 in the superconducting state (T = 5 K).
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Fig. 4. Q-scans along the
YBa 2 Cu 3 0, 51  kt = 2.662 2d-magnetic rod, - = (1/2,

PG(002)IPG(0021 1/2, q), atho = 10 mcV for
E 300 Q=-q~q.-.6) Q=(q.q,2.2) Qd=(qq,5.2) YBa2Cu306.51 atT=5 K.

_ 200 - - the background value, frommeasurements on
o 100 YBa2Cu3O7 yields an
Y 0 ,_ _._ almost complete AF-CD 0.4 05 0.6 1.4 1,5 1.6 0.4 0.5 G6
o 300 q (rl.u.) qr.u.) q (r.(u.) coupling between the two

o Cu(2) layers.
200

1 00 (

0 0

U307

q in reduced lattice unit

obtained from both the above q-scans and the same measurements on the same single
crystal, but fully oxygenated (x = 1), which exhibits no magnetic scattering in this
energy range.Q-scans along the (110) direction yield a q-width, .q = 0.10 ± 0.01 r.l.u., from

which a correlation length •,AF/a =2.2 can be deduced. It must be emphasized that
this q-width is energy-independent and temperature-independent up to room
temperature. Moreover the line shape is not of lorentzian type but rather of gaussian
type which makes the determination of the correlation length less accurate.

Actually the physical quantity of interest we can extract from the measured
ma_.netic cross section is the imaginary part of the dynamical susceptibility

((Qeho•) according to the following expressions:

d10 0 (1-Q ) 00

0 1 2 3 47=x,y,z

where the dynamical structure factor S (Q ,ih)) is the Fourier transform of the
correlation function of the spin components Sd , with

SfQ accordig =to l-exp(-hfo/klT) wm expre(Qssn)}
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Fig. 6. lm{X( q,ho)) as a function of the energy for YBa2Cu3O6.51 and
increasing temperature.

From the above data and the high energy scans, reported in Fig.5, we have
determined the energy and temperature dependences of Im X(jhW) as shown in
Fig.6.

At low temperatures, lmX exhibits a broad maximum as a function of energy. ImX
is almost constant from 5 to 20 meV and falls off at high energies much faster than
a simple Iorentzian function, the scattering above 50 meV being quite small even
after a q-integration.
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By increasing the temperature the low energy part of the spectrum is strongly
depressed in a non trivial manner, a simple hco/kT law is not obeyed. From 200 K to
287 K, the maximum of ImX is temperature independent, yielding a quasi-particule
characteristic energy I(O = 28 meV, at room temperature. Surprisingly. above 150 K
a Curie-Weiss type of law was found for the temperature behaviour:

ImX = ImXo/(l+a(T-0p)) ,

where ImXo is the T = 0 value and with the following values : 0 p = 117 K and
1/a = c(ho)3S/2 (1/a = 23.5 K at 10 meV).

I. the superconducting state, the low energy part of the spectrum (see Fig. 4,6)
clearly shows the opening of an energy gap in the spin excitation spectrum. The spin
gap, surprisingly, has a quite small value of the order of kTc which appears to be a
characteristic feature on approaching the I-M transition.

In conclusion, in the weakly doped regime, the spin excitation spectrum is not
that expected for a disordered AF-system but it reflects the behaviour of the quasi-
particles which undergo a superconducting transition at low temperature with a quite
small spin gap value. The small value of the characteristic energy (,: 28 meV) results
certainly in many body effects due to strong correlations.

4. The Tc = 60 K Superconducting Phase (x = 0.69)

As the results have already been reported elsewhere [4,9,101 we shall briefly
summarize them.

A sample with an oxygen content x = 0.69 (Tc = 59 K), at the end of the Tc = 60
K plateau, has been investigated. The obtained low energy spectra as a function of
temperature are reported in Fig. 7 in the form of ImZ. The broad energy spectrum
yields a characteristic energy re) . 28 meV quite similar to the previous case.
However, at low temperature, the low energy spin excitation spectrum is not
enhanced, as previously but strongly suppressed by the appearance of an energy gap
with a much larger value, EG = 16 + I meV, in comparison with kTc (EG/kTc
3.2). No magnetic scattering can be measured below an energy transfer of 10 meV.

An other quite irsportant difference is that ImX recovers a linear energy
dependence, at small energies, only above T* -_ 160 K. This unusual behaviour is
illustrated in the insert of Fig. 7 which shows the temperature dependence of the
slope of ImX. This result establishes that a pseudo-gap in the spin excitation
spectrum starts to develop well above Tc and so gives an explanation for the unusual
temperature dependence of 1/TIT as measured by NMR [12,13,14]. It is actually a
behaviour typical for the heavily doped regime.

The data obtained by Tranquada et al. [1I] on a sample with x = 0.6 are actually
intermediated between the results reported above for samples with x = 0.5 and
x = 0.69, especially concerning the spin gap value which is reported to be about 10
meV.
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Q = (1/2,112,1.6)
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Fig. 7. Low energy part of the spin excitation spectrum of Im{X( q ,h))} for
YBa2Cu3O6.69 below (7 = 5 K) and above (T=75, 150, 250 K) the
superconducting transition (Tc = 59 K). An energy gap (EG= 16 meV) clearly
persists above Tc.

5. The Heavily Doped Metallic State (x = 0.92)

A sample with an oxygen content x = 0.92 has been successfully investigated a year
ago [9,10] and the results were presented for the first time at the high-Tc Conference
in Kanazawa. This oxygen content was chosen to get the highest Tc value (Tc = 91
K, a value slightly smaller than 93 K because of the small Sr content) but with still
an unusual temperature dependence of I/TIT, a behaviour not found by NMR in fully
oxygenated samples [13], as we shall see in next section. Energy scans, performed at
increasing temperatures (see Fig.8) exhibit a rather complex lineshape. However q-
scans, across (Fig. 9) or along (Fig. 10) the (1/2 1/2 1) rod, clearly show evidence for
a magnetic scattering contribution and allow us to define the nuclear contribution.
The latter one can be explained by assuming three contributions on top of a flat
background : a contamination from the (006) Bragg peak at 24 meV, a peaked
contribution at 20 meV and a broad response well accounted for by a damped
harmonic oscillator (ho = 21.5 meV, rw = 26 meV) which may arise from
tunneling fluctuations of apical oxygen atoms. Knowing the nuclear contribution,
the magnetic one can now be determined at any temperatures (see Fig.7). The
obtained results are reported in Fig. 11 in the form of ImX. Several unusual features
have to be underligned.

At T = 5 K, there is no measurable scattering below 25 meV giving evidence for
a sharp energy gap in the spin excitation spectrum at EG = 28 + 1 meV. More
surprising is the sharp drop of the spectrum above 45 meV and the existence of a
strong enhancement of the spectrum around 41 meV which resultes from a narrowing
of the q-width : 0.18 r.l.u. instead of 0.27 r.l.u. (see Fig. 9). This enhancement
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Fig. 8. Energy scans performed
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already desappears at T = 81 K, i.e. below Tc = 91 K, and correlatively some
excitations appear in the gap. It must be emphasized that the spin excitation gap is
not decreasing with temperature as expected in the classical BCS theory.

An other astonishing result is the strong intensity modulation found in a q-scan
performed along the AF-rod (Fig.10) because it establishes that the AF-coupling
between the two Cu(2) layers remains almost unaffected while the in-plane
correlation length is very short (kJa = 0.84 ± 0.04). This may indicate that a strong
coupling exists in addition of the AF-one which is at most one order of magnitude
smaller than the in-plane AF-coupling.

At higher temperatures, the magnetic scattering is strongly depressed. However it
must be noticed that the characteristic energy scale 170 = 30 ± 2 meV does not
change with temperature, nor does the AF-correlation length which is now quite short
(Aq = 0.27 ± 0.02 r.l.u., t/a = 0.84 ± 0.04).

188



E YBa 2 Cu 3 0 6,92  _ E
S2120 - Q=2(q0,0.2

E=26mev T=5K kF 4.1AS~(',4
I1 

II

0

00800 E=50meV
0 0E 

&O0

00

"• o:• 0' 200

_E=4meV 0 B0o

c I
th 

_ 
7

6- 00
41)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
q (reduced lattice unit )

Fig. 9. Q-scans across the 2d-magnctic rod at (i = (1/2, 1/2, 5.2) and different
energies for YBa2Cu3O6.92 in the superconducting state (Tc =91 K).
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Fig. 10. Q-scans along the 2d-magnetic rod for YBa2Cu306.92 (T = 5 K) showing
the almost complete AF-coupling between the two Cu(2) layers.

As in the 60 K-superconducting phase, ImX recovers a linear energy dependence
only well above Tc. Actually the slope 1mX/ho (see Fig. 12) starts to decrease below
T* - 120-130 K in excellent agreement with l/TIT NMR measurements performed
on the same sample [13]. Therefore a pseudo-gap is also opening in the 90 K-phase
with x = 0.92 but at a smaller temperature than for the 60 K-phase, a behaviour
typical of the heavily doped regime.
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Fig. iI. Im{X(Qbw) as a function of the energy for YBa2Cu306.92 and
increasing temperatures below and above Tc = 91 K. An energy gap (EG = 28 meV)
is clearly seen together with a strong enhancement at hwo = 41 meV at low
temperatures.

Y Ba 2 Cu 3 06.92  =q,q,I.61Soo0 - kF 4 .1 2:.-

. -200 C

E 300 T40 q02 .u03 F= 150 C
z 0. Cool o.0. ..

ZOO }- .2 0.4 0.5 0.5 8 '
•n f q(r.lu)

60 -Q= 1/2 1/2 1.6)
,., I E = 10 meV 1.6)

E 20

0 50 100 150 z0O
Temperature (K)

Fig. 12. ImZ at ho) = 10 meV and 4 = (1/2, 1/2, 1.6) as a function of
temperature for YBa2Cu306.92. In this 90 K-superconductor a pseudo-gap opens for
T* -- 120-130 K, i.e. well above Tc.
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6. The Overdoped Metallic State (x = 1)

In order to understand why l/TIT NMR measurements show a pseudo-gap effect for a
sample with x = 0.92 and no pseudo gap effect for a fully oxygenated sample (x = 1)
[131, a INS experiment has been performed, quite recently, on such a sample and
results are reported here for the first time. Actually a careful investigation of the
phase diagram between x = 0.9 and I has shown [15] that YBa2Cu3O7 is already an
overdoped sample because Tc is smaller by a couple of degrees than the optimum
value ft id around x = 0.94. Moreover in 07 the conductivity along the c-axis has
been found of metallic type (pc"cT) [161.

Experiments were more difficult because the magnetic scattering continues to
decrease. However at high energies a magnetic scattering has clearly been identified
(see Fig. 13). The q-width along [1101 has increased by about 10 % in comparison
with x = 0.92 (Aq = 0.30 ± 0.02 r.l.u., ýJa = 0.76 ± 0.04) . Moreover an
important difference exists in the AF-coupling between the two Cu(2) layers which is
now much weaker. The temperature dependence of the spin excitation spectrum is
reported in fig. 14 in the form of lmX.

At low temperatures the shape in energy of ImX has changed. A sharp gap is also
observed but with a slighthly smaller value: EG - 26 ± 1 meV. More important at
high energies the spectrum drops sharply, no measurable scattering is found at 50
mcV (see Fig. 15). This sharp decrease is even more pronounced at higher
temperatures than at low temperatures because at low temperature it is compensated
by a strong enhancement around 40 meV due to a narrowing of the q-width
(Aq = 0.20 instead of 0.30 r.l.u.). This result is quite similar to that observed in the
sample with x = 0.92. In fig. 15 we have reported the temperature dependence of this
enhanced scattering at ho) = 36 meV. Actually it starts to decrease around 60 K and

kfz4.1 K,- -YBa2Cu307 k . -
E Cu (111)/ PG(002)

0 Q= {q, q.5.2) T = 5K600• ,O0.." 0 E=4OmeV IL :Oe

; 400 11E=50meV
8200 -0 ~q-0 2-t.O O2 _E 0 0.2 0.6 0.8

(qq,52) E=3OmeV O(1/2,1/2. q
6 200- 0 /_o 600

0

0 _0 0
0 0.2 0.4 0.6 0.8 1 3 4 5 6 7Z

q (reduced lattice unit)

Fig. 13. Q-scans across and along the 2d-magnetic rod at = (1/2, 1/2, 5.2) and
different eneýrgies for YBa2Cu3O7 in the superconducting state (Tc = 89 K).
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vanishes completely around Tc = 89 K. Correlated to the suppression of this
enhancement, excitations appear in the gap as shown by the temperature dependence
of lmX at E = 15 mcV (,ec Fig. 15). More interesting is the fact that lmX at 15 meV
starts to decrease only around Tc in excellent agreement with NMR measurements.
These results lead to the important conclusion that, in overdoped samples, the gap in
the spin excitation spectrum opens around Tc and not above as for the 90 K-
underdoped samples. This bxehaviour is one of the main characteristic of the overdoped
regime together with a sharlxr decrease of the spectrum at high energies and a weaker
AF-coupling between the two Cu(2) layers.

7. Conclusion

The spin excitation spectrum has been found and investigated as a function of
temperature in the metallic state over the whole damping range. Dynamical AF-
correlations have always been observed, the q-width (correlation length) is increasing
(decreasing) with doping and mimics the Tc behaviour. However the characteristic
energy of spin fluctuations (FW = 30 meV) is almost not depend on doping and
indeed has a quite small value compared with J and E. Another characteristic of the
spectrum is its gaussian-shape in q-space and its rapid drops at high energies,
especially for x = 1.

In metallic samples, a gap in the spin excitation spectrum has been found for any
doping. However, at low doping, the gap is much weaker compared with kTc. The
dependence of the energy gap value as a function of Tc is given in Fig. 16. At large
doping a ratio EG/kTc = 3.5 is reached. However the spin gap value remains much
smaller than the charge gap value 2A/kTc which ranges from 5, in Raman
spectroscopy, to 7-8 in point contact spectroscopy or photo-emission measurements.
Moreover, for the 90 K-superconducting states (x = 0.92 and 1) a strong
enhancement of the energy spectrum was found at low temperatures around 41 meV.
The spin gap energy does not depend on temiprature as expected from a P _'S theory,

30 - Y Ba2Czu3O x

~20~
E

SEo -"
0 -.... = 3 5
L1 0 - T O ... /

0 20 40O 60 80 100
Tc (K)

Fig. 16. Value of the spin excitation energy gap as a function of the
superconducting transition temperature for the system YBa2Cu306+x.
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indeed the gap is filled up with increasing temperatures. In the heavily doped regime a
pseudo-gap already develops below a temperature T much larger than Tc, but not in
the overdoped regime for which it is the main characteristic.

We hope that these neutron scattering experiments will bring valuable
informations for building a reliable theory of high-Tc materials. Certainly these
results have raised many questions and more detailed second generation experiments
have to be envisages and will be carried out in a near future.
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1. Abstract

We report on the NMR Knight shift of "5 TI in Tl2 Ba 2CaCu2Os86 for different 6[ Due to
the variation of the oxygen content Tc ranges from 85K up to 101K. The 2°T1'1 spectra
consist of two lines. The main line arises from TI(I) in the 'rI-layer whereas the defect
line belongs to TI(2) in the Ca-layers. The temperature dependence of the line shift of
this defect line is strongly related to the oxygen content of the sample. Since the line shift
of the defect line is dominated by a negative Knight shift, this Knight shift should be very
sensitive to a change of the hole concentration in the CuO2 -layers.

2. Experimental

All samples were initially prepared under the same conditions as described earlier [I].
[2]. This was necessary to make sure that there is no change of the amount of TI in the
Ca-layers. The variation of the oxygen content was controlled by different heat treatment
of the samples in Ar-atmosphere. By heating the samples up to 200'C and 600°C for
two hours, T, decreased from 101K (sample 1) to 99K (sample 2) and 85K (sample 3).
The NMR measurements were carried out using a home built pulsed NMR spectrometer
operating at 105MHz at a field of 4.26T. The spectra were obtained by taking a two pulse
sequence (Hahn-Echo-sequence, (7r/2), - r - (7r),)) with different pulse spacings to
excite a spin echo and taking the Fourier transform of the second half of the echo. As ref-
erence we used a solution of TINO3 with the 20'T1 Larmor frequency of v = 104.699MHz.

3. Results

In analyzing the spectra we were mainly interested in the temperature dependent behavior
of the line shift and relaxation rate of the defect line TI(2). At low temperatures the lines
of TI(1) and TI(2) overlap and therefore it is difficult to separate the two different lines to
get the exact shift values. There are two possibilities to overcome this problem. On one
hand one can use single crystals, where the broadening of the lines due to the chemical
shift anisotropy is removed. Since we have powdered samples we made use of the fact that
T,2 of T](1) and TI(2) is different. T2 = 3 2 ps for Tl(l) and around 100 its for TI(2). By
using short pulse spacings of r = 25its we observe spectral contributions of both lines bIt

for long pulse spacings of T = 10 0 ps the TI(1) part in the spectrum vanishes and only
the TI(2) part is observable. So it is possible even for powdered samples to measure the
line shift and the relaxation rate down to low ternpcratures.
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4. Discussioni
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By measuri-6 Ii,, spin susceptibility the byvperfine coupi:i g coiqaI ant conld keI deter
mined like in YBa 2 u3O.-,, 141 or like in Lal 8.Sr1 . 1•s(5 t() 4 [5]. WVe, v mesured the oiscep.
tibility but in our samples a Curie contribution was observed which overlayed the part
of the Pauli spin susceptibility therefore A was estimated using consistency arguments to
A = -52T or -260kOe/jqq [6]. We analyse our data according to the two quantities SA
and MK as defined in [7]

K2 Ti T Co SK = 1 with = T

Ks A C, T1 T MI, = I with , -T;Ah'.C,

2.0 - a

1.5 O

v

0~ 0

0.5- a A x 4

0. 

1

0 50 160 15o 260 250 300
Temperature (K]

Fig.2: SK vs. temperature of Tl(2) for sample 1 (I). sample 2 (7) and sample 3 (Q)
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Fig.3: MK vs, temperature of TI(2) for sample I (A), sample 2 (,) and sample 3 (0)
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Effects of Ni to Cu Substitution in La2CuO 4

from 139La NQR and Relaxation

A. Rigamoiiti1, J. Choisnet 2 , Ml. Cortit, K.O. Khutsishvili3. and T. Rcga 4

IDepartment of Physics "A. Volta", Sezione INFN and Unita INFM,
Via Bassi n. 6, Pavia, Italy

2 Laboratoire de Cristallochimie, Universitd d'Orleans, France
3 State University, Tbilisi, Georgia
4 ISRIM, Temi, Italy

Abstract 8La NQR and relaxation measurements in La 2Cu, .NiO 4 for x ranging from zero to one aimed
at learning about the effects on the spin excitation and correlation properties of the substitution of Cu2*
S=1/2 ions by N 2 S-=1, are presented.The hyperfine magnetic fields and the electnc fild gradients at the
Lantanum site are evaluated and the x dependence of the Neel temperature is obtained, for x up to 0.2
From the NOR relaxation rate dnven by the spin dynamics it is shown how the substitution changes the
spin fluctuatkons spectrum, while the hyperfine field and the electric field gradient remain practically the same,
These effects are discussed in terms of the role of the S=1 Ni spin in affecting the correlation length with
the consequence of inducing spin excitations in the low frequency range.

1. Introduction

In the attempt to elucidate the mechanisms of high T. superconductvty a line of investi-
gation is to study the effects of substitutions, by incorporating diamagnetic or magnetic
ions into the magnetic lattice of the Cu?+ spins. A fruitful tool to investigate the magnetic
properties in cuprates has been NQR-NMR spectra and relaxation. The spectra yield in-
formation on the electric field gradients (EFG) and on the hyperfine magnetic fields, while
the relaxation rates lead to the correlated spin dynamics. In this paper we present 19La
NOR spectra and relaxation measurements in LaCu,.,Ni ,O4, for x ranging from zero to one
and in the temperature range 4-350 K, aimed at learning about the Cu2÷ magnetic
correlation and fluctuations upon substitution of S=1 Ni2 ions for S=1 /2 Cu2*.

2. Experimental Results

Previous NOR and relaxation measurements in La 2CuO, and in Sr- doped La 2CuO4 around
the Neel temperature TN yielded information on the hyperfine field and on the role of the
charge defects on the spin dynamics /I/. In La 2Ni0O4 y La NOR spectra were detected 12/
over a wide frequency range, with a structure dependent on the oxygen stoichiometry.A
quadrupole frequency v. ranging from 1.8 MHz (for y=0.022 ) to 2.7 MHz (for y>0.06) was
deduced, while the internal magnetic field at the La site was estimated H, =19.3 and 17.8
kGauss, respectively.A quantitative explanation for the strong differences with respect to
La.CuO 4 (where v, =6_4 MHz and H,=lkGauss) was not given.

The 13La NOR lines in La 2Cu, .xNixO 4 have been recorded mostly from the envelope of the
echo signals.In Fig.1 the resonance frequencies for the (5/2-7/2) line are shown.For x<0.05
and T<100 the lines corresponding to the (1/2-3/2) transitions were observable and
allowed an estimate of the splitting due to H, more precise with respect to the (5/2-7/2)
line.For x=0.01 and x=0.02 the splittings confirm that H, is practically the same as for
x=0.For T>100 K and for x> 0.05 the (1/2-3/2) lines were not observable. Above that tem-
perature and for x=0.2 only the frequency correspondent to the center of the (5/2-7/2) line
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V Ftgl La NQR frequences and comparison vwth the ones
(KHz) in La CuO, In the inset the echo envelopes for the (1/2-3r2)

"50101, line (a) and for the (5/2-7/2) line (b) at T=4 2 K are shown
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Fig.2 Effective relaxation rate for x=O.01

1 .and comparison with the one in La2CuO,.
0 00 200 300 In the inset the spin-spon relaxation rate is

T (K) reported.

is reported in Fig. I .For x>0.5 the NOR frequency (affs around 19.8 MHz, with a marked
line broadening. Above 200 K the signal was practically undetectable, for x0>.5.

The 1'•La NQR relaxation rates have been t..timated from the recovery of the echo signal
following the saturation of the (5/2-7/2) line.ln Fig.2 the relaxation rate for the sample at
x=0.01 is shown.Since one can expect that the magnetic and the quadrupolar relaxation
mechanisms are both present, the data refer to the inverse time at which the recovery
plot reduces to lie- For magnetic relaxation one has (T),) ' =21 W,,, while for the quadrupole
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Fig.3 Magnetic relaxation rates vs T.The quadru- Fig 4 X-dependence of the magnetic relaxation
polar contribution (dotted line) has been estima- rate
ted as in Ref. I

mechanism (T.).-1 = 3.3 Wq, Wm and Wq being the correspondent relaxation transition
probabilities.For T< 150 K in the sample at x< 0.02 and over all the explored temperature
range for the samples at larger x, the magnetic relaxation mechanism is dominant.In Figure
3 the temperature behavior of 2Wr, is shown for x=0.02 and x=0.2.1n Figure 4 the x depend-
ence of the magnetic relaxation rate at 4.2 K and at 77 K is reported.

3. Analysis of the Data and Discussion

For x:-0.2 the effect of the substitution is mainly to cause a distribution of EFG's without
significative modification of v.,which appears close to the one in pure La2CuO4 .This
conclusion is consistent with the findings for x=0.15 at 1.3 K /3/.Also H, appears slightly
affected by the Ni to Cu substitution. For x>0.3 the broadening of the lines,due to the
distribution of EFG, and possibly of H ,prevents reliable estimates. The large broadening
appears to persist also for x-- 1 and one should conclude that vo is around the value in
La2CuO, also for large Ni contents. The discrepancy with the results for La2Ni0. /2/could
be due to different oxygen stoichiometry, with the related effects on TN and H,. To discuss
the behavior of the relaxation rates we will mostly refer to a range of x where our results
indicate that the EFG's and H, are close to the values in La 2CuOQ.

The temperature at which the maximum in the relaxation rates is observed (Fig.s 2 and
3) marks the transition to the antiferromagnetic (AF) phase.From our results the quantity
A= (-1 /r,)( dTddx) for x40, which can be taken as a measure of the effect of doping with
the "anomalous" spin over the lattice of the Cu2÷ ,is about 5, a value close to the one in Zn-
doped La 2CuO,/4/.
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For the '-"La NQR magnetic mechanism the relaxation rate can be written /11/

2W ý-. y :q H 2i Sq2/F 1 (1)

where H q is the Fourier transform of the lattice functions (dipolar or transferred hyperfine
interactions) relating the field h(t) at the La site to the Cu- spin S and Sq2 is the mean square
amplitude of the collective fluctuations measured at ,,-wo,while v* is its decay rate. The
form factor Hq in Eq.1 usually can be expanded around the value correspondent to the
critical wavevector q=qA, describing the magnetic ordered lattice below T, and Eq. 1) carl
be rewritten

2W,= H, 2 Sq 2 / F with H= 1 k Gauss (2)

In conventional paramagnets Sq 2and v'can be related to the magnetic correlation length
. and to the exchange frequency by resorting to scale arguments. Thus the temperature
dependence of z can be extracted and ,in general, forT» T> N, .- (T) follows the behav-
ior theoretically expected for 2D Heisenberg models, including a reduction from quantum
fluctuations. For T close to to TN a crossover in the spin and/or in the lattice dimensions
drives the transition to the AF state.

In the presence of charge defects, as in La2 SrGCuO 4 , relevant modifications have been
shown to occur /1,5/: the effective correlation length is the average distance among
defects; the spin fluctuations are no longer thermally driven by a function simply related to
..( T) the q-dependence of S12 and i' is also unusual. In particular v q appear to decrease,
as indicated by the enhancement of the NQR relaxation rate , while the static correlation
length , as observed from neutron, stays constant / 6 /.The spectrum of the spin excitations
is also drastically different from the one in conventional AF's. Infact, for T<<TN where only
the magnon spectrum of quasi-resonant character should be present, in doped cuprates
one detects a strong low- frequency component of diffusive type, hardly detectable from
neutron scattering.

The behavior of Wm can be discussed in the light of the above mentioned aspects. For
a probe in the rf range the most effective component should be the one at the lowest
frequency and one can expect this being i, corresponding to q=qA, .The small value of
1z and its weak temperature dependence imply that i1= i,, and since x, SV is the effective
spin ( measured at ,-,) we write Eq. 2) in the form

2Wn y• H 2SI 2 1F/sF (3)

It should be noted that when a gap is opened in the spin fluctuation spectrum, then S, is
decreased.In our case ,for small x,S., should not change much.

By using Eq. 3 and the data reported in Fig. 4, one can extract the x dependence of i',
(see Fig. 5). The dramatic decrease of r-SF with x corresponds to the increase of the low-
frequency spectral density J(1,-.0). While in the case of x=O. in the AF phase the relaxation
mechanism is mostly due to magnons scattering and J(,,--. (I ) is negligible, when Ni
substitutes Cu we derive

J((,,- 0 )= J0 e x"x for x<0.1, (4)

with x*=1.5 10 2 and J° 10 1-rad-1 s. Equivalently, in terms of A= -rPIFt (d r' /dx ), one
obtains the value A= 50 - 5, much larger than the correspondent factor for TN(x).
Further work on the charge and spin substitutional effects in AF's and in superconducting
systems is under way.
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Fig 5 x-dependence of the spin-fluctuaton ire-

quency at T=77 K. in the inset the x-dependencerSF T -- of T. is shown.
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1H-NMR in YBa 2Cu 3 O7 _6 Hx

J. GroB and M. Mehring

II. Physikalisches Institut. Universitict Stuttgart,
Pfaffenwaldring 57, W-7000 Stuttgart 80, Fed. Rep. of Germany

1. Abstract

We report on 'H-NMR experiments on protonated samples of YBa 2Cu 3Or_,. Our
spectra show a seperation of the sample into an antiferromagnetic (afm) phase with
high '11 -concentration and a metallic resp. superconducting (sc) phase with a low III-
concentration. Cooling experiments suggest that the phase separation already takes place
during the protonation process. Investigation of l-l-NMR signals in our unprotonated
samples show a high proton background (about 0.25 lIi's per unit cell) already present in
the as-received starting materials (commercially available). Comparison of the linewidth
of the afm spectra with model calculations lead us to the conclusion that the protons in
the afro phase are located within 1.5 A above or below the Cu-chain layer.

2. Introduction

'l t-N.MH-exp,'rimenas have beenl performed on our hornebuilt 330 Iliz spectrometer. Sub-
,,pect ra have beeii recorded at different carrier frequencies to cover the large spectral range

of our signals. The spectra presented here are a superposition of many- subspectra, ob-
tained by spin-echo spectroscopy including Fourier-transform. Phasing of the individual
subspectra has been carried out with great care.

Both an antiferromagnetically ordered phase and a superconducting phase give rise to
characteristic NMR-lineshapes. Very simple theories for either case are presented below.

Protons located in the antiferromagnetic (afm) or metallic / superconducting (sc)
phase show pronounced differences in the longitudinal and transverse relaxation times.
Therefore spectra of either part can be separated by choosing appropriate parameters of
the pulse-echo-experiment.

3. Superconducting state - vortex lattice

High-T, superconductors (IITSC) are known to be of extreme type II. In the supercon-
ducting state a (Abrikosov) vortex lattice is formed. This leads to a distribution of local
fields, which is in case of extreme type 1I sup~rconductors well described by the London-
theory, where the penetration depth ,A is the central parameter determining the distribu-
tion of local fields. As HTSC are highly anisotropic, the Abrikosov lattice is not regular
triangular as in the isotropic case. but sheared triangular. The corresponding London-
theory involves an anisotropic penetration depth, the principal components being A~b
(current in the plane) and A, (current perpendicular to the plane) [1]. The distribution
of local magnetic fields can be computed as a solution of this anisotropic London theory.
The orientational angle 0 between the crystal unique axis and the external field enters
the calculation as a parameter. To obtain an estimate for the NMR lineshape in a powder
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theoretical NMR lineshape experimental NMR lineshape
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Fig. 1: Comparison of theoretical and experimental lineshape in the superconducting state.

The theoretical lineshape is plotted for Ab = 135nm and A, = 660 nm. Experimental data

have been taken at 40K

sample, the above calculation was carried out for many O's with the results summed up

to give a powder average. Fig.1 compares this theoretical lineshape with an experimental

spectrum on YBa 2Cu3O 6 .9sHoe6.

The ratio A,/A,.b corresponds to the square root of the anisotropy parameter, which

can be determined fairly accurate from torque magnetization measurements t2), therefore
there is only one "unknown" component of A to be measured. As the NMR linewidth

depends very sensitively on A (the linewidth varies as A- 2 ), NMR in principle provides a

precise way to measure A. However, as the proton concentration in the sample increases,

the density of superconducting carriers n, decreases and therefore A increases, as A-2 -- n

(see also e.g (3]). In order to obtain values for the unprotonated YBa 2Cu3 07 material,
one must examine the linewidth for vanishing 1H concentration. As already mentioned.

our investigations so far suffered from the high protonic background in our samples. We
will therefore not quote absolute values for A.

4. Antiferromagnetic state - sum of localized magnetic moments

Although the detailed magnetic structure of the afm phase is known to be highly corn-
plex. especially in high magnetic fields (see e.g. Ref.[41) , we have made a very simple

approximation, which nevertheless should not be too far off as long as

"* there is a unique place for protons in the unit cell,

"* the afm order of the Cu(2) spins is not affected by the external field and

"* the interaction between the proton nuclear spin and the Cu(2) electron spin is

predominantly magnetic dipole interactio-i.

In this case, at any position in the unit cell the sum of all dipolar fi(dlds of the Cu(2)

magnetic moments can be calculated. This field adds to the external field to give the

"true" local field.
In the case of powder samples again a powder average has to be performed, because the

additional dipolar sum field 13d, is fixed with the crystal lattice. For the above mentioned
case of undisturbed afm order the resulting lineshape turns out to be of rectangular shape

as displayed in Fig. 2.
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5. Antiferromagnetic field strength at the 'H location

As already mentioned, the width of the rectangular spectrum in the afin state contains
information on the sum-field of the Cu(2) magnetic dipoles tt the proton site. As is known
from neutron scattering results [51 one Cu(2) spin posesses a moment of z 0.65pg. We
have calculated the dipolar sum-field for an antiferromagnetically ordered arrangemeut of
Cu(2) spins at any site in the unit cell and have compared the results with the measured
field of - 120G. It turned out, that for all places except for the close vicinity to the
CuO-chain la.er, the resulting afm sum-fields are much larger than our experimental
values.

6. Phase separation - slow and fast cooling

One of our p-rtinent questions was, how the separation into a proton rich afm and a
proton poor sc phase takes place. This phenomenon has also been observed in low doped
samples of La(Sr)CuO as described in [61 and could be attributed to diffusive motion of
protons and / or large ferromagnetic clusters in the sample. If this woildd be the case
in our samples, there should be a marked dependence of our spectra on the cooling rate
&s reported by Kremer et al.[6]. We took spectra at liquid nitrogen temperature with
a slow cooling rate of several hours from room temperature and fast coooling in a few
seconds. Our spectra showed no difference. Therefore we conclude, that in our samples
the separation into two different, phases already takes place at room temperature or above
and i, established already during the protonation process.

The financial support by the Bundesministerium ffir Forschung und Technologie is grate-
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Abstract. By evaluating EPR line narrowing for a spin probe with
fast spin diffusion, evidence for a dominant contribution of
magnetic field gradients was found for a GdBCO thin film. A fit
leads to a typical structure d = 3 [im, much larger than the lattice
constant of the ideal vortex state.

1. Introduction

The variance of the magnetic field distribution in the mixed state
of a type II superconductor can only be related to the penetra-
tion depth X if an ideal flux lattice is realized in the sample. By
well known bulk methods like VSR 1- 3 and NMR 4, results for X(t)
have been derived. Obviously it would be of interest to probe the
local field variation with increased spectral resolution and in
addition to derive a method which can also probe the anticipated
flux lattice of thin film samples. The first aim can be reached by
using paramagnetic spins as pzobes for the surface field varia-
,'ion, as suggested by Rakvin et al.s. In addition, EPR as surface
method gives the possibility to vary the distance to the sample
to search for additional field inhomogeneities, as was shown by
Bontemps et al. 6 for a ceramic sample of YBCO. In this case, the
grain stucture was found to be responsible for the spatial distri-
bution of the field inhomogeneities at the surface.

We present here a n•ew method which allows us to investigate
quantitativly a spatial flux distribution at the surface of thin
films. As an advantage of the EPR technique one is not restricted
to the use of immobile spin probes as in [ySR and NMR but one
can also use systems with well defined spatial diffusion charac-
teristics. For instance, organic 1-dimensional conductors are
known 7 to exhibit extremely fast spin diffusion of up to D = 1
cm2 /s , thus probing "macroscopic" distances on the length sca-
le of several hundred vortex lattice constants (d -- 70 nm at .3 T)
on the time scale of a few Its, defined by the line width of the
EPR line. It is the purpose of this contribution to give evidence
for the lenght scale of the local field variation for epitactic
GdBCO thin films using a surface spin probe with tempera-
ture-controlled fast spin diffusion.
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2. Method and Materials

The EPR data were taken with a home-built pulsed EPR
machine8 . The GdBCO film was grown on LaAlO3. A thin crystal
of the (Perylenyl)2 X charge transfer complex of size 1OxSOO
x2OOOm 3 was attached to the film surface, so that the diffusion
of the electrons take place along one direction in the a,b-plane.

3. Results and Discussion

In a simple model the field variation along one dimension due to
the Abrikosov flux lattice or any other structural inhomoge-
neity is approximated by a cosine function

h(z) = h0 cos (27tz/d), (1)

where d denotes the typical scale length of the field variation.
The diffusion of the electrons along the z-axis is described by
the Green's function

G(z,t) = I • exp(-z 2/47Dt) (2)( 4n D t )1/2

with D the diffusion constant of the electrons. Due to dephasing
the number of the electrons involved in the Echo-experiment
decreases exponentially with T2 , the spin dephasing time. The
time average of the Green's function with exponential weighting
leads to

( G(z,t) > f G(z,t) exp(-t/T 2 ) dt

S 1 exp (-z/,/D T2 ) -(3)
2 -FD-T2

The precession frequencies wi of the electrons are. characterized
by the fields at the surface of the Gd-film if the thickness of the
attached crystal is comparabel to the modulation length. The
variance o of the resulting resonance frequencies in the static
limit is reduced by the 1-dimensional diffusion. Its value is cal-
culated as

SA W2 > 1/2 = (1/2 . d (4)

[ d + 47• D (T) T2 (T)P/2

when assuming a homogeneous distribution of spins at the time
of the microwave pulse. The static value is taken as proportional
to ( 1 - (T/To) 4 )2 .

The linewidth of the 1-d charge transfer complex is measured
attached to the Gd film as well as on a diamagnetic sample hol-
der. Fig. 1 shows the flux distribution-induced linewidth, which
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Figure 1
Temperature dependence of the flux distribution-induced line-
width of the 1-d conductor (Perylenyl)2X on a GdBCO film

is obtained after a quadratic deconvolution of the data. In con-
trast to the (I-t 4 ) behaviour expected for the static limit, the
deconvoluted line broadening shows a steep increase at 40 K.
This can be explained when considering that at this temperature
the mean displacement of spins is comparable to the characteri-
stic length d of the spatially modulated flux. The knowledge of
the diffusion constant is a prerequisit for the fit of the data. Its
temperature dependence was determined via pulsed EPR measu-
ring echoes in a field gradient. The existence of the lower limit
is due to intra-chain hopping of the electrons. For the fit in fig. 1
the temperature dependence is approximated by the function

D(T)=I.S/(exp((80-T/K)/81+I)+ 0.0024 cm 2 /s (5)

The temperature dependence of 2''T) is revealed by measuring
the linewidth of Pe2 on a diamagnetic sample holder. The solid
line showes a fit with eq. 4. The best fit leads to a typical mod-
ulation wavelength d= 3 [rm, much larger than the ideal flux
lattice constant of 0.07 tim at 0.3 T. We therefore conclude that
the dominant contribution of the field inhomogeneity even under
field-cooled conditions is not due to the vortex lattice for this
system but is tentatively attributed to growth inhomogeneities
of the film. Its not surprising that we could not record a notice-
able effect of the vortex lattice. Because of the finite thickness
A of the crystal, the flux inhomogeneity which decays exponen-
tially on a length scale of the order d, is averaged accordingly.
Therefore the vortex-induced contribution to a is unobservable
because A >> 70 nm, and the crystal acts like a filter discrimi-
nating against short modulation lengths.

In summary, the experiments presented here are an analogon
to the flux melting experiments in Bi-samples with iSRO. In our
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case the spin is mobile and the flux lattice is localized, in the
latter case it is vice versa.
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Possible Origins of the Continuum
in the Cu-O Plane-Polarized Raman Spectra
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Abstract. We found strong evidence against scattering by conduction electrons as an
origin of the plane-polarized continua in copper oxides: in 1-2-3 and in 2-1-4 materials
the a-axis polarized continuum does not change much with doping (a continuum in the
insulating phases is just as btrong as in the supc;,:onductors), though the clectfonic
states do, and a-b anisotropy is greater in the Tc=66K than in the Tc=90K YBCO
single crystals, though there should be more chain states in the higher Tc crystals.
Hot luminescence or scattering of electrons into localized states are possible
alternatives to the conduction electron picture. We also report anomalous temperature
dependence of the insulating phase continuum.

1. Introduction

The Cu-O plane-polarized Raman scattering continuum observed in high temperature
superconductors is one of the anomalous properties of the normal state of these
materials and has been the focus of theoretical and experimental research. [1-81 Several
theories have been proposed recently to explain the properties of the continuum. [5-8]
We studied the doping, polarization, temperature, and laser frequency dependence of the
continuum in YBCO to narrow down possible microscopic origins of the continuum.

2. Experimental

The sample preparation is described elsewhere. [91 Measurements at 300K were made
with the sample in air. Laser power was i5mW; spot size - 40 A.m. Measurements
reported in section 4 were made with a sample in an optical helium cryostat; laser spot
size was - 80 gtm. Spectra were measured with a Spex "Triplemate" Raman
Spectrometer equipped with a 516X516 CCD Camera detector. Chromatic aberration
did not cause intensity loss from defocusing at large frequency shifts because we
underfilled the entrance slit of the spectrometer with the laser spot image.

Spectra were corrected for the frequency-dependent efficiency of the spectrometer
and detector as well as for the optical absorption, transmission and refraction at the
sample-air interface. The optical constants were obtained from polarized IR reflectivity
and ellipsometry measurements. [10] Intensity in all the figures is proportional to the
energy cross section (da/dwo) per unit volume.

The reason for the differences between the spectra presented in this paper and the
previously published ones is that we neglected to make a correction for the sample and
polarization dependence of the refractive index in our previous publications. [11,12]
These differences do not change the qualitative picture discussed in Ref. 11, 12.
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3. Room temperature results

The laser wavelength dependences of the XX and YY continua in YBa 2Cu307
are shown in Fig. 1. (Notation: XY means that incident photons are polarized along
X, scattered along Y; X is parallel to the a-axis, Y is the b-axis (Cu-O chain)].
Assignments of the phonon peaks have been made elsewhere. [13] The XX and YY
continua are nearly flat at the 4579A incident laser wavelength, and decrease with
Raman shift at the longer laser wavelengths.

XX, YY, and XY Raman spectra of untwinned YBa 2Cu30X single crystals were
compared at different x at the 4579A laser wavelength. Fig. 2 shows the spectra of an
"as grown" insulating single crystal, an untwinned Tc=66K single crystal and an
untwinned Tc=90K single crystal. The results have been confirmed on other samples.

In addition to the two-magnon scattering, [1,4] a strong background continuum
extending above 10000 cm"1 was also present in the insulating sample (also see Ref.
20). The two magnon scattering disappears with doping, but the continuum in XX
geometry remains unchanged. The X-Y anisotropy is significantly greater in the
oxygen deficient (Tc=66K) sample than in the fully oxygenated (Tc--90K) sample.

It is difficult to identify the microscopic origin the continuum because the
scattering vertex is not known. The spectral lineshape clearly does not fit any
conventional electron-hole scattering models. [ 14] However, the experimental data can
be fit reasonably well, if the imaginary part of the electron self energy 2(q,W) is
assumed to vary linearly with (o. [3,6]. Since a similar frequency dependence of
ImE(q,o) has also been observed in the IR conductivity [10,15,18], many theories of
the Raman continuum assume that it is caused by the scattering by the conduction
electrons, seen by infrared (IR) conductivity measurements. [5-8] I.f so, the doping and
polarization dependence of the continuum and the IR conductivity should be similar.

However, this is not the case. The XX room temperature continuum in YBCO
as well as in Ce doped T' materials [16] and in La2 _xSrxCuO 4 [17, Fig. 2] does not
change much with doping, but the IR conductivity has a strong doping dcpendence.
[10,15,18] Chain IR conductivity in YBCO is greater in Tc=90K samples than in the
Tc=66K samples, [10,15] but the opposite is true for the Raman continuum.

40 1 .... . I 1 .... lip

4579A YY

30 515

4579A
20 .5145A

10 6471A

0 ... . 1-6 ,1 .. t v,, . I . ,• .. I ,iiiI .... ! . .. 11 - 1,, .,.

0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 7000

Wavenumber (cm 1)

1. Raman continuum in YBa 2 Cu3 O7 in XX and YY geometry at different laser
wavelengths. Resolution - 50 cm"1. Intensity units are the same.
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2. The continuum in the insulating, Tc=66K and Tc=90K single crystals.

Resolution - 50 cm-1. Intensity units for are the same as in Fig. 1. The horizontal line
in the Tc=OK graph is a guide for the eye representing the background continuum.

Even if the Raman spectra reveal an electronic channel of a different symmetry
than that of the IR spectra [14], we should still see zero scattering below the charge
transfer gap in the insulators, and an increase in XX and YY scattering as the carrier
concentration increases with doping. The only way to reconcile the conduction
electron picture with the experimental results is to assume that in the 1-2-3 as well as
in the 2-1-4 systems the doping variation of the scattering vertex accounts for all the
experimentally observed inconsistencies, which is an unlikely coincidence.

Though the microscopic mechanism is far from clear, possible alternatives to the
conduction electron picture as a cause of the bulk of the intensity of the plane-
polarized continuum (to be investigated further) are summarized below.

Localized states have been observed in the IR conductivity spectra of the undoped
samples as a weak (in comparison with the free electron conductivity) rising
background at the energies below the charge transfer gap. If light couples strongly to
these states during scattering and not to the conduction electrons, they could be
responsible for the continuum. This mechanism is consistent with a stronger chain
continuum in the Tc=66K than in the Tc=90K YBCO samples, because oxygen
vacancies in the oxygen deficient samples could create localized states. If these states
are intrinsic to the copper oxygen planes as well as to the chains, they might not be
strongly affected by doping. However, the impurity IR conductivity is a factor ot two
stronger in the undoped YBCO than in Sm2CuO4 between 3000 and 10000 cm- 1,
[19] but the Raman continuum has the same intensity in the same energy region [20],
which appears to be inconsistent with the model.

Hot luminescence is very similar to resonant Raman scattering. During both
processes an electron absorbs an incident photon and gets excited into an unoccupied
band, where it exchanges energy with some excitations and then relaxes to the ground
state emitting the scattered photon before reaching the bottom of the band. The
difference is that during resonant Raman scattering the excitations that scatter the
electron are well defined (e.g. an electron-hole pair, a phonon, two phonons, etc.) but
during hot luminescence they are impossible to identify. Unlike resonant Raman
scattering hot luminescence is not expected to preserve a well defined lineshape when
the laser energy is changed and its temperature dependence is not expected to follow
the Bose factor, which is consistent with experimental results (see Fig. 3, Ref. 3).
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3. Raman spectra of Sm 2 CuO 4 and YBa2 Cu3 O6,1 . Intensity units are the same
(different from Figs. 1,2).

4. Temperature dependendence of the continuum in undoped phases

Tempcrature dependence of the continuum in the "as grown" YBa 2Cu 30 6+8 and
Sm2 CuO4 shown in Fig. 3 is anomalous. Instead of scaling with the Bose factor, the
continuum "freezes out": the intensity decreases significantly throughout the energy
interval as the temperature is lowered. Similarity between the 2-1-4 and 1-2-3 behavior
indicates that it is probably intrinsic to the undoped phases. Origin of this behavior is
not understood. Preliminary rcsults indicate that the freezing out in YBCO stops
occuring before the metal insulator transition as doping is increased.

Rise of dte room temperature spcctra as w-ýO is indicative of a quasiclastic peak,
which disappears at lower temperatures. We are currently investigating a possibility of
scattering by thcrmnally excitcd electrons as a possible cause of die quasielastic peak,
because resistivity of these materials at T=300K, 121] is metallic-like.

5. Conclusion

Doping dependence of the plane polarized continua in 1-2-3 and 2-1-4 materials
is quite different from the doping dependence of the IR conductivity and is not
consistent with the scattering by the conduction electrons. Localized states or hot
luminescence are possible alternatives to the conduction electron picture. Low energy
continuum in the undopcd phases has an anomalous temperature dependence.
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Phonon Self-Energy Effects in YBa 2Cu 3 O 7 _6 Below T,:

The Role or Oxygen Disorder
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Abstract. We discuss the discrepancies in the published literature concern-
ing the gap value for 2A/kTc as deduced from the superconductivity-induced
phonon self-energy changes. In particular, using the established correlation
between the appearance of the Raman forbidden chain-related lines at 232 and
598 cm- 1 and the phonon self-energy changes of the 340 cm- 1 B 13-like mode
below T, we demonstrate the effect of even slight oxygen disorder on the phonon
self-energy below Tc in pure crystals.

1. Introduction

Andreev reflection experiments have shown the superconducting pairing of
quasi-particles with opposite momentum in high-Tc superconductors [1]. Thus
the determination of the superconducting order parameter A (the binding en-
ergy of the pair) or the gap ratio 2A/kT, (the strength of the coupling) is of
primary interest. Among the spectroscopic methods for the gap determination,
a recent development [2-4] exploits the superconductivity-induced changes in
the self-energy E of k = 0 optical phonons via clectron-phonon coupling. The
self-energy effects for a given coupling constant are expected to be strongest
when a phonon energy is in resonance with the gap (or one of several possible
gaps [5]). The most drastic changes in the phonon self-energy due to supercon-
ductivity have been observed for the 340 cm-' Bi.-like mode in YBa 2Cu3 O7T_6

,r 71J impll-,,, that the phonon energy is close to a gap (henceforth called "
gap). Bclow To, all experiments reported up to now have indicated anomalous
softening (Re(')) of this mode, when the sample becomes superconducting [6].
However, discrepancies exist in the literature concerning the changes in the
linewidth (-Im().,)) of the 340 cm- 1 Raman line. In a series of experiments,
a tremendous broadening of the 340 cm- 1 line has been observed below T, for
polycrystalline samples [4,8], thin films [9], twinned [7,10] and untwinned [11-
13] crystals while in other studies [14-17] just the opposite behavior for films,
twinned and untwinned single crystals was seen: a moderate sharpening of this
line. These results lead to different values of 2A/kT, provided the model [2]
is used, namely 5 [4] and 6.8 - 7.7 [15,16] for polycrystalline and single crystal
samples, respectively. The influence of impurities on the gap value determined
this way has been studied in [9,10]. Here, we demonstrate the effect of even
slight oxygen disorder on the phonon self-effects below T,.
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2. Correlation between the appearance of the symmetry forbidden

R.aman peaks and the phonon self-encrgy effects

The phononic Raman scattering from YBa 2 Cu 3 O 7-6 has been extensively stud-
ied. All the Raman lines predicted by the group-theoretical analysis have been
identified and assigned to certain atom vibrations in accordance with lattice
dynamical calculations [18]. Under some circumstances (defects, resonant ex-
citations) the samples of YBa 2 Cu3O-7- 6 feature extra (nominally forbidden by
symmetry) peaks like those shown in Fig. 1. The most striking feature of the
Z(YY)Z polarized spectra shown in Fig. I is that, although all samples have
almost equal oxygen content as indicated by thc frequency of the 04 peak,
some of them are characterized by the appearance of two additional peaks at
232 and 598 cm- 1 . These particular peaks: (i) are seen only under light polar-
ized along Y, i.e along the CuO chains, (ii) They are resonant enhanced with
maximum intensity near 2.2 eV [19], (iii) Below 100 K, they can be optically
bleached if the illumination photon energy exceeds 2.2 eV [19].

Our observations can be summarized as follows: (i) No extra peaks under
resonance -- 2.21 eV were observed for the heavily twinned area IIT-B (see the
text under Fig. 1) and the untwinned strip near this area UT/ItT-B, both near

DT-A .=5682A
Defect
mode

Ba out-of- Defect
I phase mode

200 ,Cu2 0 0 Z(Y. y)Z

"E 100

UT-B
ca
> % 200 - , y)i

a) 100

100- C

200HT-B

100 -
+Z .

•

SI . . . I

200 400 600
Raman Shift (cm-1)

Fig. 1 Polarized Raman spectra of different samples: DT-A - detwinned area
in the A-crystal (ZrO 2 crucible); UT-B - large untwinned area, IIT-B -
heavily twinned area, and UT/IIT-B untwinned area neighboring the
heavy twinned one, all in the B-crystal (SnO 2 crucible).
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Fig. 2 Temperature dependence of the linewidths (a) and frequencies of the
340 cm- 1 phonon for different samples measured in Bi,-Z(X'Y')Z
geometry. The inset shows that the effect of broadening of the line is
equally strong for twinned and untwinned areas.

the edge of the single crystal B. The same result was obtained for an undoped
pellet (ii) The two peaks are characteristic of the detwinned area DT-A and the
large untwinned area UT-B in the B-crystal, as well as for Au-doped ceramic
pellets. (iii) For some single crystal samples the strength of the extra peaks is
uniform over the crystal surface, whereas for others it varies.

From the unique polarization properties of the 232 and 598 cm- 1 modes,
it follows that they stem from orthorhombic structural elements, i.e. from the
CuO chains. These modes have been also seen in oxygen deficient YBa 2 Cu3 C6.4
(20]. On the other hand, no sign of these modes has been observed in tetragonal
YBa 2 Cu306. 1 [20,21]. Consistent with these findings, we conclude that the two
modes arise from forbidden vibrations of the chain atoms becoming Raman
active via the introduction of defects in the chains [22].

The dependence of linewidth and frequency of the 340 cm- 1 phonon on
temperature is given in Fig. 2 (for the samples specified in Fig. 1). The data
presented in Fig. 2 were deduced by fitting the 340 cm- 1 peak intensity distri-
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biitio'i to a l'aii-type I m1C shape [4]. All the satmples show a softening of thle
3-10 C111- mtode below T,. (Fig. 21)), asq expected for superconducting crystals,
allthou01gh the degree of the softening v;~ries. T[he temrperature dependence of
the phonon linewidth is, however, very lilt.rIgu Ing: the samnples featuring the
absence of thie extra peaks at. 232 and 598 cm- exhibit the tretrcndous broad-
enling of the 3-10 curl- linle below TF, reported for ceramic samples [4], wlhile
a sharpening i., seen for thoseic which have p~ronouncedl additional peaks. Note
that thle softening correlates with the broadening/sharpening: it is larger for
samples exhibit~ing broadening.

Fronm the results 'it Fig~s. I and 2. for thle impurtly-frrc crystals we find a
definite corr2latioII between thle appearance of thc two extra Raman pcaks at
*232 and 598 cin- anid the cliange of temperature dependence of thc 340 cmti
plionon hinewidth belowv T,

3. Disrxissioti and( comclitsiotis

The elfect of disorder may find the same explanation as thle one( given In [9].
The oxygen disorder, similarly to the introduction of impurities, may smnear
the gap) anisotropy, thus leading to an Increase in the miiinial gap to which thle
Ramian modes have been proposCed to couple [9]. Onl the other hand, model [2]
gives a precursor of this process. With increasing concentration of nonmagnetic
iImpulrities or oxygen (Iisordler, the Impurity scattering rate increases as well
(the meanl free path -)f the carriers dlecreases). As a result thle phonion energy
resonance with1 the gap- beconmes less p)ronouniced [2], fin agreement with the
experinvmitt (Fig. 2).

In addition, it is import~ant, to note tb it, the pimonon scif-crlergy changes scale
witht thle electroil- phloon couplling constant. The relatively large value of thle
Coupling conIstant, (A3-10=:0.02) of the 3,10 cm-ni ode comles mostly fromt the
Iickhinq of ohe cub., planIes [3]. The Introduction of vacancies into the CuO
chainis leads to local smecaring of Ithe buckling [23] andl, in turn, this may reduce
the coupling constant suich that, the self-energy effects predicted in [2] becomeý
smuallcr. The change In thle coupling constant may not, have a remarkable
influence onl stipercondluctivity but rather makes the Ramnan phionons under

UIdo~irationils scrilsilve to supercontiuctivity. This would explain a decrease
IIn softening aind broadening (Fig. 2), but. not a switch from broadening to
narrowing.
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Abstract. We discuss the evolution of our understanding of the normal
state infrared conductivity of cuprate superconductors. The discussion
begins with results from polycrystalline samples and continues up to the
recent work on single domain (untwinned) crystals. The issue of whether
the conductivity at low frequency (i.e. w_<1000 cm 1) should be described
with one (intraband) component, or with two (intraband 4 inlerband) com-
ponents is central to the discussion.

One of the persistent issues in the study of high Tc (cuprate) superccn-
ductors has been the question of how to interpret the normal state infrared
conductivity. A key question is whether the conductivity in he far-infrared
is predominantly intraband, or whether a more complex picture involving

both intraband and interband excitations is needed. This issue is relevant
to our understanding of the basic nature of the cuprates since in the for-

mer case novel aspects of the infrared conductivity are associated with
unusual intraband dynamics (of the sarne carriers which become super-
conducting below T,_; while in the latter case the existence of very low
energy interband or excitonic transitions is implied. Either result is po-
tentially quite significant, since, for example, putative low energy excitons

have been discussed as possible pair-mediating excitations, while, on the
other hand, the former interpretation provile,; part of the experimental
basis for the view that the normal stale intraband transport is quite unlike

that of ordinary (Fermi liquid) metals. Here I will review the history and

origins of this issue, and the current status of the data- More general re-
views of infrared and optical properties by the same authors as thls paper
have been presented elsewhere(I,2).

In the insulating cuprates there is a charge transfcr excitaiion with a
threshold of about 1.5 eV(3). Here we will focus on the conductivity which
develops below this charge transfer threshold, as a resull of adding addi-
tional holes to the Cu0 2 planes. For a simple Drude metal, this low fre-
quency conductivity is associated with transitions within the conduction
band (intraband conductivity) which are made allowed by scattering
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processes. This intraband conductivity reaches a value equal to the d.c.
conductivity as v--0, and falls like 11w 2 through most of the infrared
region(2,4). At some frequency usually above about 1 eV, there is an onset
of interband conductivity, i.e. absorption of light associated with electronic
transitions between two different bands. In the cuprates one finds, sur-
prisingly, that the normal state conductivity does not follow the simple 1/
f12 form in any frequency range. Understanding this behavior is the sub-
ject of this paper. Our discussion will be divided into two pads. The main
part deals with the normal state of high Meissner fraction, high Tc super-
cu)nductors, e.g. Y Ba2Cu3O 7 - x and Bi2 Sr 2 CaCu 2 08 _y with Tc>50 K, and
La2 ,SrxCuO4 with x,--0.15. A very short second part mentions briefly the
issue of the lightly doped region, where the samples are not such good
superconductors and are close to a metal-insulator transition.

Early attempts to study the infrared behavior of the conduclivity began
with measurements of polycrystilline samples of La1.85Sr.15CuO 4 and
YBa 2Cu 3O7 . From these measurements an infrared conductivity with a
small narrow peak at v=0, and had a large, broad maximum in tile vi-
cinity of about 3000 cm 1 (--,0.4 eV) was inferred, as sketched in figure 1.
Such spectra are strongly indicative of a two component conductivity, with
the lower peak associated with the dynamics of free carriers (intraband
excitations) and the tipper peak associated with some sort of interband
excitations. The report of such spectra, with a strong interband transition
well below the charge transfer threshold of the insulator, was quite star-
tling. There are, however, problems with studying polycrystalline
cuprates associated with the fact that in these measurements reflectivities
from highly conducting a-b plane faces and from the nearly insulating c-
axis direction are mixed together in an uncontrolled manner(5-7). Ac-
cording to Schlesinger, Collins et al.(5) and Orenslein and Rapkine(6), the
mixture itself is responsible for the strong peak in vT1(w,) at --4000 cm- 1,
which is not really representative of an intrinsic conductivity for any spa-
tial direction. Ultimately the huge in-plane/out-of-plane anisotropy makes
it nearly impossible to learn anything about the intrinsic normal state
conductivities of cuprates from the study of polycrystalline material, and
therefore researchers moved as quickly as possible to the study of crys-
tals.

Early infrared results from crystals were obtained on Lal. 85Sr.15 CuO 4

by Tajima el al.(8). Additionally, a significant part of the next generation
of infrared experiments involved work on twinned YBa 2Cu 30 7 x
crystals(9-15). For both La1,8 5Sr.15CuO 4 and Ihe Tcý92 K twinned crystals,
the conductivity decreases monolonically with frequency(8,9). This
prompted Schlesinner et al.(9) to attempt to fit the room temperature
conductivity with a simple Drude form using a very large scattering rate,
however, this approach was not fruitful. As pointed out by Kamaras et
al.(7), such a large scattering rate is essentially unphysical since it cor-
responds to an unreasonably short mean free path. Even in the limited
frequency range of this original data(9) (1,000 to 13,000 cm '), the meas-
ured conductivity falls more slowly than the fitted Drude form. Extensions
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FIGURE 1
Normal state conductivity of various forms of YBa 2 Cu 3O_ x as derived
from infrared reflectivity measurements. The data in (a) are represen-
tative of results from polycrystafline ma(erial (circa 1987, see ref 5-7 and
references therein). (b) shows the normal state conductivity ofA

twinned(15) YBa 2Cu 30 7 - (Txc80 IK) (circa 1988), and (c) shows the a axis
conductivity from a similar (Tjc_80 K) untwinned crystal (18) (circa 1991).
This progression illustrates the development of our understanding of the
intrinsic normal state conductivity of YBa 2 C'303C), -x.

of the data to lower frequency and lemperalure(11-13) accentuate this in-
consistency, and show quite convincingly that the data does not follow a
simple (i.e., fixed scattering rate) Drude form.

Data from twinned YBa 2 Cu 3O7 - x crystals with a somewhat reduced
oxygen content(10), tend to exhibit a "bump" in the normal state
conductivity at about 1500 cm 1, as shown in fig lb for a crystal with
Tc•80 K. While the magnitude and frequency of the bump are smaller
than for the polycrystalline spectra, the data are qualitatively similar in
that they suggest that the conductivity consists of two distinct parts: a
Drude "peak" at low frequency, and a mid-infrared "mode" centered at
about 1500 cm- '.

The most recent experiments on YBa 2Cu 30 7 -x involve the measure-
ment of untwinned single crystals(16-20), where one can separately
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FIGURE 2

Normal state conductivity of untwinned YBa 2Cu3O7 - x crystals with

Tc=92, 80 and 56 K (dotted, solid, dashed), from ref 17,18. The data in (a)
show the conductivity for the infrared electric field polarized along the a

direction, in which case one measures the conductivity of just the CuO 2

planes. The data in (b) show the conductivity for the infrared electric field
polarized along the b direction, in which case one measures the
conductivity of both the CuO 2 planes and the CuO chains. These data al-

low the mid-infrared bump in YBa 2Cu 307 - X to be identified with the CuO
chains.

A

measure the infrared conductivity along the a and b axles. For these
untwinned crystals the data are observed to be significantly different in

A
the a and b directions. The conductivity of an uniwinned crystal withA

Tc=80 K taken with the electric field polariized along the a axis is shown
in fig ic. Normal state conductivity data from Bi2Sr 2 CaCu2 0 8 y, and
Lal.85Sr.15CuQ 4 , where there are no chains, are quite similar to the a axis
data from the YBa2Cu307 -X (see, e.g. ref 1, 21 and 22)

Conductivities from uniwinned crystals for both the a and b directions
are shown in fig 2. Regarding the origins of the a-b plane anisotropy,
Rotter et al.(18) have stated that, "Two aspects or the structure of
YBa 2Cu 3O7 x are of potential relevance to the a-b plane anisotropy of

1. YBa 2Cu30OX contains CuO chains oriented parallel to the b axis,
and

2. the lattice constant is about 2% larger in the b direction than along
A
a.

228



In all known models of transport, a larger lattice constant is expected to
lead to a lower conductivity, hence the lattice constant difference has the
wrong sign to account for the observed anisotropy (which is fria<a1'b in

all samples). The observation of both higher conductivity and more com-
plexity in the b spectra instead indicates that these spectra are enhanced
by the presence of chains parallel to this axis, as one might expect."

A very similar point of view is expressed by Cooper et al.(19), who also
analyze the b axis conductivity as a sum of chain and plane contributions,
and the a axis conductivity as the pure Cu0 2 plane conductivity. From thisA

viewpoint, the difference between the b and a axis conductivities is re-
garded as the chain contribution. Recent measurements of
PrBa 2Cu3O7 x(2 0) seem to confirm the validity of this approach, in which
the conductivity within the plane is treated as simply the sum of a two di-
mensional plane conductivity and a one dimensional chain conductivity.
The data of Takenaka et al.(20) shows that replacing Y by Pr eliminates
the plane conductivity in the infrared, but leaves the chain conductivity
virtually unchanged (with respect to its magnitude in YBa 2Cu 3O7 -x),

demonstrating that the chain conductivity is indeed a separate identifiable
entity, at least in the infrared, (One should caution, however, that the d.c.
conductivity may not be so readily separable into independent compo-
nents. There the physics may be more complex because one is probing
at effectively longer length scales.)

With this knowledge of the actual conductivities for each crystal axis one
can understand the earlier data from twinned crystals. For the twinned
crystals (fig lb) a and b axis contributions are both present in the meas-
ured conductivity, and cannot be separated by any measurement. The
ambiguity of this unresolved anisotropy is removed through the study of
untwinned crystals. In particular, the data from untwinned YBa 2 Cu 30 7 - x
crystals show that the feature in the twinned data which had been identi-
fied with a mid-infrared mode is associated wilh the chain response.

Figure 1 thus summarizes the development of our understanding of fhe
normal state infrared conductivity of cuprate superconductors (ror the a-b
plane). The simplest way to understand this developme,., c.• as the suc-
cessive resolution of anisotropies within the cuprate crystal. In the first
generation (fig 1a) the data was severely distorted by eff,"cls associated
with the large in-plane/out-of-plane anisotropy(5,6). The second gener-
ation involved measurement of twinned cryEtals (fig 1b), in which the
anisotropy within the a-b plane was unres'olved(9-15). The third gener-
ation of experiments, measurement of untwinned crystals(16-19) (fig 2),
resolves the in plane anisotropy, and allows the identification of the in-
trinsic conductivity of the Cu0 2 planes in YBa2Cu 307 - x.

With the untwinned crystals the measurement with the infrared electric
A

field polarized along the a axis generates the conductivity of just the
Cu0 2 planes. As noted above, this conductivity is quite similar to the
normal state conductivity of Bi 2 Sr 2CaCu2 O8 - y and Lal,s5Sr1.sCuO 4 , which
have no chains(1,21,22). Although the a axis conductivity has no mid-
infrared bump, it is important to emphasize that it does not follow a con-
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FIGURE 3
Two component model for the normal state conductivity is shown. The
solid line (a) is the measured conductivity for the CuO 2 planes in
YBa 2 Cu 3O7(17). The two dashed curves show the two components used
for the fit. One is a Drude term that is peaked at w=0 and decreases like
1/w 2above ,-,200 cm- 1 The other is a "mid-infrared" term that is con-
structed from a sum of (three) Lorentz oscillator contributions, shown by
the dotted curves, (after Kamaras et al.(23)). In part (b) the attempt to fit
the superconducting state conductivity of untwinned YBa 2Cu 3O (solid
line), by collapsing the Drude term to zero width, leaving only the mid-
infrared term at finite frequency is shown. This procedure does not pro-
vide a good fit to the superconducting state.

ventional Drude form. Instead it falls more slowly with frequency than the
conventional 1/co2, roughly like 1/w1 -1 with 6,-'0.2 (for w<5000 cm-- 1). As
such, there is excess conductivity in the infrared compared with expecta-
tions based on the Drude model. How one attempts to understand the
origin of this excess conductivity is a key issue for the normal state.

Two approaches have been considered. One is to postulate that the
actual intraband part of a(w) follows the conventional Drude form, and that
any excess comes from interband transitions. With this approach the
interband transitions start at very low energy (--200+200 cm '), and the
conductivity is usually fit by a conventional Drude (intraband) term and a
additional (interband) term, which is made up of a sequence of Lorentz
oscillators. Such a fit, based on ref 23, is shown in fig 3a. This is called
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the "two component" approach, since both interband and intraband com-
ponents of a(Y,)) are proposed to be signific-.nl even at low frequency.

Historically the primary support for this two component approach has
come f'orn the observation of a local maximum ("bump") in the mid-
infrared conductivity, such as that shown in fig lb or In. The absence of
such a feature in the a-axis conductivity of untwinned ciystals and in
compounds such as Bi 2 Sr 2 CaCu2O8 - y seriously undermines the moti-
vation for this approach. For example, according to Cooper et ali(19), "the
absence of a distinguishable secondary absorption in the a-axis
conductivity of moderately-doped YBa 2 Cu 3 0 7 X places strong limitations
on the possibility of a two-component absorption in the Cu02 planes of
YBa 2 Cu 3O7 - X."

A secondary motivation for the two-component approach has been the
belief that one might describe the change in the conductivity in the
superconducting state, by collapsing the Drude term to a Dirac-6 function
at (,?=0 and leaving the second (interband) part of the conductivity
unchanged(23). This, however, does not work well for the a-axis
conductivity of YBa 2Cu 30 7 , as shown in fig 3b ;nd discussed in references
I and 2.

The possibility of defining the interband component of a(a,) as the
measured conductivity of the superconducting state has also been con-
sidered. This is intriguing, however, one then finds that the intraband
component, which must then be defined as Irin(c)-"eis(aw), would go to 0
rather abruptly at about 900 cm l. Such behavior is physically unreason-
able. which indicates that this ai 3 (fo) cannot realistically be viewed as a
distinct conductivity component. The data instead suggest that a thresh-
old develops within the dominant conductivity component at about 500
cm- 1. Indeed, the observation that below T- most or the conductivity be-
low -,-500 cm I goes into the dissipationless response at (=0 (17,24,25),
suggests that the low frequency conductivity is made up of only one
component, as we discuss in the next paragraph.

The alternative approach, which we can call the single component pic-
ture, proposes that there is a frequency in the infrared (not too low) below
which interband contributions to a-(a) are not significant. In this case the
measured conductivity provides a determination of the intrinsic form of the
intraband a(a). One then concludes that the intraband dynamics are quite
unusual, since u(a)) falls like 1/w1 - 4 rather than 1/i,) 2 (6-02) (see e.g., I
and 2). Much theoretical effort has been put into explaining this unusual
behavior, and to relating this unusual infrared phenomenology to other
measured properties(17, 26-28). Due to the absence of a distinguishable
secondary absorption in the normal state conductivity, this single compo-
nent approach is at present rather widely favored in theoretical treatments
of the infrared conductivity.

The question of where the interband contributions to the conductivity
become significant is difficult to resolve because the conductivity falls, and
then rises, smoothly and gradually. There are no obvious features, as
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seen in Cu e.g., that clearly signify the onset of interband absorption. One
thing that provides a clue is the observation that the conductivity begins
to rise above about 10,000 cm- '(2), which indicates that the conductivity
is mostly interband in this higher frequency range. The single component
approach depends on the assumption that most (i.e. --80% or more) of the
conductivity below about 1000 cm - is of intraband origin (this is the cru-
cial range for the superconducting and low energy normal state dynam-
ics). Thus for the single component approach to be valid, a crossover
from a primarily intraband to interband conductivity must occur some-
where between about 1,000 and 10,000 cm 1. Although it would be useful
to understand how and where the crossover occurs, it should be empha-
sized that such knowledge does not effect the phenomenology of the low
energy dynamics, which is rather robust with respect to the crossover
frequency as long as it is above about 1000 cm 1.

The above discussion summarizes in a brief way the development of
an understanding of the a-b plane normal state conductivity of high
Meissner fraction cuprate superconductors. It can be summarized
succinctly. Early data showed a maximum in the mid-infrared conductivity
for many samples, leading to the belief in a second conductivity compo-
nent in addition to the Drude term. More recent data from untwinned
YBa 2CU3Ox7 - and Bi2Sr 2CaCu 2O8 - y crystals show a smoothly falling
conductivity in the mid-infrared for the CuO 2 planes, in which a second
component is not readily identifiable. The assumption of a single com-
ponent conductivity for the low frequency range (a,<1000 cm 1) leads to
an unusual phenomenology for the normal state, in which the frequency
dependence of a(w) and the temperature dependence of the d.c. resistivity
are intimately related(17,26,28). Details of modelling the normal state
conductivity and the description in terms of frequency dependent scatter-
ing are discussed elsewhere(1,2,14,15,17-19).

We have discussed here the nature of the conductivity in the normal
state of compounds such as YBa 2Cu 3O7 - x, Bi 2Sr 2CaCu 2Oy8 - and
Laj.85Sr.15 CuO 4 that are good (high Meissner fraction) high Tc supercon-
ductors. An important issue not discussed here is the development of the
infrared conductivity as a function of doping near the antiferromagnetic
state. There the cuprates are close to an insulator metal transition, and
the physics of (strong) localization may be relevant to understanding the
infrared conductivity. Localization effects tend to suppress the d.c.
conductivity and produce a conductivity as a function of frequency with a
broad maximum at some characteristic frequency in the infrared, which
depends primarily on the localization length. Conductivities following this
general form are often observed in light and moderately doped materials
such as La2 -. SrxCuO4 and Y doped Bi 2Sr 2CaCu 20 8 -y. Another issue
which has not been discussed is the temperature dependence of the
conductivity in the superconducting state, which seems to reflect the de-
velopment of an energy gap-like feature with highly unusual temperature
dependence. Some references to these issues can be found in references
(1), (2) and (25).

232



Acknowledgements: The authors acknowledge valuable discussions with
P. W. Anderson, E. Abrahams, R. Bhatt, S. L. Cooper, M. V. Klein, P. A.
Lee, P. B. Littlewood, D. J. Scalapino, I. Terasaki, S. Uchida, C M Varma,

References

1. Z. Schlesinger, L. D. Rotter, R. T. Collins, F. Hollzberg, C. Feild, U.
Welp, G. W. Crabtree, J. Z. Liu, Y. Fang and K. G Vandervoort,
Physica C 185-189 57, (1991)

2. Z. Schlesinger, L. D. Rotter, R. T. Collins, F. Holtzberg, C. Feild, U.
Welp, G. W. Crabtree, J. Z. Liu, Y. Fang and K. G. Vandervoort, in
Physics of High Temperature Superconductors, series in Solid Stale
Sciences 106, Springer Verlag (1992)

3. Y. Tokura et al., Phys. Rev. B41, 11657 (1990)

4. F. Wooten, Optical Properties of Solids, (Academic Press, New York,
1972).

5. Z. Schlesinger, R. T. Collins, M. W. Shafer and E. M. Engler, Phys.
Rev.B36,5275 (1987)

6. J. Orenstein and D. 11. Rapkine, Phys. Rev. Lett. 60, 968 (1988)

7. K. Kamaras, C. D. Porter, M. G. Doss, S. L Herr, D. B. Tanner, D. A.
Bonn, J. E. Greedan, A. H. O'Reilly, C. V. Stager and T. Timusk, Phys.
Rev. Lett. 60,969 (1988).

8. S. Tajima, S. Uchida, H. Ishii, H. Takagi, S. Tanaka, U. Kawabe, H.
Hasegawa, T. Aita, and T. Ishiba, Mod. Phys. Lett. B 1, 353 (1988).

9. Z. Schlesinger, R. T. Collins, D. L. Kaiser, and F. Holtzberg, Phys. Rev.
Lett. 59, 1958 (1987);

10. G. A. Thomas, J. Orenstein, D. H. Rapkine, M. Capizzi, A. J. Millis, R.
N. Bhatt, L. F. Schneemeyer and J. V. Waszczak, Phys. Rev. Lett. 61,
1313 (1988).

11. R. T. Collins, Z. Schlesinger, F. Holtzberg, P. Chaudari. and C. Field,
Phys. Rev.B. 39, 6571 (1989).

12. J. Schutzmann, W. Ose, J. Keller, K. F. Renk, B. Roas, L. Schultz and
G. Saemann-lschenko, Europhysics Lett. 8, 679 (1989)

13. R. T. Collins, Z. Schlesinger, F. Holtzberg and C. Field, Phys. Rev.
Lett. 63, 422 (1989).

14. Z. Schlesinger, R. T. Collins, F. Holtzberg, C. Feild, G. Koren and A.
Gupta, Phys. Rev. B41, 11237 (1990)

15. J. Orenstein, G. A. Thomas, A. J. Millis, S. L. Cooper, D. H. Rapkine,
T. Timusk, L. F. Schneemeyer and J. V. Waszczak, Phys. Rev. B42,
6342 (1990)

233



16. B. Koch, H. P. Geserich and TH. Wolf, Solid State Commun.71,. 495
(1989)

17. Z. Schlesinger, R. T. Collins, F. Holtzberg, C. Feild, U. Welp, G. W.
Crabtree, Y. Fang and J. Z. Liu, Phys. Rev. Lett.65, 801 (1990)

18. L. D. Rotter, Z. Schlesinger, R. T. Collins, F. Holtzborg, C Feild, U.
Welp, G. W. Crabtree, Y. Fang, K. G. Vandervoort. S. Fleshler and J.
Z. Liu, Phys. Rev. Lett.67, 2741 (1991)

19. S. L. Cooper, A. L. Kotz, M. A. Karlow, M. V. Klein, W. C. Lee, J.
Giapintzakis, and D. M. Ginsberg, Phys. Rev. B.45, 2549 (1992)

20. K. Takenaka, Y. Imanaka, K. Tamasaku, T. [to and S. U~chida. preprinit

21. S. Uchida, T. Ido, H. Takagi, T. Arima, Y Tokura arid S. Tajirna, Phys.
Rev. B43, 7942 (1991), and S. Uchida Physica C185-189 28, (1991)

22. 1. Torasaki, S. Takebayashi, 1. Tsukada, A. Maedaz arid K. Uchinokura,
Physica C185-189 1017, (1991)

23. K. Kamaras, S. L. Herr, C. D. Porter, N Tache, D. B. Tanner, S.
Etemad, T. Venkatesan, E. Chase, A. Inam. X. D. Wu, M. S. Hegde, and
B. Dutta, a) Phys. Rev. Lett. 64, 84 (1990); b) Erratumn, ibid, 1962 (1990)

24. T. Pham, M. W. Lee, D. H. Drew, U. W~eip and Y. Fang, Phys. Rev.
8.44, 5377 (1991)

25. R. T. Collins, Z. Schlesinger, F. Holtzberg, C. Feild, U. Welp, G. W.
Crabtree, J. Z. Liu and Y. Fang, Phys. Rev. 843, 8701 (1991)

26. P. W. Anderson, in Strong Correlation and Superconductivity, edited
by H. Fukuyama, S. Maekawa and A. Malozamnoff (Springer-Verlag,
Berlin, 1989), and Kanazawa proceedings (1991)

27. M. V. Klein, in Strong Corr-elation and Superconductivity, edited by
H. Fukuyama, S. Maekawa and A. Malozamnoff (Springer-Verlag,
Berlin, 1989)

28. C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrah~ams and A.
E. Ruckenstein, Phys. Rev. Lett. 63, 1996 (1989);

234



Resonant Raman Scattering
in Bi2Sr 2CaizYzCu 2Os+6 Single Crystals

Al. Boekholt1 . G. Giintherodt1 , and V. V. Moshchalkov 2

12. Physikalisches Institut, RWTH Aachen,

Templergraben 55, W-5100 Aachen, Fed. Rep. of Germany
2 Laboratorium voor Vaste Stof-Fysika, Katholieke Universiteit Leuven,

Celesteinenlaan 200 D, B-3001 Leuven, Belgium

We report on resonance Raman scattering invwstigations of BiSrCa1  Y CuLO .

single crystals (0 ;- z . 0.85), ie. on compounds with Y -concentrations both in the

metallic (z - 0.3) and insulating (z. 0.5) regime. At the incident laser energy of

2.6 + 0.1 eV, the 463-cm-I "in-phase out-of-plane" and the 275-cin1 "out-of-phase
out-of-plane" vibrations of the oxygens situated in the CuO,-planes as well as the

Cu-vibration at 165 cm-I show a resonance. The resonance energy F is independent

of the Y-concentration z and corresponds to the charge-transfer gap A CT An addi-
tional electronic scattering intensity only in metallic samples (z ! 0.5) gives evidence

for the existence of narrow states near the Fermi energy, i.e. of the so-called
Zhang-Rice singlets.

1. Introduction

Since the discovery of the BiSr.CaCu 2 0,÷, (Bi-2212)

high-T superconductor, a large number of Raman scatter-

ing studies have been published trying to clarify the

characteristics of its phononic and electronic excitations.

Only few reports [1-4] deal with the Raman investigation

of the Bi1iSr.Ca 1 -YCuC2 0 solid solution series, which

is of special interest because of the occurence of a transi-

tion frIom an antiferromagnetic charge-transfer insulator

(Bi 2 Sr 9 Y Cu 2 0,÷,} to a strongly correlated metallic state

{Bi 2 Sr 2 CaCu2 0,-). The "metal-insulator transition"
takes place for an Y-concentration of about z ; 0.5. This

z-value separates also the regime of superconductivity

(z . 0.5) from the regime of antiferromagnetic order

(z 0.5).

In Ref. 4 we reported in detail on the growth and the

characterization of the Bi 2 Sr2Ca 1 -ZYzC U 2 08+& single

crystals investigated here.
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2 Results

Some A 9-symmetric Raman spectra of an insulating
Bi'7Sr 2Ca 0 .3 y 0. 7 c088' single crystal are shown in
Fig. 1 as a function of different laser wavelengthr A' L* Tlho

scattering configuration is defined by symbols such as
Z(X,X)Z, which means that the incident light propagates

along the Z-axis and is polarized along the X -axis, and
the scattered light is polarized along the X -axis and
propagates in the opposite direction along the -Z -axis.

The axes X,Y,Z are chosen alo-.- the axes a,b,c of the
crystallographic unit cell. The most remarkable feature
of this series is a strong, sharp resonance of the 165-cm-1

Cu-mode at XL =472.6 nrn (s L =2.62 eV). Likewise, a

weaker resonance scattering of the 463-cm- I '.in-phase
out-of-plane" vibrations of the oxygens situated in the

CuO,,-planes can be seen by comparing just the areas

SBiZSr2C aO3YO.7CU2C O+d

V) Xk164 7.9~6 nm

Z %5 AL=46572.nr

0 600 4006003
ERQEC SHF (cm)

2Z3
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z z _ _ _ _ __0 0 " * - • •0 0'I ... ....:,..
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S1.75 1.95 2.15 2.33 L.53 2.75
LASER ENERGY (eV)

Fig. 2: Relative intensity of the 16-m Cu-mode and
the "in-phase out-of-pane 463-cm463 and
""out-of-phase out-of-plane" 75-cmI vibration

of the oxygen atr'ms situated in the CuO 2
planes of a Bi 2Sr 2 C 3 y 0 7 Cu 2 0 8-- single
crystal (z = 0.7) as a function of the incident

laser energy E L. The solid lines are only a guide
to the eye.

underneath this phonon peak for different X L' The corres-

ponding B -type "out-of-phase out-of-plane" 275-cm- 1

phonon shows also a resonance in its intensity at the

For a quantitative analysis, the phonon intensities I Ph
of the different modes have to be plotted as a function of
the incident laser energy E L' As outlined in Refs 4 and 5.

only the phonons involving primarily motions of atoms

situated in the CuO2 -planes (here the Ag -type 165-cm 1

Cu-mode as well as the 275-cm 1 B7g -type and the

4 63-- cm. Ag9 -type oxygen vibrations) show Aa resonance at
= 26 ±0.1 eV. The error has been estimated as an

upper limit by taking into account the phonon intensities

at the next neighboring EL-values investigated. The other

phonon modes detected in the spectra of Fig. I show a

different IoPh UL)- behavior. Fig. 2 is thus restricted to
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the resonance curves of the phonons mentioned above,

the Raman spectra of which are given in Fig. 1. The inten-

sities plotted in Fig. 2 were normalized against the inten-

sity of the 322-cm- phonon of CaF 2 , whereby the phonon

scattering intensities at E L = 2.41 eV were set equal to 1.

The solid lines are only a guide to the eye. Both the

463-cm- 1 "in-phase out-of-plane" and the 275-cm 1

"out-of-phase out-of-plane" oxygen vibration as well as

the 165-cm- 1 Cu- mode resonate at ýL 2.62 eV. i.e. at the

same incident laser energy as the undoped

Ei 2 S r 2 CaCu 2 Qs÷, [5]. Comparing the intensities at the

resonance energy Er = 2.62 eV with those at the greenre S

laser line E L = 2.41 eV), the strong enhancement of the

Cu-mode compared to the oxygen vibrations is obvious.
In the charge-transfer insulators

Bi 2 Sr"CalzYzCU2 0÷ (z > 0.5) the first conduction band

above the Fermi energy EF is the upper Hubbard band

(UHB) of Cu. The energy difference between the hybri-

dized {Cu 3d 2 - O 2p ) valence band and the UHB of

Cu is the charge-transfer gap A CT' which is the energy

needed to transfer one hole from an oxygen atom situated

in the CuO.,-planes to a Cu-atom. The Raman scattering

intensity will be resonantly enhanced for phonons

belonging to motions of th,- copper and the oxygen atoms

situated in the CuO 2-planes if the incident laser energy

coincides with A C. Thus the aetected resonance energy

E = 2.6 eV t 0.1 eV is attributed to A CT* The excitation

of an electron from the (Cu 3d 22v2 - 0 2p } valence

band to the ULHB of Cu and its fa'. recombination are

labeled in Fig. 3 by numbers 1 an,* 2.

The resonance Raman scattering experiments have

been• carried out for different Y-concentrations in

Bi2Sr2Ca-z Y zCu 2 0,+ single crystals. The resonance

energy in the IPh (E L)-curves of the phonons shown in

Fig. 2 turned out to be the same for different z (E = 2.6

z 0.1 eV). This result is an indication for the z-independ-

ence of the charge-transfer gap.
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Fig. 3: Schematic representation of a part of a CuO-, -
plane of the Bi2,Sr 2 Ca IYzCu 2 0 8 crystals (a)

and a part of the electronic density of states (b)

(Ref. 4). The two possible recombination

channels of an electron excited to the UHB
(processes 1 and 3) correspond to the processes
2 anc {3(-4-4'1 in Fig. 3. The charge transfer

inside the CuO 2 -plane during the processes

l-2-3-3'-4-4' is outlined in Fig. 3c.

The polarized room-temperature Raman spectra as a
function of XL taken in the Big-type scattering geometry

Z(X,Y)Z on the ab-plane of a pure Bi 2Sr CaCu 2 O 8..

(z = 0) single crystal are shown in Fig. 4. As can be seen

in Fig. 4, the BI -type electronic scattering intensity,

which in "pure" %1*i-2212 is Flat f- 'f L • 514.5 nm, is

strongly enhanced when decreasing the incident laser
wavelength towards the uv-region. For )L s 488.0 nrm,

the maximum electronic scattering intensity almost
exceeds that of the Bg -phonons. Its frequency position
is for most of the wavelengths between Ah • 450 cm-1

(55 meV) and A) '-- 550 cm-1 (68 meV). This increase of the
electronic scattering intensity when decreasing X L is not

detected in the B g-type spectra of insulating

i 22Cu 2 0 8+ý crystals. The resonance energy

res determined from the phonon resonance curves
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Fig. 4: Polarized room-temperature Raman spectra of

BIg- symmetry (scattering geometry Z(X,Y)Z)
taken on the ab-plane of a Bi 2 Sr 9 CaCu 2 Oa÷8

(z = 0) single crystal for different laser wave-

lengths kL.

coincides with the onset of the enhanced B g-type elec-
tronic scattering in metallic Bi2,Sr Cal Y Cu 9 088
(z < 0.5). This correspondence is in first place due to the
condition EL - ACT for an observation of both enhanced

phonon and electronic scattering intensity (see Fig. 3b).
The interpretation of the enhanced electronic scatter-

ing in superconducting Bi 2 Sr 2 Ca-ZYZCu 2 0 (z < 0.5)

may be based on the assumption of the existence of
electron states inside the charge-transfer gap. Such
states are often modeled in terms of the Zhang-Rice (ZR)
singlets [6]. The latter correspond to the strong binding
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of a hole on a square of oxygen atoms with the hole on

the central Cu site. The spin of Cu 2 - is compensated
by the opposite spin of the oxygen hole shared among the
four nearest-neighbor oxygen atoms forming a square.
This concept is illustratesd in Fig. 3a. In metallic amples
(z < 0.5), the Fermi energy lies within the ZR singlets
(Fig. 3b). The second possible recombination channel
(labeled 3-3'-4-4' in Fig. 3) of an electron excited to the

UHB of Cu (3) involves the creation of an additional
"optically pumped" ZR singlet (3'). In this case the hole
in the 0 2p orbital is transferred into a "collective" hole,
residing simultaneously on all four oxygen atoms of a

square, before this hole recombines with the excited
electron in the UHB of Cu via the channel Cu÷O- -

Cu2 02- (4-4'1. This recombination process may occur by
destroying a ZR singlet, freezing a hole on a fixed oxygen
atom (4) and destroying this hole through its recombina-
tion with an excited electron in the Cu UHB (4'). The
charge transfer within a CuO 2 -plane during the processes
1-2-3-3'-4-4' is outlined in Fig. 3c. In insulating samples,
the increase in B g-type electronic scattering intensity
for EL > ACT is not observed This is due to the fact that
in insulating samples the second recombination process

(labeled 3-3'-4-4.' in Fig.3) is not possible because the
Fermi energy is shifted out cf these states. The width of
empty correlated states probed by Raman scattering may
roughly be estimated by the cut-off of the B1 g-type elec-
tronic scattering intensity in superconducting Bi-2212
(Fig. 4) to be about 60 - 80 meV.

When the spectral Raman shifts of

Bi2Sr2 1Cal- YCu2 0 are extended to high frequencies,
two-niagnon scattering can be observed in insulating
samples. Raman scattering failed to detect any magnons
in superconducting, metallic BiSr 2 Ca1-zY zCu2O108., The
unpolarized two-magnon Raman scattering intensity in
insulating Bi 2 Sr 2 Ca Yz Cu 2 0 is strongly enhanced
for increasing z. From its maximum, which is at about
Aý = 2800 ± 200 cm- 1 and which may correspond to 2.7+J
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in high-T superconductors (see, e.g., [H,2,7] and Refs

therein}, a value of j = 130 ± 12.5 meV can be derived for

the exchange coupling constant in antiferromagnetic

Bi2Sr 2 Ca 1_ Y Cu 2 0 0 .
The maximum of the two-magnon peak remains

constant in frequency for the different laser wavelengths

investigated (457.5 nm • XL • 514.5 nm). After taking into

account the spectral sensitivity of the spectrometer, no

significant change in the intensity of the two-magnon

scattering as a function of X L could be observed. For

example, in NiO the two-magnon scattering intensity as

a function of eL [8] was found to be non-resonant and

explained as a transition from a 0 2p valence band to a

Ni 3d conduction band. The possibility of a Raman process
involving as initial state a Ni 3d valence band was

excluded in [81: In this case the two-magnon scattering

intensity should be resonant as a function of aL because

both bands involved in the Raman process belong to

3d-bands of a magnetic ion. However, in antiferromagnetic

a-Fe 203 the observed two-magnon Raman scattering

intensity shows a resonance as a function of EL [8,91. In
this material the resonance was explained by a scattering

mechanism involving only the 3d and 4p orbitals of the

iron atom, the contributions of a transition involving the

0 2p states were stated not to be important for the

resonance. The conclusions made in [8,9] for NiO and

c-Fe2 0 can be taken over to the case of Bi-2212 investi-

gated here: In the framework of the electronic band

structure of Bi-2212, the initial electronic state in the

two-magnon Raman scattering process does hence not

involve primarily Cu 3d bands, but more likely 0 2p bands.
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Abstract. We perform quantitative estimates of the sensitivity of normal-
incidence reflectance to measurement errors and to extrapolation beyond the
range covered by measurements, which is needed to compute the Kramers-
Kronig integral. A similar analysis is made for the ellipsometric technique,
which provides both real and imaginary parts of the response functions at each
photon energy. The feasibility of determination of the components of dielectri
tensor for highly anisotropic materials is demonstrated. We discuss the mid-
and near-infrared ellipsometric data obtained on oriented films of YBa 2Cu3 07

and PrBa 2 Cu3O 7

1. Introduction

Almost all of the numerous investigations of the infrared (IR) optical response
of high-Tc superconductors (HTSC) have used normal-incidence reflectance R
[1]. However, the values of R are close tc unity, changing little with changes
of the dielectric function. Even more seriously, the complex response functions
have to be determined from a single real R spectrum using the integral Kramers-
Kronig relations; the procedure is sensitive to the accuracy of the extrapolations
beyond the range of measurements.

Two independent quantities at each photon energy can be obtained by the
ellipsometric technique, which measures changes of polarization after oblique
reflection at the sample. The spectroscopic ellipsometry (SEL) has contributed
substantially to consistent results for interband electronic structure of HTSC
[2]. An extension of the SEL measurements to the near-infrared (NIR) with
a dispersive spectrometer has revealed orientation-dependent plasma effects in
YBa 2Cu3 O 7 (3]. Efficient SEL measurements in the mid-infrared region (MIR)
became possible with an ellipsometer coupled to a Fourier-transform spectrom-
eter [4]. The spectra are taken as series of interferograms at several fixed azi-
muths of the polarizers between the spectrometer, sample, and detector, with
and without a phase-shifting retarder. The normal-state carrier dynamics of
YBa 2Cu3O 7 and PrBa 2Cu3 O 7 has already been studied using these measure-
ments [5].

Since SEL is far from being well known, this contribution aims at several
methodological points. We compare its sensitivity with the normal-incidence
reflectance, discuss the problem of optical anisotropy, and explain selected fea-
tures of the spectra of YBa 2 Cu3 O7 and PrBa2 Cu3 07 .
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2. Estimation of sensitivity

Let us assume an ideal interface between ambient and semi-infinite isotropic
sample with the complex dielectric function e - el + e2. The amplitude reflec-
tivity r = V7iexp(i0) at normal incidence is given by the Fresniel formula that
can be easily inverted:

1- • (1- r\ 2  4r
S1+--1+' r) + (1-r)2  (1)

The measured power reflectivity R has to be complemented by the phase 0 in
order to obtain c. Assuming a small error 6r of r, we can estimate the zorres-
ponding error b& of - using the linear expansion be z (de/dr)br = -4C/(1 -
r 2)6r. This error becomes very large for high magnitudes of e, since r' -4 1
for IeI - oo. To simulate the response of HTSC's, we use the classical Drude
formula

(E)= E (2)

for c at the photon energy E; here Ep is the (unscreened) plasma energy, F is the
broadening energy, the real constant c, describes the background polarizability
due to absorption at high energies. Figure 1 shows the spectral dependences
of the magnitudes of the logarithmic derivatives, d Inc/dr, computed from
Eqs. (1) and (2), which measure the ratio of the relative error 6ele to 6r.
Although the real and imaginary parts of e, be, and 5r are mixed in the plotted
quantity, it is useful for a quick orientation. We can see, e.g., that the relative
accuracy of - 10 % in e requires the errors of v/'Rsin 0 and VRi_ cos 0 to be less
than - 0.01 for E A 0.1Ep, and this requirement becomes much more stringent
with decreasing E.

Ellipsometric measurements performed at the angle of incidence V provide
the complex ratio p = rp/r, of the amplitude reflectances for the p (parallel)
and s (perpendicular) polarization with respect to the plane of incidence. The
measured quantities are usually given as two ellipsometric angles, 4 and A,
with p = tan ik exp(iA) [4]. Similarly to Eq. (1), the dielectric function can
be expressed explicitly from the Fresnel formulas for the isotropic sample, and
differentiated with respect to p in order to estimate the errors within the linea.r
expansion:

(L= p)2 2 tan2 (,t) sin2 ('o) + sin 2(!) , Tp = -( -p2 (3)

Since p - 1 for kEi , oo, the relative error of e diverges again for finite values
of bp. However, a pronounced lowering of the magnitude of the logarithmic
derivatives at a suitably chosen angle of incidence is seen in Fig. 1. With obvi-
ous extensions for the relative errors of el and E2, this analysis can be used to
choose properly the angles of iacidence. More..vcr, •evekdl indepciid•lt spectra
at different angles of incidence overdetermine the problem, and allow us to test
the internal consistency of the measured data.
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Fig. 1. Magnitude of the logarithmic derivative with respect to the amplitude
reflectivity r at normal incidence (left), and with respect to the ratio p at
oblique incidence (right); computed using the Drude formula with oo = 1.

3. Anisotropy in ellipsometric measurements

In the ellipsometric experiment on an anisotropic material, the light sees differ-
ent tensor components of the response function that have to be recovered from
the measured spectra. An approximative way to accomplish this has been found
for weakly anisotropic samples [6]. We prefer to fit numerically the measured
0 and A spectra with the exact Fresnel formulas [3, 5]; this is eventuall) the
best choice for the multiple-angle-of-incidence measurements mentioned above.
Since the performance with highly anisotropic samples is of primary impor-
tance here, we have tested the ellipsometer with the lattice bands of crystalline
quartz. Our results [7] demonstrate a complete separation of the lattice vibra-
tions along the ordinary and extraordinary directions. In fact, comparing our
spectra in MIR with the earlier work based on the reflectance [7], we observe
definite improvements due to the ellipsometric technique.

4. Results on oriented films of YBa 2Cu30 7 and PrBa2Cu3 O7

Ellipsometric angles taken on the (110) and (001) YBa2Cu3 O7 films in MIR
are shown in Fig. 2. The noise does not exceed a few degrees; it is even lower in
some parts of the spec-a, depending on the number of accumulations, spectral
resolution, angle of incidence, and the dimensions of the samples. The simulta-
neous treatment of the data at several angles of incidence resolves the a-b-plane
and c-axis components of the response functions, and confirmes the consistency
within the noise level. The real part of in-plane conductivity computed from
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Fig. 2. Spectra of the (110) film with the c axis perpendicular and parallel to
the plane of incidence (left); (001) film at two angles of incidence (right).
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Fig. 3. Real part of the in-plane conductivity obtained ellipsometrically at room
temperature (left); in-plane dielectric function of PrBa2Cu307 at 300K, and
YBa2Cu1 0 7 at 300 and 35K (right).

this data is accurate to better than 10% except for the high-wavenumber end
of the MIR range (above -• 3000 cm- I •, 0.37 eV) . The substitution of Y by Pr
reduces dramatically the low-energy conductivity and the oscillator strength is

taken over by the broad absorption band centered at - 0.3 eV. This change is
also seen as a strong upward shift of ei in NIR, as shown in Fig. 3.

The real part of c for YBa 2 Cu3 O 7 crosses zero at the photon energy of-- 1.1
eV. Since -2 is fairly small, a well defined peak arises in the energy-loss func-
tion, -Ira(lf/), near this energy. It describes longitudinal excitations in the
plasma of carriers taking part in the infrared absorption. This plasma threshold
is analogous to the -, = 0 crossings for impurity carriers in IR, or all-valence
electrons in UV, seen in the optical response of semiconductors [8]. The high-
energy tail of - is insensitive to spectral structures below the plasma energy,
since, at sufficiently high frequencies, the carriers do not feel weak bonds. It
depends merely on co and the total oscillator strength, F = 47rNc 2 /rn*; here
m* and N are carrier effective mass and concentration, respectively. Both co
and F can be determined reliably from the ellipsometric spectra. The NIR
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data for YBa 2Cu3 O 7 were fitted with a single Drude term [3, 5], which is
the high-energy limit of any sum of Lorentzian lineshapes. We have obtained
C'o = (4.34 ± 0.07) and F = (7.07 ± 0.14) eV 2 . The concentration of carriers
responsible for the IR response of (5.1 ± 0.1) x 1021 cm- 3 (or 0.89 ± 0.02 el-
emental charges per primitive cell) results from the spectral weight, assuming
the free electron effective mass, m* = m,.
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Change of Electronic Structures
with Varying Lattice Distortion and Metal Valence
in Titanium and Vanadium Oxides
Y. Tokura and Y. Tagnwhi

Department of Physics, University of Tokyo, Tokyo 113, Japan

Abstract Filling-dependent electronic structures in titanium and vanadium oxides
with perovskite-like structures have been investigated by measurements of optical
conductivity spectra as well as by characterization of transport and magnetic
properties. With use of orthorhombically distorted solid solutions , (R,A)T'iO3 and
(R,A)VO3 (R = rare earth and A = alkaline earth ions), a crossover behavior of
the electronic states from the Mott insulator to Pauli metal has been unraveled as
a function of the fillingness. The role of the electron correlation in the metal-
insulator transitions manifests itself in filling-dependent enhancement of effective
electron mass and in doping-induced ingap states.

1. Introduction

Unprecedently extensive studies on cuprate superconductors have revealed a
number of important features in strongly correlated electron systems, in particular
drastic changes in nature of electronic states with carrier-doping. With increasing
or decreasing the formal valancr; cf Cu, a transitional behavior has been observed
in common to layered cuprate compounds from an anti-ferromagnetic insulator
with localized d holes on CG.-sites to a normal metal through a high-T,
superconductor (or an unconventional metal above Tj). Here we present some
results of recent experimental invesibgationsi1-31 on changes of electronic structures
in light transition metal (Ti and V) oxides with varying the formal valence of
metal (or number of 3d electrons). The Ti3+ (3d') and V3' (3d 2) oxides are mostly
Mott insulating or otherwise barely metallic on the verge of the Mott-Hubbard
transition. With change of the fillingness (or effective metal valence), the
compounds undergo the phase change to good metals accompanying a critical
change of electronic structures due to the filling-dependent effect of the electron
correlation. According to Zaanen-Sawatzky-Allen scheme[4], the Ti- or V-based
oxides with localized 3d electrons are the Mott insulators (in a narrow sense) in
contrast to the fact that the undoped cuprate compounds are the charge-transfer
insulators. In this sense, the investigations on the Ti- and V- based oxide
compounds may bring about complementary information to that for high-T,
cuprate.

Control of the fillingness of the 3d bands can be done for solid solution systems,
(R,A)MO3 , with perovskite-like structure[l,5,6,7]. Here R and A are trivalent rare
earth and divalent alkaline earth ions, respectively, and M is Ti or V. The solid
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solution can be formed for arbitrary ratio of R/A cations and the number of 3d

electron per metal site can be scanned from 0 to 1 for (R,A)TiO. and from 1 to 2
for (R,A)VO 3. The crystalline lattice of these oxides often shows the orthorhombic

distortion (of GdFeO, type) associated with alternating tilting of MO. octahedra.

The tilting angle is sensitive to the ionic radii of the R/A ions or equivalently to
the tolerance factor. Deviation of the M-O-M bond angle from 180' causes a
reduction in one-electron band width (W) of the 3d state, since the hopping
interaction of d electron is governed by supertransfer interaction via oxygen site.
For example, LaTiO 3 with the bond angle of ca. 1570 [8] is barely metallic around

room temperature, whereas YTiO3 (ca. 1400 [8]) is obviously a M7tt insulator
associated with a fairly large charge gap ( ) 0.5eV).

2. Metal-insulator phase boundary in titanium oxides with perovskite-like

structures

To obtain a perspective on electron correlation effect and resultant electron

localization in TiV+(3d')-based oxides, the electronic and magnetic phase diagram

for RTiO. system (R=rare earth ion) is shown in Fig.1, which is based mostly on
pioneering works by Greedan and his coworkers [8-11]. We have plotted the critical
temperatures for the antiferromagnetic (AF) and ferromagnetic (F) phase
transitions in various RTiO3 compounds which are arranged according to their

tolerance factors (or ionic radii of R's). ( To be precise, the AF phase is weakly

ferromagnetic due to canting of ordered spins.) The abscissa represents, as

mentioned above, the magnitude of effective correlation strength or U/W. Mott

2 0 0 f I I I i T I I

RTiO i M

La
Ce*

Pr /, 0 O0 Ill

rEHoE Er°

Tm Oy

50 T.bAF
0 b m L yL

F

Nd

0. 86 0. 88 0, 0 0. 92 0. 94

Tolerance factor

Fig.1 Electronic and magnetic phase diagram in slightly hole-doped (a few %)
RTiO3 with distorted perovskite-like (GdFeO 3 type) structures.
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Fig.2 Fillingness dependence of magnetic susceptibilities in the metalli, phase of
La1 1,Sr.TiO3 and Y .,Ca.TiO . Hatched vertical bars around x=0 and x=0.3
represent the insulator-metal phase boundaries for La,.Sr1 TiO3 and Y -,Ca.TiOs,

respectively. A solid line represents the x-dependence of density of states at Fermi
level expected for the hypothetical parabolic (free electron-like) band.

insulator(I)-metal(M) phase boundary is likely to position around the critical
tolerance factor for R=Nd compound, which appears to coincide approxima.•ely
with the F-AF magnetic phase boundary at low temperature.

Concerning the high temperatuie metallic region on the right side of the phase
diagram (Fig.1), however, some -omments are needed: Transport properties in

LaTiO3 (and perhaps also in CeT 03 and PrTiO3 ) are extremely sensitive to small
nonstoichiometry of R ions and/or oxygens [12,131. It has been reported [121 that
better stoichiometric LaTiO3 should show semiconducting behavior even up to room
temperature, yet very slight deviation of the Ti?+ valence, e.g. +3.02-3.05, causes
the metallic behavior at high temperatures above TN. The exactly one electron-
occupied case per Ti site for such a nearly simple cubic lattice may have a subtle
problem concerning the correlation-induced charge gap and also be amenable to

correlation-enhanced electronic instabilities. Therefore, the M-1 phase diagram
shown in Fig.1 should be interpreted as the one for slightly (a few %) hole-doped

RTiO 3 systems. By contrast, the insulating compounds (on the left-hand side in
Fig.1) associated with the ferromagnetic phase is definitely accompanied by the

Mott-Hubbard gap and not too sensitive to the stoichiometry.

Doping-irduced changes of electronic states have been investigated for two
prototypical RTiO3 compounds; LaTiO 3 with relatively weak correlation[1,2] and
YTiO. with Mott-Hubbard gap [14] (see Fig.1). Carrier-doping or control of the

fillingness was made by partial substitution of R sites with alkaline earth ions; i.e.
La Sr TiO3 and Y .Ca.TiO3 . We show in Fig.2 the insulator-metal phase

boundary (hatched vertical bars) and variations of the nearly temperature-
independent magnetic susceptibility in the metallic region f14]. The insulator-metal
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phase boundary closely sticks to the end (x=O) for La,.*Sr.TiO , but is observed
around x=0.3 for Yl ,Ca TiO3. The Pauli paramagnetic susceptibility is observed to
be critically enhanced on approaching the metal-insulator phase boundary from the
metallic side. The increase of the magnetic susceptibility near the phase boundary
may be ascribed to either the enhancement of density of states (or effective
electron mass) at Fermi level or change of Stoner enhancement factor. Concerning

the case of La .,Sr.TiO., the fillingness dependence of specific heat density of states
shows quite a parallel behavior with that of the magnetic susceptibility 121. In
accord with these observations, a similarly critical enhancement of carrier mass
and its strong wo-dependence have been proved by (extended) Drude analysis of the
optical conductivity spectra in La1 .,Sr.TiO• [1].

3. Optical spectra in La1 ,Sr.TiO. and Y,..Ca TiO.

Electronic structures in the highly electron-correlated Ti3+- and V3 +-based oxides
have been spectroscopically investigated with varying electron filliagness (or
carrier-doping). Optical conductivity spectra are shown in Fig.3 and Fig.4 for
La,1 Sr.TiO3 [1] and YI..Ca2 VO, (31, respectively. As mentioned above (Fig.2), the
former system shows a metallic behavior except for the composition region very
close to x=O or x=l, whereas the latter vanadium oxide system with a similar
GdFeO3 -type structure undergoes a doping-induced Mott insulator-to-metal

transition at the hole-doping level around x=0.5. The electronic structures as

La, Sr. TiO ,

E

UX

0
x = 0. 9

X 0. 0

X 0. 5o x = 0.5•-"

0
,.) x = 0. r-

S4 000 G- 0
S~~= 0. 1 _

2=0.

2 4 6 Fig.3 Spectra of optical conductivity
Photon energy (eV) in La,.,Sr.TiO3 at room temperature.
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probed by the optical conductivity spectra show a notable change not only upon
the insulator-metal transition but also in the readily metallic region.

Spectra of the optical conductivity in La,1*Sr 1TiO3 (Fig.3) can be divided into

two regions; infrared responses of charge-carriers below leV and charge-transfer
type (0 2p to Ti 3d) interband transitions above 3eV. The absorption edge for the

O 2p to Ti 3d transitions is clearly seen around 3.2 eV in the x=1 compound
(SrTiO3 ) with the empty 3d band and is observed to shift to ca.4.2 eV in the x=0

(LaTiO.). Such an energy shift can be attributed to partial filling of the 3d band
with decreasing x. On the other hand, the change of tLe infrared spectra is not
monotonous with x. First, the infrared spectral weight in (barely) metallic LaTiO3

(x=O) appears to be much suppressed and rather resemble that of the closed-shell

insulator SrTiO3(x= 1). This indicates that LaTiO 3 is on the verge of the Mott
insulator [1,131. The spectral weight is increased with hole-doping procedu;- (or

more correctly with decreasing the fillingness, l-x, of the d-band). It reaches the
maximum around x=0.5, and then decreases with further increasing x toward the

end SrTiO3.
Integrated spectral weight in the infrared region ((1eV) stands for the effective

number of electrons (Neff) which are relevant to low energy optical transitions. In

terms of the Drude model, N,,, is equal to the ratio of the number density to

effective mass of free carriers, i.e. N/(m*/m 0 ). The variation of spectral weight can
be explained by x-dependent changes of N and m6. On the basis of the one-electron

band model, the carrier density N is equalized to the fillingness, 1-x. Therefore, the
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decrease of the spectral weight with decreasing x below x=0.5 can be interpreted as
a correlation-induced enhancement of m" which overwhelms an apparent increase

of Ni1]. The behavior is consistent with the critical enhancement of density of
,tt.tes at Fermi level in approaching the x-O (LaTiO•) compound, as probed by

measurements of specific heat and magnetic susceptibility (see Fig.2).
Some qualitative differences are seen in filling-dependent change of optical

conductivity spectra for La1 . SrTiO3 (Fig.3) and Y,. Ca1 VO3 (Fig.4). In a typical
Mott insulator YVO3 (x=0) with 3d2 configuration, the optical conductivity

spectrum (shown in the bottom part of Fig.4) shows a threshold-like rise at 1.0-1.5
eV, apart from the optical phonon activity. The threshold photon energy is

considered to correspond to the Mott-Hubbard gap. Further two absorption onset
structures are observed below 7eV in YVO 3; around 4.3eV and around 5.6eV as

indicated by upward arrows in Fig.4. These two absorption edges have been
assigned to the charge-transfer type transitions from the 0 2p valence states to the
t 2,-and eg-like V 3d states, respectively. The unoccupied t2,-like state corresponds to

the upper Hubbard band in this Mott insulator system.

The hole-doping procedure causes an appreciable change in the interband
transition region. For the x=0.2 compound which still remains semiconducting or
insulating, an additional transition is observed around 3.8 eV (indicated by a

downward arrow in Fig.4) just below the interband (0 2p to upper Hubbard band)

transition edge (indicated by a upward arrow). The new band grows with further

hole-doping. Typically in the metallic CaVO3 (x=l) sample, the optical conductivity
shows the onsets at 3.0 eV and 4.5eV (or the peaks around 3.5eV and 5.0eV), which

can be likewise assigned to the charge-transfer bands from the 0 2p valence states

to the t2g- and e.-like V 3d states, respectively. Obviously, these transitions are

shifted to lower energy by about 1.5 eV, as compared with the corresponding

transitions in YVO3.
One of the important features observed in intermediately hole-doped samples

(e.g. x=0.2 and 0.4) is that the two distinct lower-lying CT excitations are

discernible, as indicated by downward and upward arrows in the spectra of X=0.2
and 0.4 samples (Fig.3). Since the initial state for the transitions is common, i.e. the
topmost 0 2p state, the observed optical conductivity spectra represent the double-
stepped feature of the density of states for the unoccupied 3d (t2.- like) states. In

other words, the doping-iniaced new 3d states are formed near the Fermi level,
which seems to coexist with the original upper Hubbard band. The upper Hubbard
band as probed by the CT excitation spectra appears to collapse around x=0.5
where the insulator-metal transition takes place in Y -,Ca2 VO, system.

Such an ingap state is likely to be responsible also for the mid-infrared

absorption band in the intermediately hole-doped compounds as typically seen for
the x=0.2-0.6 samples. In the low-energy region where only the 3d bands are
responsible for the transitions, a conspicuous change of the spectra is observed
from the gap-like feature in YVO3 to the Drude-like one in CaVO . With hole-

doping the spectral weight below 1.5eV is critically increased. The onset of the
optical conductivity is shifted to lower energy with x, showing a maximum in the
mid-infrared region for the x=0.2-0.6 samples. With further increasing x, such a

254



mid-infrared absorption tends to merge into the Drude-like absorption as typically
seen for the x=l (CaVO3 ) spectrum.

The observed transitional behavior in the infrared region upon the insulator-

metal transition for Y11XCa.VO3  resembles those observed in cuprate

superconductors, for example in La 2.ZSr.CuO 4 [151 and Pr2.,Ce CUO 4 1161. Similarly
to the present case, the layered cuprate compounds shows the mid-infrared

absorption at the relatively low doping levels, the maximum of which shifts to
lower energy and finally merges into the Drude-like absorption. Such a transitional

behavior has been attributed to reshuffle of electronic structures and formation of

the ingap states within the original charge-transfer gap upon carrier-doping. In
layered cuprate compounds, the spectral weight for the ingap absorption is
transferred from the charge-transfer excitation between the 0 2p a- and Cu 3d-like

(upper Hubbard) bands. In the case of Y .,Ca.VO,, however, the infrared spectral
weight in the hole doped samples appears not to come from the intensity of the

optical transitions between the original Hubbard bands, but rather to borrow the
intensity from the higher-lying transitions. This is perhaps because the energy
positions of 0 2p states relative to the V 3d band become closer with increasing x
and hence the compounds show stronger hybridization between 2p and 3d orbitals

in the higher-x samples.

We are grateful to Y.Fujishima, T.Arima, M.Kasuya, H.Eisaki, S.Uchida,

A.Fujimori, Y.Iye and K.Kumagai for their collaboration throughout the present

work.
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Tests for Nonreciprocal Optical Effects

in High-Temperature Superconductors

A. Kapitulnik

Department of Applied Physics, Stanford University,
Stanford, CA 94305, USA

The existance of spontanous polar Kerr effect and Faraday effect in High-Tc films and crystals

was tested using a Sagnac interferometer. Observation of these effects would be a strong
evidence that the superconductivity in the cuprates is described by a theory that predicts broken

time-reversal symmetry. No evidense of either polar Kerr rotation or Faraday effects were found

when the data was analyzed for both a spatially fluctuating component (anticipating domains) and
an absolute offset. The measurements were done with averaged sensitivity of less than 3g.trad.

I. Introduction

It was proposed that superconductivity in the cuprates arises from a new type of ground
state that spontanously [1,2]. This theory is based on the concept that in two spatial dimensions,

one can obtain not only quantum ideal Bose and Fermi gases, but also quantum ideal gases of
new types of particles that interpolate between those two extremes, hence obeying fractional

statistics. Those particles are known generically as anyons. It was first pointed out by Laughlin

and co-workers [3-5] that these gases form superfluids, and become superconductors if the
anyons are electrically charged. Thus, similar to a magnetic material, an anyon superconductor
will exhibit a spontaneous Hall effect and magneto-optical effects. Polarized light that go through

such a sample will exhibit a non-reciprocal rotation of polarization equivalent to the Faraday
effect (we denote the measured effect in this mode EF). Similarly, in reflection, one expects to

see an effect resembling the polar Kerr effect (we denote the measured effect in this mode eK).

Several attempts have been made to observe these effects in the high-Tc cuprate

superconductors. Experimental results to date have been contradictory. While we have reported

some null results in transmission on YBCO [6] and BSCCO [71, K. B. Lyons et al. [81 at
AT&T and H. J. Weber [91 at Dortmund have reported positive results in reflection and

transmission on similar samples. Even the two positive results differ so much as to be

irreconcilable. In the present paper we will avoid the analysis of other experiments and rather

concentrate on the explanation of our own results. However, we emphasize that in most part the

motivation for our recent experiments in reflection [ 10] was to resolve the discrepancies in the
results of the various groups. The approach thus was to better duplicate the conditions in the

experiments that yield positive re., 'Its (e.g. wavelength, laser spot size etc.), while still retaining

the fundamental advantages of our method of measurement over the other reported results.
The rotation of linearly polarized light that is called the Kerr effect, happens because the

left- and right- circular components (RCP and LCP) acquire a difference in phase A0 upon
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reflection. In general, there will be a difference in the magnitude of the reflected components as

well, resulting in an elliptically polarized beam. At the sample surface, RCP and LCP are

equivalent except that the electric field vectors have opposite time dependencc. Because the

sample is not T preserving, it is possible for these two components to be treated differently, and

hence produce an observable optical effect. However, detecting the Kerr effect by analyzing the

polarization state is made difficult by birefringence and linear dichroism in the sample. Although

these phenomena are T-preserving, they can, nevertheless, affect the polarization state of the

light, because they couple from RCP to LCP and vice-versa. We have used a method in which
Aý is measured directly. Two beams are incident on the sample, one RCP and one LCP, and the

difference in phase shift they acquire is measured by a Sagnac interferometcr. Birefringence and

dichroism couple some light into the other (circular) polarization state, but this component is later

blocked by a polarizer.

II. Experiment

To search for broken T symmetry we have used a fiber optic Sagnac interferometer as
described in Refs. [6,7,101. It is however important to understand the basic ingredients of this

method to appreciate the final result. In brief, light from a 670 nm laser diode (or in other cases

from a 1060 nm source) is launched into polarization maintaining single mode optical fiber. After

the light has passed through a polarizer it is purely single mode, both spatially and in

polarization. The light is then split into two beams by a loop coupler. These two beams propagate
in opposite directions around the loop, which contains a phase modulator, the sample, and 20 m

(or -1 km for the 1060 source) of polarization maintaining fiber. If the loop is a reciprocal path,
meaning its optical length does not depend upon the direction of propagation, then the two beams
will return to loop coupler precisely in phase and the maximum possible intensity will return

througn the polarizer and eventually to the detector. If the loop is nonreciprocal, then the intensity
will reduce to l+cos(Ao) of the maximum. The system is actively biased with a phase modulator,

to enable measurements of very small A0. The drift of the system is approximately 5 grad. Note

that because of the two propagating beams, we have AO= 2 OF in the case of transmission, and

AO=2EK in reflection. A bulk optics portion is then inserted into the loop to provide the selection

of one of the eigenmodes of polarization, i.e. right or left circularly polarized light, that will pass

through (or reflected from) the sample. The I/e2 beam diameter was measured to be 15 - 18 l.Lm.

The immunity of this system to spurious signals as well as its high degree of rejection of

reciprocal effects are discussed in our other publications [6,7,10].

The spatial filtering provided by the single-mode fiber requires that the sample, like the

other components, be aligned precisely, both in angle and focus. Thermal expansion and other

disturbances make this alignment difficult to maintain, especially if the sample holder is fixed to

the cold finger. In the case of BSCCO crystals, which have rippled surfaces, this difficulty

renders the experiment virtually impossible. To overcome thi'. problem, the sample rotation and

translation have been decoupled from each other and from the motion of the cold finger.
The sample holder is mounted mechanically via a thin wall stainless steel tube to a pair of

goniometers outside the cryostat vacuum. These provide two rotation axes in the plane of the

sample. The goniometers attach to the vacuum shroud with a flexible bellows. The sample holder
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is thermally grounded to the cold head with a flexible bundle of copper strands. This

configuration allows the sample to be translated and tilted with five nearly decoupled degrees of

freedom, while being isolated from the motion in the cryostat pump line and transfer tube.

Samples were mounted with thermal grease to the sample holder. A Pt thin film thermometer

mounted on the sample holder read within 15 Kelvin of the cold finger temperature. The Laser

power used was 60paW.
Several BSCCO single crystals were studied, as well as YBCO films. The BSCCO

crystals were grown from a near stoichiometric melt in a strong thermal gradient using a

magnesia crucible. Details of the crystal growth method are reported elsewhere [tI 1.
Magnetometry on similar samples from the same melt indicated a superconducting transition at Tc

= 85 K. For transmission experiments, samples were cleaved to thicknesses between 600 A and
2000 A. The YBCO films were grown by single target off-axis sputtering 12]. The films

thicknesses were between 50 A and 800 A, and had transition temperatures of -85 K,

measured by four-point resistivity and by ac susceptibility.

Samples were placed in the Sagnac loop as described and cooled to temperatures as low

as 11 K in the transmission measurements and down to 40 K in the reflection experiments. At
each temperature, the beam was moved to various points on the sample surface and the
nonreciprocal signal Ap was measured. A variance in the values of AO would indicate a random

domain structure exists, whereas a constant offset would indicate a single handedness of the
anyon state over the sample surface. Neither of these was seen to within the sensitivity of our

apparatus. The upper limit on offset is set by the drift in the apparatus, 5 gtrad. The variance

measurements can be performed on a much shorter time scale than that of the drift. We have
placed an upper limit on the variance at •F < ll.trad in transmission and at •O,< 3g.rad in

reflection.

The apparatus was tested in several ways in both, transmission and reflection
configurations. To check for rejection of reciprocal effects, linearly birefringent materials as well
as optically active solution of sugar were used. No signal was observed down to the sensitivity

of the apparatus. In fact, the rejection of reciprocal effects is several orders of magnitude better

than our sensitivity. Non-reciprocal effects were observed when magnetic materials were

studied. In transmission, we have used submonolayers of EuO (Curie temperature of-70 K) to

test the response of the system as well as its sensitivity. We have also used thin films of gd in

both transmission and reflection. The ferromagnetic transition of Gd was clearly measured even
in reflection with tilting fields as small as 70 Oe (this field which is only 3.5% of the saturation

field produced a maximum signal of -50p.irad, or a Kerr angle of -25jgrad).

MI. Results

Fig. I shows the row uata from a typical measurement on IOOOA thin Bi2Sr2CaCu 2O8

single crystal. As for all other cases, no signal was detected. Thus, it is important to carefully

discuss this result in view of possible intrinsic difficulties that may reduce the signal.

Since the domains of broken T are presumably smaller than the spot size, the spatial

resolving power of the apparatus is an important quantity to consider. Since the spot is an image

of the optical mode propagating in the fiber, its profile is nearly gaussian. The l/e 2 radius, w, is
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Fig. 1. Typical data for reflection from high quality Bi2Sr2CaCu2O8 single crystal at a
temperature of 70 K. Between t=-Irnin and t=lmin the figure shows time trace of the phase shift
reading from the sample, At time t=Imin, a calibration signal using Terbiumborosilicate was
switched on as a reference.

9tm, measured with a knife edge. The spatial frequency response of the system falls to li/e at a
frequency of fc=l/(2w), and decreases as exp[-(2wfc) 2]. Therefore, a domain pattern containing

only frequencies above fc, for example, a structure periodic in the plane of the sample with a
frequency f>fc, would produce little or no fluctuation as the beam is scanned. However, it is
unlikely that the anionic domains would order periodically. One would expect the geometry of
the domains to be strongly constrained to grain boundaries and other types of disorder prevalent
in these materials. Each domain will "choose" the sign of its chirality randomly. The resulting
random patchwork would have no lower cutoff in spatial frequency and the signal will scale as

(diw) with d being the averaged domain size.

Assuming no periodic ordering of the domains, we have found the following:

1) No effect in transmission for a laser wavelength of 1060 nm to an accuracy of OF-l Wrad in

YBaCuO films of thicknesses 50, 200, 500, and 800 A and BiSrCaCuO cleaved crystal of
thickness 1000 A. In these experiments the temperature was varied from room temperature
down to 11 K and a magnetic field of 100 G was applied in some of the experiments in either
field cooled or zero field cooled schedules.
2) No effect in transmission for a laser wavelength of 670 nm to an accuracy of BF<_5 Prad in

BiSrCaCuO cleaved single crystals of thicknesses 600, 1000, and 1500 A. The temperature was
varied from room temperature down to 20 K and a magnetic field of 200 G was applied in some

of the experiments in either field cooled or zero field cooled bchedules.
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3) No effect in transmission for a laser wavelength of 1060 nm to an accuracy of eF.I lirad in

BiSrCaCuO cleaved crystal with a simultaneous exposure to a 633 nm radiation (photo-induced
experiment), with and without magnetic field and with the temperature varied between room
temperature and 20 K.
4) No effect in reflection for a laser wavelength of 670 nm to an accuracy of eKS2 gtrad in
YBaCuO films of thicknesses 500, 800 and 2000A and BiSrCaCuO crystals. The temperature
was varied from room temperature down to 40 K and a magnetic field of 200 G was applied in
some of the experiments in either field cooled or zero field cooled schedules. Some of the films
used were identical to those used in the transmission experiments.

IV. Discussion

Our results put a very stringent bound on the existence of anyons in high-temperature
superconductors.In fact, with the assumption of a single domain, we conclude that the rotation

per Cu-O plane is no more than 2prad. Of course, we realize that other complications and in
particular the existence of very small domains may reduce the signal substantially. Our result is
also in excellent agreement with the muon spin relaxation measurements [13] where a bound of
0.8 G was put to the internal magnetic field due to the disturbance of the muon, a number which
is much smaller than any estimate that was done so far.

We realize however that there is still some discrepancies among the optical experiments.

It is clear that all three experiments [6-101 do not agree with each other. First, the experiment of
Weber et al. on BSCCO crystals is directly compared to the results presented here in both type of
experiments (i.e. transmission and reflection) and wavelength. The observed position
independent 5000prad of rotation by Weber et al., which imply a single domain of chirality, will

agree with our results only if the domain size in our sample is d - (5/5000)-15g.m - 150A. With
the assumption that both experiments used high quality single crystals, it is hard to reconcile the
5 orders of magnitude difference in domain size between the samples used in this study and those
used by Weber et al. Moreover, we would expect the results of Weber et al. in reflection from
YBaCuO untwinned crystals to be directly compared to our results on YBaCuO films. In this
case, Weber et al.'s result imply a domain size in the Stanford experiment of -10A. This length
is much smaller than the typical crystallite size or twinning domains in the films.

The second point is the comparison between the reflection and transmission experiments.
In a magneto-optic medium where the real and imaginary part of the indices of refraction are of
the same order, all magneto-optic effects measured in terms of specific rotation (i.e. rotation per
unit length) are of same order. This is easy to see if we write:

A=fj (n,k)axy+f2(n,k)(Y:y

where A can either be the Faraday angle SF, or the specific rotation associated with reflection

E]K/8, where the optical penetration depth 5 or it can be the magnetic circular dichroism.

(Txy and (;,y are the real and imaginary parts of the off-diagonal term of the conductivity tensor

which is the part that contains all the information about the magnetic state (or anyon state) [141.
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The functions fI and f2 depend on the optical properties of the material with the magnetic (anyon)

contribution switched off. For all high Tc, n and k have been measured and therefore f1 and f2

are known for all three cases. It is thus found that all magneto-optic quantities mix n and k in a

similar way. Thus, just based on this argument we expect transmission and reflection

measurements to give a similar order of specific rotation. We therefore expect the reflectivity

measurements of Lyons et al. to also agree with our measurements in both transmission and

reflection modes. The results of Lyons et al. and Weber et al. dissagree even btween each other

in this respect because the beam size of Lyons et al. was very similar to ours. It is also important

to note that those other two experiments show a completely different temperature dependence of

the positive effect that they measure.

The possibility of observing a finite effect in reflection but no effect in transmission was

considered by Dzyalushinskii [ 151. He argues that if the layers order with alternating chirality

(i.e. antiferromagnetic ordering) such that pairs of layers exist within each crystallographic unit

cell (i.e. the AFM wavelength does not coincide with the lattice periodicity), no effect will be

observed in a transmission experiment but in reflection a small effect, of size of one layer will

appear. It is clear at this stage that since we present measurements in both transmission and

reflection modes with no signal observed that this hypothesis is falsified. An important point

should be added about the symmetry argument. Such an argument that predicts no effect in

transmission is valid for an infinite system. For a system with a finite thickness, as are all our

samples, and in particular if the samples have rough and irregular surfaces, a single layer effect

may be observed despite the global symmetry argument.

In conclusion, we reported in this paper results that show no T breaking effects in either
the rreal or the imaginary parts of the index of refraction. This finding in itself does not disprove

the role of anyons in the materials investigated, however, it shows that if anyons do exist in high

temperature superconductors, they exhibit much weaker optical effects in visible wavelengths
than were previously deduced fromn measurements which did not benefit from the advantages of

the Sagnac interferometer. We thus give a bound to the anyon theory of specific rotation of no

more than 2B1rad per Cu-O plane.
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Abstract. In the anyon and flux phase models of high temperature
superconductivity, the time reversal symmetry is spontaneously
broken. We survey recent experiments, mainly optical, searching
for the symmetry violation, and critically discuss attempts to
reconcile the contradicting optical data.

Introduction

Attempts to understand the mechanism of high temperature
superconductivity have lead to a lot of suggestions. The most
exotic among them is the idea of anyon superconductivity put
forward by Kalmeyer and Laughlin (13 (for a review see [2]).
The idea exploits the fact that the charge carriers in the
cuprates are confined to copper-oxygen planes and, in good
approximation, may be considered as two dimensional(2D). As it
has first been demonstrated by Laughlin in the theory of the
quantum Hall effect, charge excitations in a strongly correlated
2D Fermi system do not need to be fermions: they may have
fractional statistics - to be anyons. When two identical anyons
are interchanged (in a counter-clockwise manner), their wave
function acquires a phase factor exp(io), and the "statistical
angle" 0, 05a -. r•, characterizes the actual statistics of
the excitations which lies between bosonic (a = 0) and
fermionic (a = 11). The intermediate statistics is a result of
specific spin correlations (in a chiral spin liquid [12) and the
anyon hypothesis represents itself an elegant way to describe
the interaction between the charge and spin degrees of
freedom. The anyon description of strong correlations is
closely related, if not equivalent, to the theory of flux phases
in the 2D Hubbard model £3]. There exist rather convincing
theoretical arguments in favor of a superconducting ground state
of a system of free anyons [1,22. The superconductivity would
be of electronic origin, and the critical temperature is
believed to be high enough for present and future needs.

The anyon as well as the flux phase models, implicitly assume
that the time reversal MT) and 2D reflection symmetry (P) are
broken in the ground state: Under the T-transformation, when
the wave function is changed to its complex conjugate, the
statistical parameter defined via the phase factor exp(io),
changes its sign, To = -6. An unambiguous definition of the
above "counter-clockwise manner" can be made only if one
specifies the direction of the normal to the 2D plane, n, which
"looks to the eye". Under P (mirror reflection in the plane i
to the 2D plane), the counter- and clockwise paths replace each
other, so that n is reversed, Pn = -n.

The special symmetry properties of a 2D system of identical
particles with intermediate statistics can be characterized by a
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"statistical vector" s = n sine : the vector is odd relative to
the T and P transformations and is even relative to the combined
PT. Being P- odd, s is a 3D pseudovector. From the point of
view of symmetry, the anyon (or flux phase) state is identical
to a (Ising) fer:omagnet - in the both cases the state is
characterized by a T-odd pseudovector, s or the spin vector.
Therefore, one may expect all the effects allowed by symmetry in
magnets to exist in an anyon system. Depending on the
distribution of the sign of s over adjacent copper-oxygen layers
- alternating or uniform - the anyon system would be closer to
an anti- or a ferromagnet. Macroscopic consequences of the
broken symmetry have been analyzed by Halperin et al. [4).

The purpose of the paper is to discuss recent experiments
motivated by the flux phase/anyon hypothesis and searching for
manifestations of broken time reversal symmetry in high
temperature superconductors. Most attention will be paid to
the contradictory picture emerging from the optical data.

Experiment

All the experiments are based on the above argument that s is
equivalent by symmetry to the spin in a magnet. As in a magnet,
one may expect an internal magnetic field, h = 4nis , generated
by the magnetization Ts. The in-plane components of the
dielectric tensor are expected to be asymmetric,

2 A E - Cyx = A (h eff) , h = h + B5 , (1)

so that spontaneous Faraday and dc Hall effects are allowed.
The magneto- optical coefficients of the material would
determ-rie A, whereas the material constants 7 and B must be
provided by a microscopic anyon theory. At present, the theory
[2, 4, 5] is unable to give definite quantitative predictions.

Direct measurements of magnetic fields by the muon spin
rotation technique have been performed by Kiefl et al. 6)]. The
technique provides a local probe and would be sensitive in case
of arbitrary distribution of h over layers. The samples were
sintered powder of 123-compound (Tc= 90 K) and films of 2212
(Tc= 85 K). To check the possible role of screening of h by the
Meissner currents, a 123-sample with very fine grains was also
studied. Given experimental uncertainties, no anomalies were
observed. The upper level for the magnetic field is evaluated
as 0.8 G, much less then a theoretical estimate, 15 G (4].

Local magnetic fields have also been probed by Aronov and
Masterov (7). They use a disordered network of Josephson
junctions formed by grown-in 2212 and 2223 phases. The system
being placed in a very weak external magnetic field is known to
show strong generation of even RF-harmonics. Were the local
fields finite, they would influence individual Josephson
junctions and lead to the even RF-harmonics generation in zero
external field. The method is believed to be sensitive to the
field varying on a (submicron) scale of the typical size of a
junction. The zero field measurements above 77 K give a null
result. Measured in units of the external magnetic field, the
T-symmetry violation is found to be below 0.001 G.

Gijs et al. [8) have checked the Onsager symmetry in the
resistivity tensor of 123-films. In case of uniform distri-
bution of s , the macroscopic zero field Hall is expected, and
it would violate the symmetry. Within the experimental resolu-
tion of few parts in 10000, no clear evidence for the violation
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is seen. Another test sensitive in case of uniform s, asynu:metry
of the magnetoresistancc in the conditions of the Little-Parks
effect, has also given a negative result i9).

Optical data

The first positive result has been reported by Lyons et al. [10]
who made ellipsometric measurements of reflection of light (k=
514 rm) by the 123 and 2212 crystals and films. Circular
dichroism (CD) was observed, i.e. an effect predicted by theory
[11. and signifying the asymmetry in c Eq. ,I). With the zero
average, the CD-signal fluctuated when the 2 0A beam spot scanned
the surface. Depending on the sample, the mean square deviation
exceeded the error level at temperatures below 200-300 K , and
reached 100-300 prad at T 4 0. The data were compatible with
the picture of domains with random orientation of s.

Ellipsometric reflection and transmission measurements made
by Weber et al. [12] have also been interpreted as evidence for
T-symmetry violation. Rotation of polarization of light (630
nm) as a result of reflection from a one-domain 123-crystal was
observed below 110 K. The rotation, of order of 0.01 rad, was
almost uniform across the surface. The sign of it was random in
different temperature runs. However, the cooling in external
magnetic field (200-500 G) gave a (zero field) rotation with the
sign controlled the direction of the "annealing" field. In
tra-smission th-ough thin (100 nm) single crystal samples of
2212, the rotation of polarization of order 0.001 rad, and the
field cooling effect were also observed below 130 K.

Spie-.man et al. (13] have tested the asymmetry in c by
measuring circular birefrigence of 123-films. They used an
interferometry fiber set-up which measures the difference
between the phases of two circular light (1.06 g) waves having
traversed the sample in opposite lirections. Only the part of
the response which is due to T-syL etry violation (i.e.nonrecip-
rocal), contributed to the output signal of their set-up. The
measurements showed no trace of, either hoin-ec'•s or
fluctuating, nonreciprocal signal within the sensitivity 2 Npfd.

Discussion

As wt see, the optical data repcrted by different groups are in
conflict with each other. Bei7o in qualitative contradiction
with the null interferomeory data [131, the positiv- results of
[10] and [12) disagree with each other in the onset temperature,
the magnitude of the effect, and its character - hardly any
[12] versus strong fluctuations with zero averige [10].
Although a full ellipsometric measurement allows to discriminate
between non- and recip ocal responses (14], the apparatuses in
[10, 12] do not, and the bulk of the ellipsometric data could be
interpreted when the T-symmetry is valid. (The only exception
is the magnetic annealing exp riments [12] which, however, have
not been independentily reproduced so far.) Interpreted in favor
of the T-symmetry violation, can the positive results of [10 and
12] be reconciled with the null of (13]?

The reconciliation proposed by Dzyaloshinskii , is reached in
the following scenario [15]. In case of antiferromagnetic (AF)
plane-to-plane ordering of s, the macroscopic T-symm:try is
broken only if the chemical unit cell contains two Cu-O planes:
it would be broken in the 123 anO 2212, and preserved in one
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plane La-based compounds. The space symmetry of the 123 and
2212 includes the (3D) inversion 1 if s 70. When a is finite,
only the combined TI is valid. In a crystal with this syme zry,
the magnetoelectric effect is allowed, i.e.magnetic induction 8=
S+ aE, a being the magnetoelectric coefficient. The argumenIts
based on the Onsager relation show that the effect does not lead
to bulk rotation of polarization, and no circular birefrigence
is allowed. In reflection , nonreciprocity -a is expected in
case of the 123 and 2212, and zero is predicted for the one
plain La-compounds. This scenario makes the contradiction in
the uptical data only seeming, and ascribes it to the distin.-
ction between the reflection and transmission modes.

In our opinion, the scenario is unable to resolve the contra-
diction. The point is that in the case when light propagates
along the c-axis, ds in [10 - 13] , the effect is rather of the
surface then bulk origin. In accordance with (15], a - ka A ,
where k = w Ic is the wave vector of light, a is the atomic
distance, and A, Eq. (1), is the one layer asymmetry of c. The
effect is proportional to ka and, therefore, the nonreciprocity
exhibited by a crystal and that for one layer are comparable.
This points to importance of nonreciprocity in the boundary
conditions for the macroscopic fields neglected in [15].

we believe that basic physics can be grasped in a semi-
microscopic description where 0 and E are related locally, and
subject to the standard boundary conditions, but A *q. (1) is a
periodic function of the coordinate z along the c-axis, A(z+a) :
A(z), a being the period of the s-structure. The AF-ordering
implies the space average <A(z))=0. The Ti-symmetry ieads to
a(z) = -A(-z) if z = 0 belongs to a plane of the TI-centers; in
case of one-plane materials, an additional relation, A(z ÷ a/2)

= A(z), holds. here, we present only results for the case
when the anisotropy and multiple reflections are ignored. The
(normalized) circular dichroism in reflection, CD , reads

CD=4 ka Im a(Z)/n 2 -1), a6(z) Nfd-z A(z)- fad-ZdZ A(z)/a. 2)

where 6(z) is a periodic function with <5>=0 , Z is the
position of the reflection ilane, and n is the refraction index.
If light traverses a film, r < z < A , placed on a substrate (z
< f), the "circular birefrigence" signal • of [13] is given by

0 : 2 ka Re{a(f)/(n + ns) - 6(Al/(ns + )} ) (3)

ns being the refraction index of the substrate.
Eqs.2 and 3 show: (i) The CD-effect in reflection is indeed

of the order of ka A, but its sign and the value depend on Z,
i.e. the effect is crucially sensitive to the manner the crystal
is terminated. On the other hand, a higher symmetry of the one
plain compounds does not forbid the effect. (4i) indeed, 0 = 0
for a free standing (ns = 1) ideal crystal, when the TI-symmetry
leads to 6(£) = 1, ). (iii) The interference signal in
transmission, @ , is expected to be of order of the CD in
reflection in real situation when the substrate index ns *•^
and, very probably, 6(f) x ( A) due to the difference in the
microscopic structures of the two interfaces cf the film. e
symmetry consideration of [151 , and also of [16] , appears to- be
izrelevant because of primary importance of the surface.

By these arguments,we do not think the TI-scenario [15, 16e
in able to reconcile the cdata. The null result of the inter ero
metric measurements in reflection (17] suppjrts this poin' ot
• /•e•. Another possibility is di'cussed in [141 in contrast to
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the interferometric technique measuring only coherent processes,
the ellipsometric one is sensitive also to quasielastic scatter-
xng. If one believes that mainly ,he inelastic component shows
nonreciprocity, the data may be reconciled. So far, however,the
suggestion has been backed up by neither experiment nor a model.

The positive results meet also difficulties being confronted
with recent findings of Krichevtsov et al. 118] . They have
measured the magneto-optical constant (proportional to A in
Eq.(!)) of the 123, which turned out to be not anomalously
large. The circular effects of [10 and 12] would require
homogeneous h ef in Eq. (I) to be as high as 20-2000 kG (18] (and

-103 higher local fields in case of the AF-ordering). Although
heff may be in any relation with real field h, it would be not

easy to build a theory where the anyon magnetic moment ), is
compensated in a real solid with the very high precision needed
to reconcile the optical data [10,12] with the null result of
the magnetic field measurements [6-9).

In conclusion, the only known evidences in favor of a broken
T-symmetry - the optical data in [10] and [12] , (i' do not
agree with each other; (ii) can not be reconciled with other
optical measurements [13]; (iii) give the size of the effect,
which hardly can be understood simultaneously with the magnetic
data [6-9]; (iiii) allow interpretation where the T-symmetry is
preserved. In this situation, the only conclusion possible is
that no convincing experimental evidences in favor of broken
T-symmetry in high-T.'s have been presented so far.c
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Abstract. Far-infrared applications of high temperature super-
conductors, namely Fabry-PNrot resonators and fast detectors, are
reported. At terahertz frequencies high finesse (,-, 60 at 3 THz)
is obtained for Fabry-P6rot resonators with YBa 2Cu 3O7-on-MgO
reflectors and fast, nonbolometric response with a response time
< 100 ps is found for structured YBa 2Cu 3 0 7 thin films at frequen-
cies from 0.1 TlIz to nearly 10 Tllz.

Recently it has been shown that YBa 2Cu 3 0 7 thin films are
suitable for fabricating of Fabry-PNrot resonators [1) and that struc-
tured films are suitable for fast detection of radiation [2]. In this
pai'fr the present status of these developments is sketched.

A Fabry-PNrot resonator consists of two plane parallel reflec-
tors. In conventional far-infrared Fabry-Perot resonators the reflec-
tors are metal mesh [3]; they are used for analysis of far-infrared
laser lines and in infrared astronomy. For a superconducting Fabry-
PNrot resonator reflectors consisted of two YBa 2Cu3 O 7 (YBCO)
films on dielectric MgO [1] or Si [4] plates.

An electromagnetic field acting on a YBCO film (with c axis
perpendicular to the film plane) accelerates the charge carriers ac-
cording to Ohm's law, with a dynamical conductivity shown in
Fig. 1 [5]. In the normal state the real part, al, of the dynamical
conductivity is larger than the imaginary part, 0a2, at far-infrared
frequencies while in the superconducting state al < Or2. Therefore,
in the normal state ohmic losses are strong while in the super-
conducting state the current is mainly inductive and therefore only
weak losses occur. Superconducting YBCO films, though they have
still residual absorption, arc well suitable for fabricating of Fabry-
PKrot resonators, up to frequencies around the gap freque;icy (near
400 cm- 1 or 2A(O)/kBT, 0 6).

Fabry-PNrot resonators with YBCO-on-Si reflectors have shown
high transmissivity but low finesse [4]. Higher finesse has been ob-
tained for YBCO-on-MgO reflectors [6]. Each reflector consisted
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Fig. 1. Dynamical conductivity of YBCO in the (a,b) plane
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Fig. 2. Transmissivity of a MgO plate (1 mm thick) and of the
plate covered with YBCO (1000A thick).
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Fig. 3. Resonance curve of a Fabry-P'rot resonator.

of a YbCO film deposited on a MgO plate. The transmissivity
of a MgO plate (Fig. 2) shows high transmissivity up to about
200 cm- 1 and opacity above 300 cm- 1 because of a reststrahlen
band (at 400 cm- 1).

Two YBCO-on-MgO reflectors in parallel, with a distance of
63 /im between the YBCO films, had a transmission characteristic
shown in Fig. 3, with the first and second order resonances. The
peak-transmnissivity (--- 0.15) was mainly restricted because of non-
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Fig. 4. Resistance of a structured YBCO film.

parallelism of the plates [6]. The finesse had a value of 60 which
is half the value reached with metal mesh Fabry-P&rot resonators
[7]. There is a high contrast, between the resonances there was no
intensity that could be measured with a Fourier infrared spectrom-
eter. The resonances show sidebands (inset of Fig. 3) because of
coupling of the main resonance (between the films) and the reso-
nances within the MgO plates; the dashed line is calculated [6].

YBCO on MgO has also been used as outcoupling mirror of a
p-germaniurn far-infrared laser [8].

For a basic description of YBCO film properties and supercon-
ducting Fabry-P'rot resonators see Ref.9, and for a description of
fast detectors Refs. 9 and 10.

A variety of different studies have been performed with respect
to both high sensitive bolometric detection, see for instance Ref.11,
and fast detection (see Refs. 9 and 10). Fast far-infrared detection
has been performed by use of polycrystalline films (12,9,10) and
structured epitaxial YBCO films [2,13,14].

The structured YBCO film sample (Fig. 4, inset) consisted of
9 stripes (each 30 ym wide, film thickness - 700A). The sample
was cooled to ,,- 77 K and kept in a resistive state, at a resistance
far below the normal state resistance (Fig. 4). A small current
(0.1 mA) was applied to the sample. Irradiation of the sample with
pulsed radiation resulted in a resistance change that was measured
by detecting (by use of a fast oscilloscope) the voltage change over
the sample.

The optical response to radiation pulses (duration 3 ps, wave-
length 1.06 pm) of a Nd:YAG laser is shown in Fig. 5 [2]. At low
power (lowest curve) there is a fast response with a time depen-
dence given by the electronic equipment. This result shows that
the detector has a fast response time, most likely below 100 ps. At
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Fig. 5. Response of a Y BCO film detector to 1.06 uim radia-
tion.

Fig. 6. Response times at far-infrared wavelengths.

higher power density (Fig. 5) there occurs in addition to the fast
signal a slow signal with a decay time of few ns.

The fast signal is attributed [2] to quasiparticle excitation
and the slow signal to bolometric heating, with the electronic and
phononic system in equilibrium. Accordingly, the fast response
time corresponds to the electron-phonon relaxation time and the
slow response time to escape of the heat from the film into the
substrate.

It was found that the fast signal saturated [2], at a radiation
pulse energy at which the condensate was fully broken up, while
the bolometric signal did not saturate.

Nonbolometric response was also found in the far-infrared. Ex-
perimental response times (Fig. 6) are determined by the electronic
equipment. Response times of few ps are suggested: This short
response time follows from a mixing experiment performed with a
backward wave oscillator (BWO, Fig. 6). The other far-infrared
experiments habe been performed by use of a high pressure CO 2
laser or a D20 Raman laser pumped with the C0 2 laser.

In summary, first experiments demonstrate the feasibility of
high T, thin films as partly transparent low-loss reflectors of Fabry-
Perot resonators for the far-infrared, and, structured thin films turn
out to be suitable as detectors with response times of possibly few
ps. The two devices make use of large energy gap values (namely
the Fabry-P'rot resonator) and of the high 7/ : A high operation
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temperature of the detector is the basis for fast (electron-phonon)
relaxation processes and therefore for ultrafast response.

This work was supported by the Bundesministerium ffir For-
schung und Technologie and the Bayerische Forschungsstiftung
through the Bayerischer Hochschulverbund Hochtemperatur-Supra-
leiter (FORSUPRA).
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Application of YBa 2Cu3 O 7 _6 Thin Films
on Silicon Substrates for Far-Infrared Fabry-Perot Resonators

A. Priickl, J. Schiitzmann, S. Lipp, G. Lindner, B. Brunner, S. Vent,
E. Pechen, and K.F. Renk

Institut flr Angewandte Physik, Universit~it Regensburg,
W-8400 Regensburg, Fed. Rep. of Germany

We report on the use of YBa 2Cu 307_b thin films on silicon sub-
strates as reflectors of a Fabry-Perot resonator in the far-infrared.
The peak-transmissivity of the resonator increases with decreasing
temperature. At T < Tc we obtain a peak transmissivity of '-' 60
% and a quality factor of ,-' 20 for frequencies, which are smaller
than the superconducting energy gap. Because of the small ab-
sorption of silicon in the far-infrared, Fabry-Perot resonators with
superconducting films on silicon can be used up to high frequencies.

Recently, Fabry-Perot resonators with YBa 2Cu307_6 ( YBCO
) thin films on MgO plates as reflectors have been reported [1]. In
this paper we describe a Fabry-Perot resonator with YBCO films on
plates of silicon that has high transparency at terahertz frequencies,
up to a frequency (30 THz) where interband transitions set in.

YBCO films were prepared by laser deposition on (100) orien-
ted silicon plates covered with yttria stabilized ZrO 2 ( YSZ ) buffer
layers [2-4]. X-ray analysis showed that the YSZ buffer layers as
well as the YBCO films were grown epitaxial with &-axis perpendi-
cular to the plane of the substrate.

The electrical resistivity n decreased linearly with decreasing
temperature and had values in the range of 180 - 300 ,.iR.cm at
300 K and a third of these values at 100 K. The resistivity and the
a.c. susceptibility X' showed sharp drops at the superconducting
transition. The mid point of the resistive transition for different
films was between 89 K and 91 K and zero resistance was reached
between 87 K and 88.5 K. The mid point of the susceptibility drop
was between 86 K and 88 K.

Our Fabry-Perot resonator, cooled by helium exchange gas in
a cryostat with optical access, consisted of two reflectors, namely
two parallel silicon plates each coated on one side with an epitaxial
YBCO film. The films were arranged parallel face to face to each
other and separated by a distance that determined the fundamental
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Fig. 1 Fabry-Perot resonator; width of the sample holder 2 cm,
height 4 cm.

Fig. 2 Transrnissivity D and reflectivity R (from film side) of a
YBCO film (thickness -60 nm) on a silicon plate (thickn-
ess - 0.52 mm).

resonance. For adjustment a special sample holder (Fig.1) was
constructed. We fixed one of the reflectors with resinous glue on
thc base of the sample holder and the other on a frame that was
adjustable with the help of screws. After a pre-adjustment with a
microscope we inserted the sample holder in the cryostat and made
a fine adjustment at each temperature seeking for maximum far-
infrared peak- Transmissivity. For the spectroscopic study we used
a Fourier transform infrared spectrometer.

We first investigated the properties of the two reflectors sepa-
rately and found that they had similar properties. Fig. 2 shows
transcpissivity D and reflectivity R of one of the reflectors for dif-
ferent temperatures. All curves show modulation because of inter-
ference within the silicon plate (refractive index -3.47, thickness

-0.52 mim). Three absorption lines at 7.37, 8.40 and 9.57 THz (at
10 K) are due to shallow impurity centers (boron) and the band
near 18 Tflz is due to inultiphonon absorption in silicon. Most
interesting is the result for small frequencies. With decreasing tem-
perature the reflectivity increases indicating an increase of the dy-
namical conductivity.
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Fig. 3 Transmissivity of a Fabry-Perot resonator at 300 K and
10 K; insets, structure of the fundamental resonance.

While the average transmissivity is almost constant at small
frequencies for temperatures above T, it decreases strongly towards
small frequencies for T < T,; the behavior is characteristic for
superconductors. Our results show that at low temperature modu-
lation maxima of transmissivity and reflectivity almost coincide (as
an extended representation of the curves shows) and that the sum
of D and R at the maxima is near I and that the absorptivity is
smaller than D. Residual absorption may be caused by free, unpai-
red carriers (for instance in the chains [5]) and imperfections in the
film [6]. At temperatures above T, the absorptivity is comparable
with D, and increases with temperature.

The transmissivity curve of a resonator at 10 K is shown in
the lower part of Fig. 3. There are main maxima at the frequen-
cies v ' • z/2d where z = 1,2,... is the order of resonance and
d c- 55 /m the distance between the reflectors. The fine structure
(inset) is due to coupling of the main resonances and the resonances
in the silicon plates. The peak-transmissivity reaches 62% for the
fundamental (z= 1) resonance. The fundamental is the narrowest of
the resonances and has a finesse v /A v -, 20 at 3 THz, where A v,
is the halfwidth of the resonance curve. The decrease of the peak-
transmissivity and finesse in the range up to -10 THz are mainly
due to nonparallelism of the two reflectors. At higher frequen-
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cies the finesse decreases further because of lower reflectivity and
the peak-transmissivity decreases because of absorption by shallow
impurities in the silicon plates. There are several sources for non-
parallelism, unplane original plates, stress induced by the YBCO
films and unperfect adjustment. By improving the parallelism it
should be possible to increase the finesse and even the already high
peak- transmissivity.

The upper part of Fig. 3 shows the transmissivity curve of
the resonator at 100 K. The peak-transmissivity of the main reso-
nances at low frequencies is smaller 1,han at 10 K, indicating larger
absorptivity.

In conclusion, we have reported on far-infrared optical pro-
perties of YBCO films on silicon that belongs besides germanium
and diamond to the materials of highest far-infrared transmissivity
and demonstrated for the first time that high-Ta films on silicon
plates are suitable for fabrication of Fabry-Perot resonators that
can in principle be operated in a very large part of the far-infrared
spectral range.

Financial support by the Bundesministerium ffir Forschung
und Technologie, the Deutscher Akademischer Austauschdienst
(DAAD), and the Bayerische Forschungsstiftung through the Bayeri-
scher Forschungsverbund Hochtemperatur-Supraleiter ( FORSU-
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Giant Voltages Upon Surface Heating
in Normal YBa 2 Cu 307- 6 Films
Explained by an Atomic-Layer Thermopile

H. Lengfellner, G. Kremb, J. Betz, K.F. Renk, and W. Prettl

Institut ffir Angewandte Physik, UniversitMt Regensburg,
W-8400 Regensburg, Fed. Rep. of Germany

Abstract. Large voltage signals have been observed beetween la-
teral contacts on epitaxial YBa2Cu 307_6 films, if the films were
heated by pulsed laser irradiation or by heater wires. Our investi-
gations show that the voltaic signals are thermoelectric in origin. A
model is proposed which explains the voltages by an atomic layer
thermopile formed by the layered structure of the material.

Recently, transient voltaic signals have been observed at room
temperature in YBa 2Cu 307_6 films in response to pulsed laser ir-
radiation [1, 21. A transverse Seebeck effect and pyro- and piezoel-
ectric effects have been excluded by symmetry arguments [1, 3], a
longidudinal Seebeck effect has been ruled out because of the ma-
gnitude of the voltaic singals [1]. We have performed experiments
which show that the voltage signals are thermoelectric in origin and
attribute the magnitude of the voltages to an atomic layer thermo-
pile formed by the layered structure of the material [4].

YBa 2Cu 307- 6 films of about 500 nm thickness epitaxially
grown on SrTi03 and MgO substrates were used for the measu-
rements. Electric point contacts were made with silver epoxy paint
on the film surface. A Nd:YAG laser (A = 1.06tim) with pulse
duration ,-- 100 ns and pulse energy 10 mJ was used for film hea-
ting. Heating a film with the laser leads to a signal pulse of nearly
I V (Fig. I ). From a heat propagation model [5I and bolometric
measurements [61 we estimate a maximum temperature difference
of A T = 50 K between surface and bottom of the film for an energy
density of 10 mJ/cm2 of the laser pulse. The temporal behaviour of
the signal is consistent with decay of the temperature gradient due
to heat diffusion. Assuming film cooling by heat diffusion, A T (t)
has also been calculated (dashed line Fig. 1) using a numerical
method [4]. Irradiating the film through the transparent substrate
leads to a reversed A T during laser heating and thus to a reversed
signal polarity (Fig. 1 b). We note that a linear dependence of
signal height on laser pulse energy was observed.
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Fig. 1. Thermoelectric signal in response to pulsed laser hea-
ting, for different beam geometries (a) and (b).
Dashed line: Calculated temperature gradient, norma-
lized to signal maximum.

The spatial distribution of the electric potential in the plane
of the film was determined by a series of point contacts on the film
surface lying on the circumference of a circle of about 4 mm radius.
The center of the circle was heated by the laser beam. The voltage
signal of diametrically facing contacts was recorded and t sinus-like
dependence of the signal height on the angle around the circle was
obtained. Choosing, for instance, a contact pair with maximum
signal, zero-signal was obtained for a contact pair at an angle of
900. These results indicate the creation of a dipolar electric source
at the laser heated spot in the plane of the film with an oriented
dipole axis and with a strength proportional to A T. This picture
has been proven in more detail in an experiment where the signal
obtained from a fixed contact pair has been recorded in dependence
of heated spot position [4]. Instead of laser heating, films were also
heated by a heater wire (Fig. 2), the heater power was several
Watt. During heating a positive signal indicating a hot film surface
and a colder substrate was obtained (Fig. 2 a). During a heating
time - 1005s, the initially obtained temperature gradient became
slightly reduced due to warming up of the substrate. When the
film was heated through the substrate (Fig. 2 b) first the substrate
had to be heated and a slowly increasing signal of reversed polarity
was obtained. With an estimated A T - 10-3 K the magnitude
of the observed signal voltages is consistent with the laser heating
experiment.

For an explanation of the large thermoelectric voltages we
suggest a model based on a series connection of thermocouples,
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Fig. 3. (a) Plane thermopile made from materials with See-
beck coefficients SA and SB, temperature T1 of upper
contacts, T2 of lower contacts.
(b) Plane thermopile formed by layers inclined with
respect to the substrate, layer period c • 11 A for
YBCO.

which may be formed by the high T, materials in a natural way.
In Fig. 3 (a), a plane thermopile is shown producing a voltage
U = N (SA - SB) - A T, where N is the number of elements,
SA - SB is the difference of Seebeck coefficients of the two involved
materials and AT = Tj - T2 the applied temperature difference. A
similar thermopile may be formed by a YBa 2Cu 3 O7 -_ film with a
c-axis inclined by a small angle a with respect to the surface nor-
mal. With film thickness D = 5000 A, lattice constant c c 11 A,
Seebeck coefficients SA for the Cu0 2 planes and SB for the mate-
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rial between the planes, a temperature difference (TI - T2 ) • c/D
between adjacent planes and a number N = (d .sina)/c of elements
within a heated spot of diameter d we obtain

-sin • . AT. AS

A value A S = 10 ft V/K may be estimated from measurements
of the anisotropy of the Seebeck coefficient in YBa 2Cu3 O7 - 6 single
crystals [7]. Small angles a due to not precisely cut substrates have
been reported by several groups [8, 9]. With a spot diameter d = 5
mm, a = 5 0 A T = 50 K a value U _• 0.5 V is obtained comparable
to the signal height in the laser heating experiment.
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Study of Residual Absorption of High-T, Thin Films
by Means of Photothermal Interference Spectroscopy

D.N. Basov2, M. Aijille1, A. Koller1 , J. Schitznmiani, EXV.. 1ech,,n 2,
J. Betzl, B. BrunnerI, and K.F. Renk1

llnstitut fir Angewandte Physik, Universitat Regensburg,
W-8400 Regensburg, Fed. Rep. of Germany

2 Permanent address: P.N. Lebedev Physical Institute,
Russian Academy of Sciences, Leninskii pr. 53, 117924 Moscow, Russia

Results of direct absorptivity measurements at w=0.89 THz of thin films belonging
to three different families of HTc compounds are reported. In all samples a
significant decrease of absorption below T, with nonzero values at T< <T. was
observed. The real part of the complex conductivity as a function of temperature (for
T<T<T2) was evaluated from absorptivity together with normal state reflectivity data
and was found to be of the order of IWP (1'cm t . This indicates the presence of a
significant amount of either unpaired electrons or pairs with a binding energy lower
than 0.89 THz in CuO planes. In addition, a considerable rise of the absorptivity for
T < 30 K was observed in YBa2Cu30., samples.

Recently it was observed by means of both microwave and far-infrared (FIR) methods
that YBa 2Cu3O7.. compounds have residual intra-gap absorption that C.%'-not be
aitributed only to sample imperfectness [1-4]. More profound understanding of the
process responsible for low temperature loss mechanisms is expected on the basis of
systematic absorptivity studies for a variety f HT, materials. We demonstrate that a
combination of normal state reflectivity and superconducting state absolute
absorptivity measurements provides an opportunity to obtain al values in the
temperature region below TJ2. This analysis was applied to the comparative study
of thin films of three different families of me:,4-oxide superconductors.

Thin films of YBa2Cu307.x on SrTiO3 (T,= 89 K), Bi2Sr2CaCu2 Og.. on MgO (T. = 79
K), Bi 2Sr 2Ca2Cu30 10,, on MgO (T,=98 K) and T12 Ba 2Ca2Cu3 O14 ,1 on MgO (r,= 112
K) were prepared by means of laser ablation. The Y- and Bi-based films had almost
perfect orientation of the c axis perpendicular to the substrate surface while the TI-
based film was found to be polycrystalline.In adition to the films a ceramic sample
of YBa2Cu3•O7. (T.=90 K) was studied.

The direct measurements of the absolute absorptivity (A) were carried out by
means of novel calorimetric method - Fotothermal Interference Spectroscopy [5]. The
experimental set up is shown in Figure 1. The sample is mounted in a flow-gas
cryostat with its surface parallel to one of the beams of Jamin-type interferometer.
Absorption of radiation of a FIR laser heats the sample and a gas volume close to
the sample surface.The distance between interferometer beams is much larger than
the thermaldiffusion length of the gas. The refractive index of the gas is temperature
dependent that makes it possible to monitor radiation-induced optical length changes

as an interference signal of a photodetector. Periodical heating of the sample with a

chopping frequency fl allows to measure radiation induced interference signals by
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Fig. 1. The Experimental se-up for Fotothernil Interference Spectroscopy

lock-in technique. The signal is proportional to the absor-ptivity of a sample but also
dependent on the thermal properties of sample and gas. We have eliminated the
influence of J,,. ,hennal properties by a reference measurement,with a radiation of
a GaAs laser, focused on the same point on the sample surface as the FIR radiation.
The ratio of FIR-induced and reference signals corresponds to the relative
absorptivity of the sample. Both FIR and reference laser beams are chopped at two
slightly different frequencies fi and f'2 and corresponding signals are measured
simultaneously by means of two separate Lock-In devices.The ratio of these signals
that is the relative absorptivity of a sample is immediately obtained. The absolute
value of absorptivity is then determined by a calibration using the sample with known
a•bsorptivities both in FIR and for radiation of GaAs laser.

The important advantage of the method compared with other calorimetric
techniques (2,4] is the absence of effects concerned with overestimations of FIR
absorptivity (for •i < 2 THz) due to radiation leakage and absorption directly in
thermosensitiv elements. That enables us to obtain reliable absorptivity data.

Figure 2 shows the absorptivity of differcnt samples. Just below T, a significant
drop of absorptivity is observed in all the samples. At low teniperature,however,all
samples show residual absorption. The comparison of the absolute values of the
residual absorptivities shows that polycrystalline samples (Tn-based film and
YBa2Cu3O7.1 pellet) exhibit higher absorptivity than oriented films. Partly the
difference in A values can be attributed to the different screening due to superconduc-
ting condensate that less effective in polycrystaline materials rather than in crystals
or films for the case of E.Lc. A description of the influence of the screening effects
on absorptivity for T<T,./2 can be found from the relation:

where o'l and o'2 are real and imaginary part of the complex conductivity.
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For T<T, /2 o2 can be considered as inderendent of temperati-re. In case of London
superconductors o2 is proportional to the square of the plasma frequency of
condensed carriers. For high-T, superconductors it is necessary to take into account
the energy gap, 2A, and the normal state scattering rate, P. We used the programs
of Brand and Bauer [7] for a description of the frequency dependence of al and ar2.
The input parameters:the Drude plasma frequency wpD and r were determined by
Drude model analysis of reflectivity data of our films in a wide frequency range;the
analysis will be presented elsewhere (8].

Figure 3 presents ar1 values obtained from (1) with gap values 2A= 7kT, for
oriented films and 3 kT. for polycrystalline samples. In all the samples al is of the
order of I0) W' cm"' not taking into account the low temperature rise observed in
YBa 2Cu3O,.• samples that will be discussed below. These large o,1 values are typical
for free carrier conductivity.Especially in case of chain-less compounds this indi-
cates that free carriers contribute to the conductivity of the CuO planes. Experimen-
tally we are not able to distinguish between absorption due to unpaired carriers and
due to pairs with low binding energy (low compared to our probing frequency of
0.89 THz). So the question wether a large portion of carriers does not contribute to
superconducivity or wether this is a wide distribution of binding energies still remains
open.

An increase of absorptivity at temperatures below 30 K was observed in
YBa2CU307. samples. This increase can be considered as occurring on the back-
ground of a temperature independent absorption (as in Bi-based samples) thus having
a different origin than due to normal carriers or pairs with small binding energy in
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the CuO planes. We speculate that the rise of absorptivity may be caused by chain
carriers or may be due to the absorption at twins booundaries.

In conclusion, we demonstrate that the combination of low temperature
absorptivity data for a fixed FIR frequency, and reflectivity data in a wide frequency
range allows to obtain al values at this frequency. For thin films of three different
HT. materials we found values of al of the order of 10• W' cm-1 that give evidence
of the presence of a significant amount of either unpaired carries or pairs with a
wide distribution of binding energies in the CuO planes. In addition a rise of
absorptivity below 30 K was observed in YBa2Cu3O7.x samples.
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Abstract The spin excitations of YBa2Cu 3Ox single crystals are examined usine inelastic light scattering
This experimental method mainly investigates the spin excitations at the zone boundary Starting from
the insulating. antiferromagnetic material the spin scattering intensity decreases with increasing dopant
concentration Lnergy and lifetime of the zone edge spin excitations have been determined usin4,
Heisenberg model extended by some extrinsic damping With increasing doping concentration the spin
excitation energy softens lightly and damping increases more significantly

1. Introduction

The interplay between antiferromagnetism and superconductivity is one of the most fascinatin2
phenomena in the HTc -ompounds All known HTc-cuprates exist as a Mott insulating parent material
with an antiferromagnetic ground state Upon doping the antiferromagnetic order vanishes and
superconductivity appears together with the metallic state At higher doping concentrations
superconductivity is suppressed but the metallic state is well established

The low lying excibt-"ns of the electronic system are spin fluctuations in the pure
antiferromagnetic state III and can be directly probed by either neutron scattering [2' or inelastic light
scattering 131 Both methods are in some way complementary neutron scattering probes spin excitations
around the zone centre but Raman scattering mainly sees zone boundary fluctuations in the Blg
scattering geometry Both methods had given an exchange energy of the order of 100meV in rather good
agreement with theoretical estimates within thr three-band Hubbard model There are, however, some
difficulties in the interpretation of the Raman feature associated with the spin fluctuations Compared
with similar substances as K2MnF 4 (S.5/2) and KANiF 4 (S7 1) the Raman profile is much broader and has
an asymmetric tail at the high energy side R R P Singh et al [41 have shown that in the HTc cuprates
(S- 1/2) quantum fluctuations become important and cause asymmetric spectral weight at high Raman
shifts In the spin wave pirtihre these quantum fluctuations correspond to higher order magnon processes
and should be we!l separatel from the 2-magnon scattering process. Using exact diagonalization
techniques on a 4x4 lattice calculations of the Raman spectrum of the S3- 1/2 quantum Heisenberg model
(as a limit t--O of the t-J model) clearly show these stparated peaks [5) On the other hand, broad
spectral features can be explained by introducing some additional damping mechanism. In the case of
spin excitations of the hr. materials this has been first suggested by Weber and Ford [6]. Temperature
dependent measurements have shown that rather good fit to the experimental data can be obtained
using temperature and k-dependent magnon damping of the inttinsic magnon-magnon interaction and
some additional damping mainly arising from magnon-phonon interaction 17] We call this model the
extended Heisenberg mode'

2. The extended Heisenberg model

A widely accepted model of the CuO2-plane is the three-band Hubbard model In the undoped case the
low-lying excitations can be described by a Heisenberg Hamiltrnian Ill. Taking into account the spin-
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iattice interaction the lleisenber, iHanin(onian is extended by the distance dependence of the fxchange
eneryv Further interaction MechanIismS should be described by some perturbing potenhal V which is also
ddded to the starhti llatinltoniin

*) ii

The actual calculation has been performed including a small anisotropy (-10-4) in ihe spin-spin
interaction in order to stabilize the two-dimensional spin system at finite temperatures. The eiger.values
of that Hlamiltonian can be approximately given by:

-k:=ck+ phon +

where rk denotes the pure magnon energy in the spin wave approximation Magnon--magnon interaction

has been taken into account in second order yielding a complex energy ck 181. So far. this kind of

magnon calculation, together with the appropriate light scattering expression, has given best agreement
with experimental two magnon Raman scattering on K9MnF 4 and K2NiF 4 up to temperatures well above

the NMel-ternperature 191. Additional magnon-phonn, interaction influences the magnon energy by the

complex self energy Ekphon . which has been worked out by M.C.Cottam 1lO). Using a simple lattice

dynamical model of the CuOf2 plane with only one Cu-O stretch force constant the imaginary part of the

magnon self energy at the zone edge can be estimated:

ph~o, 4aS2 h
Im( E vn w ()J) 2 [1 + n(Tw')] (3)

The spin velocity v has to be taken from the magnon dispersion. S. a, M. w are the magnitude of the
spin, the lattice constant, the mass of copper and the longitudinal accustic frequency. respectively. The

coupling constant VJ has to be taken around 5000cm- 1A in order to explain the temperature
dependent magnon scattering in the HTc materials 7]. the Lose-factor n(T.w') contains the average of
all possible magnon decay channels in the Briflouin zone. Further interaction mechanisms, as introduced
by the phenomenological Hamiltonian V may change both real and imaginary parts of the spin excitations

by the self energy EkV. Such kind of interaction may take place with fiee carriers as expected in the

doped regime. This simple model will only hold for small carrier concentrations, where spinwaves still
exist and perturbation theory holds. However, it should give a helpful base for the interpretation of the
experimental data.

3. Doping dependence

Upon doping the two-magnon Raman peak qualitatively relaxes into a broad, featureless background [10]
which exhibits temperature dependent changes associated with the superconducting gap. A similar
background, which extends up to high Raman shirts [ill, has stimulated some discussion about the
unusual fermi liquid behavior and was related to the superconducting properties 112], Spin excitations
have also been suggested contributing to this background [10] and recent neutron scattering experiments
clearly rc-,eal spin excitations in the superconducting material [13]. We have performed two-magnon
Raman measurements in the weakly doped regime on a multicrystal stack of YBa 2Cu3 06 +x prepared by

the K2C03 method 114]. The oxygen content had been changed and determined thermo-gravimetrically

and was also checked by the Raman phonon spectra, The behavior of the Big magnon upon doping is

shown in FigIl. The strong 330cm- 1 Big phonon is present as well as a remainder of the 500cm-I

phonon and a weak peak corresponding to the defect induced 580cm- 1 mode. An accurate estimate of
the oxygen content within the laser spot is very difficult and. therefore, only rough estimates for the

first and last spectrum are given. There is only a very small shift of the magnon peak at -2800cm -I to
lower frequencies with increasing dopant concentration, while the magnon feature broadens and the
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Y80 2 Cu,3 6 ,O+ Fig I Raman spectra of the spin excitations for

2.5 different doping concentrations (T: A0OK)
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Fig.?: Experimental scattering intensity (dots) against absolut energy in comparison with calculated
epectrum 7'1h ;trong inerpi"- -f intO At 1 . -"ies arises from "r-'pie dependent lI'"-esrcn"ri

scattering intensity is significantly reduced It seems that the magnon peak always sits on a doping
independent background [151 Such a background could arise from luminescence Indeed, such
luminescence is found on some samples as shown in Fig.2. The strong intensity increase below

15000 cm -1 scatiered frequency depends on sample quality and does not shift with the excting laser
frequency. However, a good fit to all spectra can be obtained if the luminescence is .-pproxim-Aed by a
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orv enrte~red it !-'60 ('m The two rn.,non feature is calculated using the extended Heisenherg
nnode' 2rd Ne ine Ut sumitterinE formalisin as succe~ssfully applied to K",MnV1. K~I)F.1 [81~9 As FKU,
ýnowý o)n1 'iý dcrepaincies between coicubited and measured spedtra occur at the left edge of the magnon
pfeih. rioý i!.ý becaiu~e of the neglc r of high order ma~gnon scattering in the latter fin Fig .1 the pure
two T-Ima~lOio kio pecilra 3ir( plotted as calculated with the comrplex on(, niti' nOn Pnergy obtained

from the FIt to ti f vvpernnental dota of Fi I The displayed changes in scattered itntvcorrespond to
the, ( a )lt 1 iited relative vlewithout iny sealIng to the expvrimental data Figure 3 clearly
Thýows thda thfrier iý a bac(kground' at low elnergy shifts which tends to augment with Increasing damnping

~) h ohrhad xi iint nict -ignificatnt decrease of scattering ntffns~t c with increasing
IIopoiz iocet r, $ rino Therefore the 'doping independent backgrouind"' i151 definitely consists of spin
IXcitaltol)ii it low dlopingE concentrationis and ma -ybe some sample dependent luminescence At h:gher

dopitigý oý)Icncrittions mnavbe the charae excitition character becomes more domninnt whereas the spin
~cthnintensit v decreases We expect a similar behavior of the 'background" at high energy shift,.

whyi is not shown in Fig I because of the neglect of higher order processes
A direc(t comnparison Of the, change in inagnon energy with changes in doping is difficult, as

moentioned above Therefore. in Fig 4 the mecasured change of the real part against imaginary part of the

zone edge mignonD ene]rg diie to doping (corresponding to the self energy contributions Lk ofEu i

plotted The change of the real part is rather small but there is a significant increase In ruagnon
lornpý)III ig suh a behavior would he expected in the t J model 1161 On the other hand. measurements
indioae a :"tlong decrease of magnon scattering intensity with Increasing dopant coi,,entration This
behat-ior mayv he e-xplainable by assumning clusters around the dopant in which the antiferromagnetic spin
ordering has been lost I~ P and the two magnon siattering mechanism is supressed
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Abstract: We present Raman scattering results obtaincd from high quality single
crystals of BiSr2 CaCu2 Os+8 (Bi 2212) and YBa 2CuO17. (Y 123). The symmetry
selection rules for the electronic scattering suggest the observed continuum to
originatc predominantly from the CuOC planes. The superconducting spectra

exhibit gap-like structures which show that even at T = 0 a finite electr,'.nic density
of states at energies well below the pair breaking threshold is an intrinsic feature of
this material class. The temperature dependence of the superconducting order
parameter is shown to be sensitive to the anisoiropy.

1. Introduction

Inelastic scattering of light may provide informations about important properties of
the electronic system of a material such as the carrier relaxation and the
superconducting energy gap. Particularly the investigation of the gap has attracted
considerable interest since the classical methods suffer fr'om several disadvantages.
Although the Raman method seems to be almost ideally suited for materials like
the oxides with a short superconducting coherence length and a small carrier
concentration, some fundamental questions remain opcn to date. For example, the
origin of the electronic scattering in the normal and in the superconducting state is
still subject to a controversial discussion. It is not clear, whether there exists a fully
developed gap and which features are actually intrinsic. Contradictory results have
been found for the low temperature limiting value and for the temperature
dependence of the energy gap, In this contribution, we compare results of Raman
scattering experiments recently obtained for Bi 2212 [1 single crystals with
spectra measured earlier for Y 123 [21 in order to figure out common features.

"2. Selection Rules

Comparing the main features of electronic scattering in Bi 2212 and Y 123 with
significantly different unit cells and. consequently, different phonon excitations an
almost quantitative agreement is found if the polarizations of the incident and the
scattered light are given in the coordinate system of the Cu-O bonds. Therefore, we
conclude that the electronic scattering comes predominantly from the CuO 2 planes.
It turns out that a letragonal unit cell is appropriate for the symmetry analysis. In

this notation, the Bg symmetry may be selected with the polarisations of the
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incident and the scattered light perpendicular and at an angle of 450 with respect to
the Cu-O bonds. In both compounds this specific polarization exhibits features
being qualitatively different from those at the other three main symmetries. Among
other things we find an almost temperature independent relaxation of the carriers
in the normal state and the largest characteristic energy 2Ao below Tc.

3. Origin of the Continuum

Inelastic scattering of light from elementary excitations implies the principle of
detailed balance to hold [3]. In this case the ratio of the Stokes (ST) to the anti-
Stokes (AS) intensities has to obey IAS'IST = ((OAS/OST) 2 e-ul/T at all temperatures
with (OAS(ST), (o, and T being the absolute frequency of the scattered light for
energy gain (loss), the frequency of the elementary excitation and the temperature,
respectively. It has actually been shown for TI 2212 [41 and for TI 2201 [5), that
the principle of detailed balance holds for the temperature range 30 K < T < 300 K.
Therefore, scattering due to luminescence may be selected out for the small energy
transfer part of the spectra, where the anti-Stokes intensity is sufficiently strong for
a comparison with the Stokes side. The temperature dependence of the normal
state electronic spectra at the Bi symmetry can be described satisfactorily by
applying the Bose factor (Fig. I). If we exclude exotic explanations, this implies,
that we indeed observe excitations of single particles subject to a temperature
independent relaxation. Well below Tr , we find almost zero intensity at the Big
configuration for frequencies less than 50 cm-1 i.e. a completely developed gap
and excess intensity between 200 and 600 cm 1 . These features can be qualitatively
accounted for in the framework of a conventional BCS theory [6,7] describing the
peculiarities of a superconducting system in the vicinity of the Fermi energy.
Therefore, it is tempting to conclude that in the energy range under consideration
charge carriers give rise to the observed scattering.

F } Bi 2212

cn a

0~

U
• 6

c 2. 1 OOK
0
0 0

f 0 200 400 600 800

frequency shift(crni)

Fig. 1: B1 symmetry spectra for Bi 2212 sample B2 (Ar annealed). The 100-K
spectrum (dots) can be calculated by multiplying the 240-K spectrum (upper full
line) with (1 + n(wo,100 K))/{I + n(wo,240 K)l (lower full line).
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4. Superconducting Gap

The BCS result for the Raman scaltering cross section invokes the existence of a
characteristic energy 2A 0(T) which can be interpreted as the maximum binding
energy of Cooper pairs. The Raman intensity is predicted to vanish well below and
to display a maximum near 2A, [6,7]. An almost ideal spectrum of a
superconductor is found at the Big symmetry of Bi 2212 (Fig. 2a). At all other
symmetries a considcrablc scattering intensity is found at low frequencies and
temperatures, which must be considered to be intrinsic in view of the vanishingly
small cross section at the Big polarization. Therefore, the material appears to have
a completely developed clean gap for a certain polarization, while for others only a
reduced density of states is compatible with the data at low energies. In contrast to
classical superconductors, the scattering cross section increases continuously from
low frequencies up to a maximum located at symmetry dependent shifts between
300 and 500 cm-1 . At the B1, symmetry the intensity for w < 200 cm-1 is
approximately proportional to (o. •l'he values for 2Ao in Bi 2212 are approximately
8.0 kTc for the Big symmetry and close to the BCS value of 3.5 kT, for all other
polarizations. The values found for Y 123 je some 20 % smaller.

We now address the temperature dependence of the electronic structures
in different samples of Bi 2212. In crystals with an essentially non-metallic
resistivity characteristic pc (samples B I, B2). the maxima hardly change their
positions upon heating from T = 20 K to T = TC, while in sample B3 with a
metallic temperature dependence of pc and, consequently, a much less pronounced
anisotropy than in samples BI and B2 a softening by some 25% occurs (Fig. 3).

(a 3) 83 Bi2212 B3 (b)
6- Xy xx/3

: 4. -20KE

"E 4-C 880K
0 -20

(-0

o 0 B3• B3• (d)
o 6xy • xx

0 4c-

2

0
0 200 400 600 800 0 200 40n 600 800

frequency shift (cmrW)

Fig. 2: Spectra for Bi 2212 sample B3 (02 annealed). Below Tc a redistribution of
intensity occurs which is characteristic for the superconducting state (a, b). In
(c, d) the vibronic structures are subtracted.

293



o (a) 82 Bi 2212: B3 (b)
S2xy

0 O;

"-20K - 20K
.N -- 82K 74K
o0
E 0 200 400 600 800 0 200 400 600 800
L- -
0 frequency shift (cm-)c

Fig. 3: Normalized electronic cross section I,(w,T)/In(w,T) below T, for samples
B2 (Ar) and B3 (02). In is calculated assuming the same conventional temperature
dependence below and above T,.
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Fig. 4: Comparison of Raman and transport measurements. The squares, diamonds,
and triangles represent the Raman data, the dots display the transport results [9).

The normalized cross section at T > 20 K is almost constant below 200 cm-t

(Fig. 3) and can easily be extrapolated to co = 0. According to the raw data
l.((o = 0,T = 0) / I,(0,0) is assumed to be zero in sample B3, but finite in B 1 and
B2. Since a real gap and a temperature independent carrier relaxation above Tc is
found at the Big symmetry in B3, it seems reasonable to describe the temperature
dependence of the normalized intensity at zero frequency within a conventional
Fermi liquid model yielding I,(o)= 0,T) I 1,1(0,T) = 2/(e AmTr+l). At e!cvated
temperatures, 0.5 < T / TC < 1, the gap A(T) can directly be detennined (Fig. 4). It
turns out that A(T) obeys the weak coupling BCS temperature dependence of the
gap. It seems worthwhile to analyse the data of samples BI and B2 in a similar
way assuming, however, a temperature independent residual scattering intensity at
S= 0. Up to 0.9 T. the "gap" remains constant. For 0.9 < T/TC < 1, A(T) drops
continuously to zero as required by a second order phase transition. Using the
Ambegaokar-Baratoff formula for SIS tunneling junctions the energy gap can be
determined from transport measurements [8). A quantitative agreement between
Raman and transport data is found (Fig. 4).
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5. Conclusions

We have measured excitations of the carriers in both Y 123 and Bi 2212 above and
-,below T.. ThL: orientation of the Cu-O bonds is found to determine the selection
rules. The spectra at the tetragonal Big symmetry are indicative of a temperature
independent relaxation of the carriers in the normal state and of an essentially
clean gap in the superconducting state. At all other polarizations residual scattering
intensity is found for low frequencies and temperatures being reminiscent of
gapless superconductivity. The mobility of the carriers along the c-axis apparently
determines the temperature dependence of the superconducting order parameter
AMT). Therefore we believe that the observed deviations from the BCS prediction
come from the 2-dimensional character of certain samples and are not indicative of
the specific nature of the superconductivity in the oxides.
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Walther-Meissner-Str. 8, W-8046 Garching, Fed. Rep. of Germany

2 Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

Abstract. araman scattering (UlS) by coupled clectron-phonon
excitations in a crystal with disturbed translational symmetry
(e.g due to impurities) is investigated. Due to impurities the
q=0 selection rule is broken and the phonon line shape can
become asymmetric. In addition, for an anisotropic phonon
dispersion, the line shape depends on the propagation direction
of the phonon. It is shown that the impurity induced non-zero
momentum of the phonons opens a new channel for scattering from
electrons.

I. Introduction and experimental results

As it is known, in most of the high-temperature superconductors
the chemical composition is not stoichiometric. Moreover, there
is growing evidence that even in well-prepared samples
microscopic disorder exists, whereby oxygen ions appear to be
distributed over several neighboring potential minima. This fact
permits to assume the availability of a random potential capable
of strongly scattering electrons.

We have studied in detail the line shape of the high-energy
Raman mode for thallium-based superconductor TIBa 2 CU3O0 x. The-1

mode under study (520 cm ) refer to the displacement of thý
bridge oxygen. Fig..l shows that the line shape of the 520 cm
phonon to be asymmetric. Its "half-width" from the
high-frequency side, 1+, is less than the "half-width" from the

low-frequency side y_. The asymmetry factor X - +) _+

.0 I

'-ry, Fig.l. The Raman spectra

W 2. 2 7-x
I ,tal showing the depen-

"dence of lineshape on
polarization configura-

. --Y I Lion. The spectra have
____________ _b een normalized to the

400 450 500 550 600 intensity at the
Raman shift, cm-i maximum.
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for this line was about 0,1. The line-widths, frequencies and
asymmetry were found to depend on the polarization guometry /I/.
Therefore, a theory for Raman scattering must show how the
polarization configurations affect the line shape.

2. THEORY AND DISCUSSION

To describe Raman scattering in dirty metal we should calculate
renormalization of the vertex of the electron - phonon coupling
by impurities. For the F-point phonons the calculations /2/ give

+

where I is the electron - phonon interaction constant, 0 is the

phonon frequency at the F'-point of Brillouin zone, and T - the
elastic relaxation time. If Q0 tr<< than r)0Y. Hence, the

impurities can drastically change the RS intensity.
Let us consider the phonon creation with momentum, which is

considerably larger than the photon momentum and inverse light
penetration depth. The diagrams we are interested in, are those
in which a momentum can be transferred from one "bank" of
diagram to another, thereby canceling a finite phonon momentum,
Fig.2. For the density of probability of phonon creation with a
finite component of momentum we obtain

In(11/%or )

wi(q) = - - V i (ql), (2)

where I denotes the electron elastic free path, p i(ql) is a

dimensionless function, k F denotes the Fermi momentum, and the

index i marks the diagram type ("ladder" or "fan" ones). The
dependence q) i (ql) is shown in Fig.3.

Taking into account the phonon dispersion, the dispersion
law for a layered crystal being, written down at small q in the
following form

Qfq) = 00 + (QIa (3)

where 0 denotes the characteristic width of the phonon zone,

and a is the lattice constant. As a result of the fact that the
phonon energy is differnt from 0 at a momentum being different

from zero, asymmetry of the phonon line must appear. The
spectral dcnsity of the |?S intensity P(w) is a sum of the
symmetric contribution P (0) and asymmetric one pa (w), the

latter. is determined by the processes indicated in Fig.2. The
p.(w) is a Lorcn;;ian and for tile pa(W) we have

I d qdq,,

P (W) TV=l + W (q1) )Im DR (4)

For the asymmetry mechanism considered by its the asymmetry
paramertcr is
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Fig.2. Diagrams descri-
bing emission of phonons
with fiinite momentum.

fit ------- - - The same impurities are
N N.., connected by dashed

l ines.

q n rq , -4 Z =0

1.21

0.8

Fig.3. 'rho function
0.4 'P(ql) in the expression

"for the density of
"probability of finite q
phonon emission for the

I ladder (dashed line) and
0.06 -- 12 for the fan (so]id line)

0 2 4 6 8 10 12 diagrams.qi

\ - in(I/ Do t) a
XiIn 1n(• /()OTa

S.... .. (5 )

For the realistic values of the parameters we have X su 0.1
from Eq.(5) what coincide with the value experimentally
observed.

Moreover, as a result, an additional channel for electronic
scattering is opening - due to emission of the phonon with the
finite q it is possible to transfer energy to/from the
electronic subsystem by "large" portions with not so large
probability. The diagram for this type of scattering is shown in
Fig.4., where the finite momentum of the electron - hole pair is
canceled by the phonon momentum. Such a process is possible even
in pure metals /3/, but due to singularity of electron spectrum
near the Fermi level in dirty metals ( a "diffuson" mode ) it
can be sufficiently changed by impurities and, for instance,
give rise to a sufficient enhancement of RS intensity.
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Fig.4. Diagrams descri-
... bing excitation of elec-

tron-hole pair with
finite momentum.
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Polarization-Dependent Electronic Raman Scattering
in Single Crystals of REBa 2Cu 30 7 .
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Abstract: The light scattering response of REI~a2Cu30. x (RE = Sm. Nd. Pr0 4 8Y0 52) has been observed
up to 7000rcm- energy shifts for different scattering geometries. The experiments were performed in the
Raman microprobe where selected areas of ca. ljm are investigated. These areas were chosen by
polarization microscopy. "Scanning multichannel technique" has been used in order to obtain well
corrected spectra over a wide spectral range. The observed signal is very similar for all investigated
samples regardless of their superconducting properties. In the Pr-Y system a small bump around
3000cm-I was ,bserve0 which may arise from spin excitations. The polarization dependent selection rules
identify the long range scattering signal as an Aig symmetry type. Contributions to the observed
scattering signal from luminescence and insufficient suppression of the laser stray light are discussed

I .Introduction

The Raman response of superconducting HTc samples has attraeted considerable interest [I]. Electronic
Raman scattering has probed the superconducting gap and its strange temperature dependence [2]
However. so far the origin of that electronic scattering is still mysterious, Even the normal conducting
properties of that electronic signal show unusual scattering intensities which extend almost featureless
up to high energy shifts [3].

The interaction of light with matter is described by the vector potential A which in the case of
scattering experiments consist of the sum of the incident laser radiation Ai and the scattered radiation
As. Iecause Ut tne hign frequency of the light the interaction takes place only with the electrons. The
electron momentum p is replaces by p+(e/c).A Assuming only quasi free electrons with an effective mass
m' two types of interaction Hamiltonians are obtained:

HA = A = [ i.MA ]. (1)

The HAA term Lontributes to the scattering intensity in first order perturbation theory. This results in a
Stokes scattering spectral density dependent on the energy transfer Qr6---s and the momentum
transfer q {4]:

d15 (Q,q) / ~ ? I nae (
de-Qj I + (2)))

\ m / M 47rc4 01

This type of scattering is due to charge fluctuations (characterized by the dielectric function e(O)) and
should peak at the plasma frequency. The selection rules of polarization of incident light ei and scattered
light es are given by the inverse effective mass tensor l/m* aaid should correspond to the totally
symmetric representation in this simple treatment. In order to describe a broad, featureless electronic
Raman response a strongly overdamped plasma frequency is required and some additional mechanism [5),
as e.g. intervally scattering, contributing to the scattering intensities at low energy shifts. On the other
hand the HA term of the interaction Hamiltonian can contribute to the scattered intensity via second
order perturbation and results in a scattering intensity proportional to matrix elements of the type
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1st order perturbation 2nd order perturbation

k, k k3 ki

>H<AA>HHA
I>, lii>

Fig I Feynman diararns of the two lowest order Raman scattering processes corresponding to equ 2 and
3

~I [ ( I 1 1F A l b ) ( I 1 g 1 ) ( 
( 3 )

The scattering process runs from an initial state <ij over a virtual state formed by the sum over all
stales <bi to the final state <fl. It can contribute to any symmetry species and is mostly dominated by
interband scattering which should be significant at high energy shifts In Fig I a diagrammatic
representation of these 'two types of scattering are shown

In this paper we report on long range Raman scattering experiments on different single crystals
The scattering intensities for different scattering geometries have been determined and quantitatively
compared in order to find the symmetry properties.

2. Experimental setup

The experiments have been performed on single crystals of SmBa 2 Cu306 7 with a Tc of 87K. of
NdBa-Cu306 5, and of PrO 48Yo 5 2Ba2Cu307 both showing no superconducting transition The crystals were
grown using the standard flux melt method [6]; The size of the crystals was around
N00rmx8OOA.nx90pjm In order to obtain Raman spectra of all scattering geometries including that one
of the xz plane the Raman microprobe has been used The schematic experimental setup is shown in Fig
2 The 15711-1= I.s..r r. ,"ton was focused to F ... of -,m 2 (laser power less than imW). The

Ramanspectrometer

Dispersive Mr ementa

Demptectr r oaiatofl

S4-La'serbearn

Micro-Raman Samp p

:t osco Q@ Fig 2 Experimental setup for the -- Raman
experiments
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Scanning Multichannel Spectra

SYMhITIEC SnECTRVu

((4

(6)

17)

RE~CORDED SFFCTRU04

I 1 1 2 f.- 3 ACC,;UA.ATIONS - 1- 2 1 1 1

Wavenumbers

;.7 Response Function

E

parallel*20

U, perpendicular

14000 16000 18004 20000 22000 24ý000

Wavenumber (cm-'

Fig 3 Upper picture The scanning multichannel algorithm demonstrated with an artificial spectrum
Lower picture. The responsefunctions of the whole system for light polarized parallel and perpendicular to
the entrance slit-

scattered light was analyzed by a Dilor triple spectrometer OMARS 89 and detected with an intensified
diode array (512 diodes) In order to use the advantages of the multichanneldetektor together with a well
calibrated long spectral scan "Scanning multichannel technique'[7j has been applied In this
spectroscopic technique the spectrum is obtained with a high overlap of each port of the spectrum seen
by the mulitchannel detector as illustrated in Fig.3 The response function of the system is obtained
measuring the irradiation of a OSRAM WON7 black body calibration lamp under the same conditions and
with the same alignment as the HTc single crystal measurements. However, the calibration is still tricky
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and special care has to be taken to avoid systematic errors as influence of the chromatic aberration and
different illumination of the entrance slit In our case a very small slit (-.lO.m) irradiated by the
calibration lamp has been placed perpendicular to the entrance slit instead of the sample All obtained
spectra were divided by the spectral sensitivity for the corresponding polarization direction This
procedure gives the corrected spectra the meaning of spectral densities proportional by some unknown
factor to the units of mW/cm-

3. Results

As a typical result the corrected spectra of Pr0 48YO52Ba2Cu307 are shown in Fig.4 The scattering
geometry is characterizF] using the Porto--notation the symbols outside the brackets denote the
direction of incident aid scattered radiation' the symbols inside the brackets denote directions of
polarizations of incident and scattered I'ght X Y' denote rotation of the x. y axes by 45 degree.
respectively, Because of twinning x and y ,'ection can not be distinguished. The spectra of all the other
investigated materials are very similar with the only difference that in the Pr-Y system a weak bump at
around 3000cm-1 occurs in ihe yy and y'y' polarizations Although spinfluctuations of the undisturbed
antiferromagnetic crystals contribute mainly to x'y' polarizations this bump can arise from them because
of strong perturbed and nearly suppressed antiferromagnetism A comparison of the observed integrated
intensities on the different crystals with respect to the different symmetry species are shown in Table I

•. x(zz)-x

5 X(YZ)-X

1
X( YY)-X

S~z(YY)-Z

S5 Z(Y'Y-)-Z

0. 5- Z(Y'X')-Z

M

51 Z(YX)-Z

0•

1000 2000 3000 4000 5000 6000

Rtamanfrequency (cm"1]

Fig 4- a-Raman spectra for different scattering geometries on Pro.48YO 52Ba 2Cu30~6 8
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Table I Integrated Raman intensities (1000. 6800cm 1) of tie long range Rarnan response for different
single crystals in different scattering geometries (point group D4h)

Sample Polarization Symmetry Intensity

Direction Species
SmBa2 CuaO3 x(zz)-x Aig 120

x(yz)-x Eg 28
x(yy)-x A, 9 + B19  140
z(yy)-z A 1, + Big 175
z(yx)-z B 2, 29
z(y'y')-z A 19 + B29  152
z(y'x')-z Bi• 25

"NdBa2CU3•", x(zz)-x A 1, 100
x(yz)-x E9 15

x(yy)-x Aig + Big 150

z(yy)-z A1 9 + Big 190
z(yx)-z B 29 16
z(y'y')-z Al, + B 2 , 170
z(y'x')-z B 1, 16

Pro.,48 Y.s2Ba2 Cu 3 O, x(zz)-x A 1g 100
x(yz)-x Eg 25
x(yy)-x A 1., + Big 186

z(yy)-z A 19 + Big 155
z(yx)-z B 2, 30
z(y'y')-z A 1g + B 2 , 144
z(y'x')-z Big 40

4. Discussion

The experimental results as summirized in Table I identify most of the scattered intensity as AIg type
There is some smaller intensity in the zz polarizations as expected for a quasi two dimensional electronic
system But this zz intensity is rather strong and. in general. there are no significant changes between
samples with different superconducting properties (and different electronic structure in the normal
state) This makes electronic scattering in that high energy regime very unlikely in agreement with
findings by D Reznik et a] [8] Spin excitations could contribute in principle But this is also very unlikely
as the scattering intensity is expected to strongly decrease with decreasing number of
antiferromagnetically ordered spin pairs 191

However, from an exptrimental point of view there is no good criterium to identify this signal as
Raman scattering At such high energy shifts Raman scattering of a featureless background can hardly be
separated from luminescence The antistokes spectrum vanishes very rapidly at higher energy shifts At
small energy shifts also luminescence may contribute to the antistokes side[fO] So far, there is no good
experience with such small signals at high energy shifts in Raman spectrosopy Therefore. itfluence of
the spectrometer characteristis can not be excluded We did an identical measurement on undoped
silicon and find also some signal up to high energy shifts The integrated intensity is about 80% of the
signal found at the HTc cuprates of Table I This suggests that their may be some contributions from
either luminescence (mainly from surface states) or some insufficient surpression of the laser light which
does not pass the dispersive element and illuminates directly the detector Further investigations are in
progress to study such phenomena
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Abstract. The modes of Bl,-symmetry observed in the infrared spectra of
YBa 2Cu 3 07-6 and YBa 2Cu4Os at v - 277 cm- 1 and 500 cm-, respectively,
are assigned to vibrations of the chain-oxygens. This assignment is reached
by analysis of the corresponding eigenvectors, influence of Au, Pr, 180 dop-
ing on these frequencies and comparison of infrared spectra of both materials.
Anomalous softenings of oxygen-related phonon frequencies with decreasing
temperature are found starting above T,, the most pronounced ones occuring
for YBa 2Cu4 0O.

1. Introduction

Vibrations of atoms in the Cu0 2 planes of oxide superconductors have been
at the center of interest because of the natural conjecture that they should
couple strongly to the superconducting carriers. It was indeed found in Raman
spectroscopy that phonon frequencies, linewidths, and intensities experience
considerable variations at the transition temperature Tc [1,2], a fact which led
to the determination of a superconducting gap in RBa 2Cu3 0 7 - 6 (R = rare
earth). In infrared (ir) spectroscopy, the odd B1.- vibrations (z-direction) at
Ic = 0 were also found to show anomalies at Tc [3-5]; a detailed interpretation of
the results, however, requires an understanding of the vibrational eigenmodes
corresponding to each oscillator. Most authors believe that the ir modes at
v, ; 277 cm- 1 and 310 cm- 1 in RBa 2 Cu3 0 7 correspond to the out-of-phase
and in-phase vibrations of the plane-oxygen [0(2) and 0(3)]. We present here
a number of experimental facts which evidence for the former as being due to
chain-oxygen [0(1)] vibrations.

2. Results and discussion

It is current belief that the vibration at 277 cm- 1 in YBa 2 Cu307 is related
to an anti-phase vibration in the z-direction of the 0(2), 0(3) oxygen atoms
in the CuO 2 planes (see, e.g., (3,51). Equivalent atoms in neighboring planes
are in phase with each other, as is required by symmetry for ir-active (i.e.
odd) vibrations. This means that in higher-symmetry tetragonal case (e.g.
YBa 2 Cu,0 6) the oscillator strength (S) of this vibration should be exactly zero,
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Fig. 1. Reflectivity spectra of YBa2 Cu 4 0 8 and YBa 2 Cu 3 0 7 ceramics at
T = 100K.

because ciarge displaced along z by oxygen in one inequivalent position (say
0(2)) is exactly equal to that displaced by another (0(3)) in opposite direction.
Taking into account existing orthorombicity one can expect (according to lattice
dynamical calculations [6]) S <0.1. Experimentally (see Fig. 1) the line at 277
cm- 1 is as strong as other vibrational bands, especially at low temperatures.
One finds much larger values of oscillator strength for both single crystals and
ceramics [3,7] in contradiction with the nearly silent character of this mode.

In Fig. I we show the reflectivity spectra of both the 123 and 124 com-
pounds. Apart from the effects of the dnuble-chain, the compounds are isostruc-

tural and should hence possess similar phonon modes and frequencies. This
seems to be true with one exception [8]. As may be seen from the figure, the
strong mode at 277 cm- 1 in 123 is not present in 124. In view of the assignment
of the silent mode to this peak, this is a very surprising result. Furthermore,
there is an additional peak in the 124 spectrum at 500 cm- 1 . From a group-
theoretical point-of-view, however, the number of ir-active modes is the same
in both compounds. No new mode is expected. We may hence conclude that
the 277 cm- 1 (123) and 500 cm- 1 (124) modes are actually the same (as indi-
cated by arrows in Fig. 1), with a significantly different frequency in the two
compounds.

Why should the frequency of this mode be so different in the two com-
pounds? If we assume it to be the chain-oxygen vibration along z, the ex-
planation follows naturally from the existence of double chains in 124. The
z-vibration of the chain oxygen is a pure bending mode in 123 and should
hence have a characteristically low frequency. In the double-chain compound
the unit cell is face centered: there is a shift of b/2 in y-direction of two primitive
cells adjacent in c-direction. Consequently the chain oxygen is placed under a
copper atom and its z-direction vibration has predominately bond-stretching
character. Its frequency should go up significantly as is observed in the spectra.
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Fig. 2. Temperature dependence of TO-phonon frequencies for (a,b)
YBa 2Cu 3O7 (x - undoped, U - 5%Au, 4 - 10%Au, A - 10%Pr) and (c,d)
YBa 2Cu 4O8 . Vertical dashed lines mark T,.

Thus, the comparison of the two spectra in Fig. 1 gives a strong indication
that the 277 cm- 1 mode in 123 is indeed a chain-related mode.

Results of substitution experiments further support this point. Gold is
known to substitute for chaii copper Cu(1) In the 123 structure. Pr, on the
other hand, replaces Y in (Y-..Pr,)Ba2Cu3 O7- 6. For the 10%Au substitution
we found the largest change of the TO-phonon frequency, Au/f = -4.0%, for
the mode at 277 cm-, a surprising result if this mode were to be the silent one.
As gold substitutes in the chain-copper site such an effect is rather expected for
the chain-oxygen mode. For Pr in place of Y, on the other hand, the strongest
change (Av/v = -1.6%) occurs for the 193 cm- 1 mode, which is well known to
be a vibration involving mostly the Y atom.

In order to further verify this new assignmsnt we have also performed
a site-selective oxygen-substitution experiment. By treating a sample of
ErBa 2Cu3 (160 6 .84 -,".O) with z = 0 in 180 atmosphere at low temperature
(T = 300 C) we achieved an exchange of z = 1.03. Under this conditions the
exchange with oxygen in the Cu0 2 planes is suppressed and, to a first approx-
imation, we may say that the 0(1) oxygen position is substituted by 180 while
the other oxygen sites consist mostly of 160. If this were the case, we would
expect a drop of the frequency for the chain-oxygen vibration. We found indeed
this effect for the phonon in question (at v ;277 cm-1 ).

An unusual temperature dependence of the chain-oxygen vibration was
found: the corresponding phonon frequency decreases with temperature for
T < 300 K. This anomaly does not have anything to do with superconducting
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transition since it occurs even in non-superconducting PrBa 2Cu3O7 -6 [9]. In
Fig. 2 the temperature dependence of phonon frequencies is shown for other
oxygen-related modes. One can clearly see an onset of softening well above T,
for both 124 and also for doped 123, undopes 123 materials do not show this.
The effect observed seems to be general for RBa 2 Cu3 O7 doped with transition
metals and is not a particular property of metal dopants substituting for the
chain Cu(1) site only, as was recently assumed [10].

3. Conclusion

We have presented evidence that the 277 cm- 1 mode in the Jr-spectra of
YBa 2CU3 O7 is related to chain-oxygen vibrations and not to the CuO2 planes
as previously assumed. Anomalous softenings of oxygen-related vibrations were
found to oc- ,re above T, not only for YBa 2Cu 4O8 but also for Au- and Pr-
doped YBa__Ju3 OT7 .
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Abstra±. We report on the Raman scattering investigation of the 335cm'1 phonon
of Ag (pseudo-Big) symmetry in thin YBa 2Cu 307_8 films on various substrates. The

experiments yield values for the phonon softening below T,, which differ from sample
to sample. We find a linear relation between the softening and the inverse asym-
metry parameter of the phonon Fano-like lineshape. when these parameters,

obtained from different samples, are compared with each other. In contrast to
this, the onset temperatures for the softening are the same for these samples.

Optical phonons in the high temperature superconductors have received much

attention because they exhibit self-energy effects below the superconducting
transition temperature as observed by Raman (1-3] and IR spectroscopy [4,5].
Especially YBa 2Cu 3O7 -8 (123), its isostructural rare earth substitutes (61, and
recently YBa2Cu 40 8 (124) [71 have been subject to many detailled spectroscopical
investigations. The self-energy effects are most pronounced for the Ag(pseudo Big)

phonon with an energy of 335cm-t in the 123-compound indicated by the softening
of its frequency below Tc. The amount of softening reflects the electro-phonon

interaction, and is predicted to be sensitive to the position of the phonon relative
to the superconducting gap [8). This had been verified by Raman experiments on a
series of rare earth (R) compounds RBa 2Cu 3 O 7 8 [611.

In this contribution we present some Raman data from YBa 2Cu 30 7- films on

different substrates. The results exhibit a unique relation between the phonon energy
shift below Tc and the asymmetry of the lineshape.

The samples consisted of a series of films prepared on MgO, SrTi0 3 and on
LaAlO 3 substrates by sputtering techniques as described elsewhere [9,10]. Their

thicknesses ranged between 200 nm and 2prm. The films had been characterized by
resistance and susceptibility measurements. X-ray and Raman scattering [10,11]

confirmed the epitaxy of the films. Raman measurements had been performed
from room temperature through the superconducting transition. Details of the

experimental setup have alredy been published elsewhere 112, 13].
The Raman experiments focused mainly on the spectral region around the 335 cm-1

phonon. All the spectra measured exhibited the typical asymmetric line for this
phonon. Examples are shown in Fig. 1. To treat the spectral function we refer to

Refs. 13,14] where the authors attributed the asymmetry to the coupling of the
phonon to an electronic continuum, leading to the widely called Fano interference.

The lineshape is given by

(q-E)2 E - Ep Tp I R(E)
l(E)-•ne(E)Te -() , with • and e V. (E) + (E)
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110 " Fig.: Examples for the lineshape of the

pseudo Big phonon. The full lines give
the results of fits using the Fano
lineshape.
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Ep = E0 + V2 "R(E) is the renormalized phonon energy. E0 gives the intrinsic phonon
energy without electron-phonon interaction, e( E) is the electronic density of states,
R(E) its Hilbert transform, Tp, Te are the electronic and phononic scattering
amplitudes, respectively, and V defines the electron-phonon coupling strength. A
large q value gives a symmetric Lorentzian lineshape, thus the inverse of this
parameter, l/q, may serve as an appropriate measure for the asymmetry of the
lineshape. The spectral function (1) has been fitted to the phonon spectra with
Ep. q, the linewidth r, and the intensity 10 -lre(E)Te as the adjustable parameters.
The results of the fits have been plotted in Figure I in addition to the experimental

spectra.

Figure 2 shows the temperature dependence of the renormalized phonon energy
for the series of films on a relative scale. The data exhibit the typical decrease of
the phonon energy at low temperatures. The onset temperatures for the softening
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temperature close above Tc (full symbols). The open symbols give the transition
temperatures of the samples for comparison. The error bars are the a-confidence
regions for the parameters give by the fitting routine (no errors are given for
data from the literature (15,161)

in different films coincide with the resistively determined transition temperatures.
One clearly observes thr. some films exhibit a larger softening than others.

From our first work on films of these materials [13) we got the impression
that the total frequency shift of the 335cm-1 phonon between Tc and T=O, AE, is
correlated with the asymmetry of the phonon line. As the asymmetry exhibited
some temperature dependence, we took its value close to Tc, I/q(Tc), as reference.

In Figure 3 we have plotted AE versus I/q(Tc) for the various samples. The linear
relation between these two parameters becomes obvious. A complete discussion of
the results will be given elsewhere [17).

At a first glance this linear relation directly reflects that the softening is pro-
portional to the electron-phonon interaction constant V-e(E) which also enters the
asymmetry parameter q - 1/v-e(E) as shown in (1). In this case, however, the
transition temperature, as e.g. given by the BCS-theorie. Tc- exp(- i/V-e(E)),
would also vary for the different samples. In Figure 3 we have also plotted the
transition temperatures for the films indicated by the onset of the softening
which coincide with the resistively determined Tc's. Obviously the samples exhibit
the same transition temperature with a minor scattering of their individual values.
Thus, the phonon renormalization below Tc and the superconducting transition
temperatures are not directly related to each other. Either, the value for Tc does
not rely on the electron-phonon interaction, or, the phonon renormalization is
subject to processes additional to the electron-phonon coupling. Zeyher and
Zwicknagl [8] showed that additional electron scattering from impurities or
inhomogeneities can reduce the renormalization effects of the phonons below Tc.
Whether this can also change the asymmetry of the phonon lineshape is an open
question, which has to be answered to understand our finding.
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Phonon Behavior in the Bi-Sr-Ca-Cu-O-System
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Absract: The phonon-Raman spectrum of Bi2. xPbxSr2Can_ ICunO2n•4td had been studied in detail The

630cm- I phonon which is assigned as a z- vibration of the oxygen between the CuO2 and the NiO layers

and of the oxygens of the BiO layers shows a sample dependent shoulder at 650cmi- This shoulder is
interpreted as a mode arising from different oxygen ordering in the NiO layers and from excess oxygen
Substituting Bi with Pb increases the amount of 2223 phase and the intensity of that shoulder decreases

I- Introduction

So far. several mode assignments of the phonon-Raman spectra in the 13i-Sr-Ca-Cu-O System
have been done [I-5] Difficulties arise from the fact that no simple crystal structure exists [6-8]
Different oxygen arrancements in the MiO layers combined with oxygen vacancies and excess oxygen
disturb the idealized structur. This idealized structure is shown in Fig I and belongs to the space group
14,,mmm The oxygens of the CuO 2. MiO and SrO layers are denoted as 01. 03 and 02. respectively Usually
this idealized crystal structur is used if symmetry considerations are done The most accurate mode
assignment can be obtained by comparing with calculated phonon frequencies 191 as it has been done by
Cardona at al [1], However, such calculations also start with an idealized structure and become very
unaccurate for the phonons of the NiO layers On the other hand. vibrations of the CuO layer should bL
rather independent of the 0 disorder of the BiO planes

In this paper we present new results of the behavior of some special modes and discuss their
mode assignment

2. The 630-650em' mode

The strongest Raman feature of the Bi-Sr-Ca Cu 0 system is the 630-650cm-1 mone Single

crystal measurements [5.21 had shown a very strong scattering intensity if incident and scattered

radiation are polarized along the z-, direction In analogy to the Y[a2Cu3Ox system (the 500cmr- 1 mode
has the same polarization properties) one would assign that mode to a z, vibration of the 02 atom In

contrast to YBa2Cu3Ox the frequency is around 130cm- I higher which requires additional repulsive force

in the movement This additional repulsion can be caused by an out -of-phase movement of the oxygens
02 of the BiO layers The strong z-Raman polarization may be caused by electronic transitions between
the MiO band and a CuO2 band which are parallel in some parts of the Brillouin zone Vibrations of the

oxygen atom placed between the NiO and CuO2 layers can couple rather strong to matrix elements of this
electronic transition.

The 500cm I mode of the YBa 2Cu3Ox system is known to be very sensitive to the oxygen content
of the CuiO chains This is because the vibration of the oxygen between the CuN 2 plane and the CuO chain
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Fig I Idealized Structure of Bi9Sr2CaCu2O8 The notation of the atomi-s is indicated as used in that work

Fig 2 Two extrem cases (rocksalt and bridging position) of oxygen arrangement in the RiO layers Arrows
indicate the atomic displacement of the corresponding vibration

Fig 3: suggested superstructur of the NiO layers showing the continous transition of rocksalt to bridging
position of 03

(denoted as 04 in YBa,Cu.30x) feels the repulsive potential of the near oxygen of the CuO chain This

repulsive potential increases the frequency and also pushes the 04 away which increases the Cu--O
distance If the oxygen content is reduced this repulsive potential decreases which lowers the frequnev
and the 04-Cu distance at the same time [10] A similar behavior is expected in the Bi system The

630cm-I mode should be sensitive to the oxygen ordering and content of the BiO layers And ind ed. in
most samples a shoulder at I50cm-1 is found depend dent on sample quality and preparation How that
frequency can be assigned to atomic movements is illustrated in Fig 2 The SrO and BiO layers are shown
for two different oxygen arrangements in the Bi layers- If 03 is in the so called 'rocksalt position" 02
and 03 are rather far away and the frequency is at 630cm I. There is also the possibility to place the 03
between the Bi atoms which is denoted as the bridging position This type of structure has been
suggested by von Schnering et al [8] and offers the possibility of a high amount of excess oxygen In this
position together with some excess oxygen the 0-0 distance is much smaller which increases the
vibrational frequency to 650cm- 1 Considering the second BiO layer one finds again that in the rocksalt
position the two 03 atoms of the two BjO layers are rather far separeted and the Bi-O bond dominates
the frequency. In the bridging position the two 03 atoms come closer together which increases the
frequency

Actually not one of the two oxygen arrangements of fig.2 have been found [11] but a
superstructure arising from a transition of the rocksalt position to the bridging position as shown in
Fig'3. We do not believe that the superstructure for itself has a disturbing potential to the ordinary

630cm I phonon which is large enough to produce a second peak But the excess oxygen which can
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positions of intrinsic phonion modes The arrows indicate impurity phases.

enter the structure in the bridging position may cause the shoulder at 650cm-1. In this way the

shoulder at 650cm -I probes the superstructure and the excess oxygen as well.
Substituting Bi with Pb is known to stabilize the 2223 110K phase The structural changes

between the 2212 and the 2223 phase are only one block oi CaCu0 2 which should not influence the
vibrations of the BiO layers and their surrounding. Fig.4 shows the Raman spectra for samples with
different Pb content. For Pb amounts larger than x=0.3 nearly pure 2223 phase is present. Clearly one
can see that the shoulder at 650cm-I decreases with increasing lead content. This behavior is
interpreted as a change of superstructur and excess oxygen in agreement with other inlvestigations (121.
A similar behavior is found in the Bi2Sr2-xLaxCaCu2O8±d system [2]

3. The 460cm- mode

The second prominent peak of the Ri-system is the 460cm- 1 mode. In contrast to the 630cm- I feature.
the argumentation for a mode assignment is not straightforward and there are some discrepancies. This
mode is either assigned as a CuO2 plane vibration [31 or as a BiO plane vibration [1.2]. If this mode

corresponds to the BiO planes -e.g. as an oxygen in-phase counterpart to the 630cm- 1 mode - one
expects a shoulder similar to the 630cm-I vibration.
On the other hand. the in-phase counterpart of the out-of-phase Big mode of the CuO 2 planes is
expected at lower frequencies and should have a much smaller intensity. We think that this modc is a
more complicated mixture of several atomic movements. mnay be with main components of the 01 and 02
atoms. However, regardless of its exact assignment this mode shows a different temperature dependence.
Fig.5 shows two spectra of ceramic samples taken at 300K and 77K. In contrast to the 630-650cm-1

feature which is not influenced by temperature. the 460cm- I is shifted to higher frequencies upon
cooling. Within the resolution of the spectra the haifwidth is nearly unchanged.
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We report the preparation of fully (Nd, Sm, Er, Yb, Pr) and partially (Pr) rare earth
(RE) substituted ceramic Y-Ba-Cu-O samples. The cell parameters and the phase purity
are characterized by x-ray powder diffraction. The temperature dependence of the electrical
resistivity of the samples was determined and the room temperature values are compared with
the results of the optical conductivity derived by Kramers-Kronig analysis from IR-reflectivity
measurements.

Since the discovery of the 1-2-3-compound Yj Ba 2 Cu 30- 5 ('i BC) various substitutions

in 'his system were investigated. It was soon found that all lanthanides except Ce and Tb can

fully replace Y in the structure [1] [2J [3]. (Pm was not used because of its radioactivity). Al-
most all of these substituted YBC's have a superconducting transition, only PrjBa 2Cu 3O-r-J
shows a semiconducting temperature behaviour of the resistivity. Systematic studies of re-
placing Y by Pr show a decreasing transition temperature and a vanishing superconductivity
around 50% substitution [4]. An investigation of the T.-depressing behaviour of Pr in the 1-2-
3-system might be one way towards the understanding of the mechanism of superconductivity
in the perovskites.

The different ceramic samples were prepared by solid-statc reactions, starting with oxides
and carbonates. RE20 3 (RE=Y, Nd, Sm, Er, Yb) and/or Pr6 Ojt1 BaCO 3 and Cue were
ground in molar ratios, calcinated at about 9000C, reground and pressed to pellets. The
pellets were annealed at about 915'C and reground again. The powder was sieved with
a 100 micron sieve and then pressed with 6 t/cm2 to pellets for the third heat treatment
under oxygen flow at about 930'C. This procedure results in pellets with a slightly structured
surface. The composition of the samples ( RE1 Ba 2Cu 3 O7- 6 with RE=Y, Nd, Sm, Er, Yb,
Pr and Yl-..PrBa2Cu 3 O_6 with x =0 to I in steps of 0.1) was controlled by EDX (energy
dispersive x-ray analysis) in an electron microscope. For resistivity measurements the samples
were contacted in Van der Pauw geometry with gold wires and silver paste. The measurements
were done in a closed cycle helium cryostate down to 30 K and the temperature measured with
a calibrated silicon diode. x-ray powder diffraction measurements were done on all samples
with a Siemens D500 diffractometer. About 12 to 20 well defined peaks for 273 between 5 and
85 degrees were used to do a least square unit cell refinement.

For IR-reflectivity measurements the plellets were polished. For a reflectivity reference,
the surface was covered with a gold film of about 200nm and then measured again to correct
the influence of the surface roughness. For the lIt-reflection measurements two spectrometers
were used: from 200 to 4000 cm- 1 a Perkin-Elmer 684 li. spectrometer and from 40 to 250
cm- 1 and from 50 to 500 cm-t a Bomem DA8 with different mylar beamsplitters.

RE1 Ba2 Cu,3 O7 r_j (RE= Y, Nd, Sn,, Er, Yb) : Tab. 1 shows the calculated lattice
parameters and the resistive transition temperatures of the samples. Only the Y- and Er-
sample show a sharp transition and a Tc, above 90 K. This is in good agreement with the
high phase purity estimated from x-ray measurements. The samples with Nd, Sm and Yb
contain phase impurities between 5 and 20%,which in the Y- and the Er-samples are below
5%. Fig. I shows the optical conductivity a in the region fom 0 to 1000 cm- t .
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Table 1: Lattice parameters for RE substituted ceramics (estimated standard deviation in
parentheses refer to the last digit), the midpoint of the resistive transition (T,1 / 2) and the
temperature at which p vanishes (T.0 )

RE [X} __ ___ c [A] T,1 2  Teo

Y 3.8222 (3) 3.8918(7) 11.694 (5) 94.6 94.1
Nd 3.8683 (5) 3.9277 (12) 11.772 (4) 82.5 78.4
Sm 3.8499 (2) 3.9096 (5) 11.737 (4) 90.5 87.2
Er 3.8196(3) 3.8904 (7) 11.693(6) 95.0 94.2
Yb 3.8100(4) 3.8800(9) 11.660(7) 92.1 89.9

600

i 300

K0

500-.

Er Sm Nd7 Yb y000 0CM"0

Figure 1: Optical conductivity of the RE substituted ceramic samples between 0 and 1000
cm-'
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Figure 2: normalized resistivity versus temperature for the samples Yj_-,Pr.,Ba 2Cu 3 07-6 for
different x-values

The phonon-peak around 150 cm-1 which corresponds to the RE vibrations [5] [6] [7] shifts
to higher wavenumbers when Y is replaced by heavier RE. The Cu-O stretching modes around
340 and 580 cm-' vary with the substitutional element.

Yi-,PrBa2 Cu3 O 7- 6 : Fig. 2 shows the normalized resistivity curves of the different Pr
substituted samples. The superconducting transition shifts towards lower temperatures with
increasing Pr content and vanishes at about Pr0.6. Pr-doped YBC covers the whole range of
metallic / superconducting to semiconducting resistive behaviour.

The lattice parameters calculated from the x-ray powder diffraction measurements (Fig. 3)
increase monotonically as a function of the Pr concentration, in good agreement with other
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Figure 4: Optical conductivity versus wavenumber of Yl-.PrzBa2Cu3 Or_.6

x-ray measurements [8] or neutron diffraction studies [9]. The optical conductivity (Fig. 4)
shows a shift of the phonon peaks to higher wavenumbers with increasing Pr concentration.
The extrapolated values of the optical conductivity for v = 0 cm-' differ between a factor
1,2 (Pro.s) and 5 (Pro. 4 ) from the measured dc resistive values. This can be explained by
the different densities of the sintered samples and by intragrain and intergrain (e.g. phase
impurities) effects.

Conclusion : Investigations of superconducting and non superconducting ceramic sam-
ples of the 1-2-3-system with Y fully substituted by Nd, Sm, Er and Yb or partially substi-
tuted by Pr up to 50% were performed. The samples showed more phase impurities than the
pure Y 1Ba 2 Cu 30 7-. when prepared with the same solid state reaction. The RE substitutions
in the 1-2-3 system show a orthorhombic structure with varying cell volume. The optical
conductivity calculated from reflectivity measurements showed characteristic phonons. The
substitution of Nd, Sm, Er, Yb leads to a peakshift for the 150 cm- 1 -phonon towards higher
wavenumbers for higher RE-ion masses. In case of partial Pr-substitution the phonons around
159, 340, and 580 cm-' are shifted to higher wavenumbers with increasing Pr-content.

This work on ceramic samles is preliminary for more detailed studies on RE substituted
single crystals, which are necessary to get information about the intrinsic properties and the
anisotropy of the system.

Acknowledgement : The authors want to acknowledge Dr.P.P6lt from the Zentrum fiir
Elektronenmikroskopie der TU-Graz who did the EDX-measurements.
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Far-Infrared Properties of Yl__,PrxBa2 Cu 3Oy Ceramics

D. Macko, NI. Ka~p irkovi, I. Sarg.nkovi, and P Diko

Institute of Experimental Physics, Slovak Academy of Sciences,
Solovjevova 47, 043 53 Kogice, Czechoslovakia

Abstract. FIR reflectance measurements have been performed on
orthorhombic and tetragonal ceramic samples of Yi-.Pr.Ba2Cu3Oy
(x=0.2, 0.4 and 0.6). The temperature and Pr-concentration
dependencies of electronic and phonon features have been
studied.

1. Introduction

Among all LBaZCu307 (L123) compounds (L - a lanthanide) that
are isostructural to Y123, only Pr123 is nonmetallic and
nonsuperconducting.

The single-phase Y1-.Pr.BazCu3O7 system is of special
interest since its superconductivity is gradually suppressed
with increasing Pr concentration.

2. Experimental Results and Discussion

Reflectivity measurements of polycrystalline orthorhombic
(x=0.2, 0.4 and 0.6) and tetragonal (x=0.0, 0.2, 0.4 and 0.6)
samples Yi-xPrxBa2Cu3Oy were performed with a Bruker IFS 113v
spectrometer for the range 20-4500 wavenumbers [cm ] (wn) at
temperatures 5-300 K with resolution of 0.5 wn. The
orthorhombic samples with x=0.2 and 0.4 were superconducting
below the transition temperature Tc=63 K and 36 K, resp.. The
orthorhombic x=0.6 sample was nonsuperconducting. For more
details of the experiment and the sample preparation see [1].

Fig.1 shows IR spectra for the orthorhombic sample with Pr
concentration x=0.2. These spectra contain all the features
typical for the spectra of Y123 ceramic superconductors
including gap-like manifestations at different frequencies.

The gap-like sudden drops in the reflectivity above -65 wn
on the orthorhombic x=0.2 sample and above -29 wn on the
orthorhombic x=0.4 sample are observed at temperatures T<Tc.
Using the methods of a gap determination for ordinary metals in
superconducting state [2] we determined the gap-frequencies:
60-65 wn (i.e. 2• i/kTc= 1.37-1.48) for x=0.2 sample (Tc= 63 K)
and -29 wn (2Ai/keTc=1.44) for x=0.4 sample (T = 36 K).

According to [3] a wide band around 450 wn (Fig.1) in the
reflect-ivity of the orthorhombic x=0.2 sample at temperatures
T<Tc correlates with the electronic Big and Aig peaks observed
in continuum Raman measurements. Elsewhere, the band is
interpreted to be a manifestation of the superconducting energy
gap with 2A A 8keT [141. It is interesting that the maximum of
the broad peak for our 60-K sample is almost identical with
that for 90-K superconductors (460-480 wn) [4]. This band is
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Fig.1 The reflectivity spectra of the orthorhombic x=0.2sample at T=300 K, 80 K, 40 K and 5 K.

not seen in the reflectivity of orthorhombic samples with Pr

content x=0.4 and 0.6.
The orthorhombic E Jj c phonon mode at 155 wn, referred to as

the Ba mode [5], is according to our measurements almost
independent of both concentration and temperature.

IR-active orthorhombic E 11 c phonon modes at 280 wn and 320
wn correspond to vibrations of CuO2 planes [6,7]. An apparent
softening and a sharpening of the 320 wn mode at the
temperature change from 80 K to 40 K was observed on the x=0.2
sample (Fig.1). From such phonon behaviour it can be estimated,
in the framework of the theory of Zeyher and Zwicknagl (8],
that the energy gap 2A z lies above the mentioned phonon
frequency. Frequency of the phonon mode of the x=0.2 sample
(Tc =63 K) lies in the same range as the equivalent mode of the
undoped Y123 sample (Tc=90 K), i.e. the application of this
theory leads to the conclusion that the energy gap is not
proportional to the critical temperature.

With increasing Pr content (orthorhombic x=0.4 and 0.6
samples) the phonon structure in this range becomes more
complex (Fig.2). The 280 wn phonon mode becomes less apparent.
The local reflectivity maximum at 320 wn for the x=0.2 sample,
interpreted as one phonon mode, is shifted and changed with
increased Pr content to a complex broad phonon feature with the
maximum at 360-370 wn. The observed IR shift of the
reflectivity maximum is larger than could be expected from 15]
where the influence of lanthanides (except of Pr) on the phonon
structure of L123 samples was studied. In our opinion this
complex broad feature for orthorhombic sample x=0.6 is probably
a combination of two (or more) phonons at which it consists
probably also of E II ab modes (due to a decrease of a
conductance in ab-planes).

Position of the E 11 c phonon mode at 570 wn of the
orthorhombic x=0.2 sample, which may be probably connected with
vibrations of apical oxygen 0(4) in the c-direction [7], is
temperature independent. The corresponding orthorhombic modes
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in x=0.4 and x=0.6 samples show hardening by -1.5 wn and •4 wn,
resp., with decreasing temperature. With increasing Pr content
this mode is shifted towards higher energies, with maximum
shift of 11-12 wn at T=5 K.

Fig.2 shows IR spectra of the orthorhombic samples in normal
state at T=80 K and of the tetragonal samples at T=300 K, for

various Pr concentrations.
For the tetragonal x=0.0 sample the phonon modes at 150 wn,

212 wn, 250 wn, 360 wn, 590 wn and 637 wn are observed. A
comparison of these spentra with the results of the polarized
measurements on the tetragonal Y123 single crystals w9,10m has
shown that the modes at 150 wn, 212 wn and 637 wn are polarized
in c-direction and the modes at 250 wn and 590 wn are polarized
in ab-plane. The broad reflectivity peak at 360 wn consists of
two modes (the higher frequency mode is polarized in
c-direction and the lower frequency one is done in ab-plane).

An analysis of the reflectance spectra (Fig.2) for
orthorhombic and tetragonal samples shows that the influence of

the Pr doping is similar in the both phases only for two phonon
modes: 1. The increase of Pr content almost does not change the
positions of the Ba phonon modes at 150 wn for orthorhombic
samples and at 155 wn for tetragonal samples. 2. The
frequencies of the orthorhombic phonon mode at 570 wn and of
the tetragonal phonon mode at 637 wn (both modes correspond to
vibrations of apical 0(4) in c-direction [7,91) increase with

Pr doping.
In tetragonal phase we have not found an analogy of the

concentration behaviour of the orthorhombic 280 wn and 320 wn
modes (i.e. frequency increase of the phonon position with an
increase of the ionic radius of lanthanide in L123 system [bi.
The narrowing of the tetragonal 360 wn peak from the higher
frequency side with increasing Pr content indicates that the
higher frequency mode of this peak (assigned as Cu(2)-o(2)-o(3)
vibration in c-direction [99) does not shift towards the higher
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energy with increasing Pr content (the assignment of atom
positions is by [6]).

The 590 wn mode, the lower frequency part (LFP) of the 360
wn peak and the 250 wn mode of tetragonal Y123 samples
correspond to E II ab vibrations. The 590 wn phonon is assigned
as Cu(2)-0(3) stretch mode [9,10]. The assignment of the other
two R Ii ab modes, in which a role of oxygen is significant 17],
is not unambiguous (9,10,11]. The concentration independence of
the maximum position of the 360 wn peak with Pr doping (i.e.
concentration independence of the LFP of the 360 wn feature),
an softening of the 250 wn and 590 wn modes with Pr doping,
together with taking into account mutual positions of CuO2
planes, apical oxygen 0(4) and Y atoms in primitive cell, lead
us to the assignment of the 250 wn mode as Cu(2)-O(2)-0(3) mode
by [9] and to the assignment of the LFP of the 360 wn feature
as apical oxygen 0(4) mode as is admitted by Feile [111.

In conclusion, we observed different gap-like manifestations
in the reflectance spectra of the Pr-doped Y123 samples. Their
interpretation is questionable. Also explanations of Pr-induced
shifts of some orthorhombic and tetragonal phonons are not
clear and will be discussed elsewhere.
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Abstract. We have performed polarized reflection measurements on twinned
single crystals of the system YBa 2Cu 30 in the energy range between 50 meV
and 6 eV and in the stoichiometry range between x=6 and x=7 at room temper-
ature. By fitting a Lorentz-Drude model and by Kramers-Kronig analysis the
spectral distributions of the components of the conductivity function parallel
and perpendicular to the ab-plane were determined, showing contributions of
infrared active phonons, free carrier absorption and interband transitions.

1. Introduction

The optical properties of YBa 2 Cu3Ox are very anisotropic. Moreover they show
a strong dependence on the oxygen content of the crystals. While YBa 2Cu 306
is a semiconductor, YBa2 Cu 30 7 is the well known higli-T, superconductor.
Therefore the transition regime 6 < x < 7 is of particular interest. Within the
regime a metal-semiconductor transition takes place and simultaneously the su-
perconducting properties are developing [1].

2. Experimental

Twinned crystals of YBa 2Cu3 0 7 - 6 were grown by three different techniques
described elsewhere [2,3,4]. The sizes of the free-standing crystals were about
(2-4)am x (1-4)am x (0.2-1.5)mm. In order to achieve different oxygen contents
and a homogeneous oxygen distribution the crystals with an oxygen content of
x=6.0, 6.2, 6.33, 6.42, 6.46, 6.52, 6.61, 6.78, 6.92 and 7.00 were obtained by an-
nealing for several days between 450 0C and 650 oC in an atmosphere of flowing
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oxygen and argon with subsequent quenching [5). The oxygen stoichiometries
were determined indirectly by roentgenographic analysis of the cell parameters
and then cross-checked by SQUID-measurements of the transition temperature
T,. The crystals with an oxygen content of x=6.1, 6.36, 6.85 were obtained
by annealing in vacuum [6]. The average error of the stoichiometry values is
Ax • 0.04.

Reflection measurements at near-normal incidence were carried out in the
spectral range between 50 meV and 6 eV with a single beam set up, especially
designed for small samples. The spectra were obtained on microtwinned (001)
surfaces (R11ab) or on an average of (100) and (010) surfaces. In the latter case
polarized light was used with the electric field perpendicular (Ril1b) and parallel
to the 'ý-axis (R1 11).

3. Results and Discussion

Selected reflectance spectra Rllab und R11, of YBa 2CuaO, are shown in Fig.
1. The spectra R11ab represent an average of the excitation processes polarized
parallel to the a- and to the b-axis respectively [4]. A pronounced anisotropy
of the transport properties between ab-plane and c-direction is visible not only in
YBa 2Cu3 O7 but also in the oxygen reduced samples. As Fig.1 shows
YBa2 Cu 3 O6 is a typical semiconductor with constant values of the reflectivity
between 0.2 eV and and 1 eV, where no optical excitations take place. Between
50 meV and 100 meV the spectra are modulated by infrared active phonons ,
between 1 eV and 6 cV by interband transitions. The sequence of the spectra
R11ab in Fig. 1 (left side) between x=6 and x=7, i.e. with increasing oxygen
stoichiometry parameter x, first shows a plasma edge of the free charge carriers
at x=6.2, subsequently shifted to higher energies. In R11c (Fig. 1, right side) a
plasma edge is visible not before x > 6.8.

50. 6.33 "\50

100 0 00

6.0

'0

060

r 2
2 Rtfob 1 R11c

1 0,5 ,, I . . . . . .
005 0.1 02 05 1 2 0 0.05 0.1 0.2 0.5 1 2 5

twleV) tuxev }

Fig.1 Polarized reflectance spectra of YBa 2CuO3, with the electric field parallel
(left side) and perpendicular (right side) to the ab-plane at 300 K. The numbers
denote the oxygen content x of the samples.
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Fig.3 Real part of the conductivity parallel (left side) and perpendicular (right
side) to the ab-plane (phonon regime).

For the discussion of the transport properties selected spectra of the conduc-

tivity functions CrIjab and G1l, are shown in Fig. 2. In Fig. 2 (left side) a strong

increase of o-lib in the infrared between x=6.1 and x=6.3 by nearly two orders of

magnitude is observed. This is the result of an increased free carrier absorption

and corresponds to the appearance of a plasma edge in Riiab at x=6.2. Both

features point to the occurance of a semiconductor-metal transition well below

the superconducting and tetragonal to orthorhombic phase transition at x=6.4

[1]. In Fig. 2 (right side) o-11 is drawn in a reduced scale, in order to show the

distinct increase of the conductivity function (free carrier absorption) between
x=6.78 and x=6.85.

The conductivity is displayed by selected spectra in Fig. 3 for the phonon

regime of the spectra. The structure at 72.6 meV (585 cm- 1) in the spectrum
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allb of YBa 2Cu30 6 is assigned to a stretching vibration mode of the oxygen-
atoms in the Cu(2)-plane. It can be observed up to an oxygen stoichiometry
of x=6.46. Above x=6.5 its amplitude in the reflectivity spectrum is less than
the error of ±1%, due to the increasing contribution of free charge carriers.
Both eigenfrequency and dipole strength of this vibration mode decrease be-
tween x=6.1 and x=6.2. As the average bond distances in the Cu(2)-planes are
not changed the decrease in the dipole strength must be due to a reduced ionic
and an increased covalent character of the plane bonds [1]. This also causes an
electronic shielding of the lattice vibration and therefore a softening of about
0.6 meV (5 cm-'). The softening correlates with the simultaneous appearing
of a plasma edge in the spectrum RJlob.

The structure at 78.5 meV (635 cm-1) in all, corresponds to the stretching
mode of the bridging oxygen 0(1). With increasing oxygen content the phonon
mode soifens by about 3 meV (25 cm- ). "hib "" n I e

sertion of the chain oxygen which enlarges the Cu(1)-O(1) bond distance [1].
Similar to the behaviour of the 0(2),0(3)-stretching mode in aloa• the softening
of the stretching mode correlates with the increase of the free carrier absorption
between x=6.78 and x=6.85.

The bending mode of the chain oxygen (0(4)) in YBa2Cu30 7 with an eigen-
frequency of 70.2 meV (566 cm- 1 ) does not exist in all, of YBa 2Cu30 6 . The
dipole strength of this mode increases with the oxygen content of the samples.
In contrast to the other phonon modes the modulation of the conduct: Vity func-
tion all, of YBa2 Cu307 by this mode is very pronounced. Simultaneously the
eigenfrequency is increased very much, which can be explained by the reduction
of the Ba-0(4)-bond length [I].
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Abstract. We have studied the infrared and optical reflectivity of high qual-
ity BISCO crystals at room temperature: three 2201 samples (n=l) varying
from semiconducting to perfect linear p(T) behaviour as a function of oxygen
content, and a 2212 superconductor (n=2, T,=91 K). We analyze the data in
a two-component model (Drude conductivity + midinfrared absorption). We
find that the Drude part in the 2201 metallic samples changes in width but
its intensity remains constant as oxygen is added; the transition to 2212, on
the other hand, increases the plasma frequency considerably. The oscillator
strength of the MIR band depends only on the number of Cu-O layers, being
twice as large for n=2 than for n=1. We conclude that oxygen content in the
2201 samples changes the mean free path but not the carrier concentration,
while the new Cu-O plane in 2212 acts as a source of carriers for both the
Drude and MIR absorption.

1. Introduction

Although a considerable amouut of information has been accumulated by now
[1], an unambigous explanation of the optical properties of high T, materials
is still missing. Recently, emphasis has been shifted to systematic investiga-
tions to clarify the role of individual "building blocks" of these systems, by
polarization [2] or doping [3, 4] studies.

In this paper we compare optical properties of 2201 BISCO crystals with
varying oxygen concentration in the Bi-O planes and a 2212 superconducting
crystal. This allows us to probe the contribution of the Bi-O planes and that
of a second Cu-O plane to the frequency dependent conductivity.

2. Experimental

Our samples were large area (> 5x5mm 2) single crystals of the 2201 com-
pound whose conducting properties were changed by annealing in different at-
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mospheres from semiconducting to metallic to a metal with very low resistivity
(called "supermetal" in the following). Details about preparation, annealing
and transport properties are given in Ref. [5]. The 2212 sample was grown
from BiO flux [6]. The transition temperature, determined by magnetic sus-
ceptibility, was 91 K for this sample.

Reflectivity measurements were performed by a Bruker 1 13v FTIR spec-
trometer and a home-made grating spectrometer based on a Perkin-Elmer
monochromator. Near-normal incidence spectra were taken at room tempera-
ture with unpolarized light. The surface of the crystals is oriented normal to
the c-axis, thus we obtain the average ab-plane response this way.

3. Results and discussion

Bfclctance spectra of the fouz uLystals are shown in Fig. 1. To illustrate the
changes in Lhe spectra caused by chemical modification, we show in Fig. 2. the
difference in optical functions upon going from the semiconductor to the metal
(Step 1), the metal to Lhe "supermetal" (Step 2), and from the "supermetal"
to the superconductor (Step 3). Steps 1 and 2 involve oxygen addition to the
Bi-O planes, while Step 3 means introduction of a new Cu0 2 plane. The differ-
ence curves of optical conductivity and effective number of carriers have been
calculated by performing a Kramers-Kronig transformation on the reflectivity
data of Fig. 1. and subtracting the respective functions from each other.

Oxygen addition to the Bi-O planes has different consequences in Steps 1
and 2: in the former, the conductivity below 1000 cm- 1 increases strongly, but
the latter only shifts the spectral weight towards lower frequencies (ANe1 ! is
near zero above 2000 cm-1). A striking increase is caused by Step 3 in both
the far and mid-infrared, the shape of Aa and the two distinct steps in ANeii
suggesting a two-component process.

Photon Energy (eV)
0.0 0.4 0.8 1.2 1.61.0 y • r

BISCO crystals 300 K
0._-__ 2201 semiconductor

0. 8 2201 metal
"". 2201 "supermatol"

*, 0.6.2212 superconductor
0.6

j 0.4 -, ,

0.2 N\

0.0'0 5000 10000 15000
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Figure 1: Reflectance spectra of the four crystals
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Figure 2: Changes in conductivity (upper panel) and effective number of car-
riers (lower panel) on chemical modification (see text)

On the basis of the observed changes, we regard Step 1 as addition of free
carriers to the CuO 2 planes through increased charge transfer, Step 2 as an
ordering process increasing the mean free path but not the concentration of
the carriers, and Step 3 as addition of both free and bound carriers. Fits of
the reflectivity curves to Drude-Lorentz dielectric functions confirm the above
assignments [?].

The strong mid-infrared contribution to Aot which appears during Step 3
is of special importance. In YBa 2 Cu 3 07 - 6 , the midinfrared absorption above
2000 cm- 1 has been attributed entirely to the CuO chains; in our materials,
by analogy, it should correspond to the BiO planes. However, the fact that
the intensity in the midinfrared doubles by adding a new CuO plane suggests
the absorption up to 1 eV to be an intrinsic property of the conducting planes.
It remains to be seen whether the enhancement is simply a consequence of
increased transfer of holes from the charge reservoirs or if coupling between
adjacent planes is important.
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Abstract. We have determined the polarized reflectance spectra R1la, RIub
and Rile of the high temperature superconductor Bi 2Sr 2CaCu2G3 in the
normal state. By fitting a Lorentz-Drude model or by perf,'r.lag a
Kramers-Kronig analysis, respectively, the spectral distribution of the
tensor components of the real and the imaginary part of the dielectric
function were obtained. The optical results reveal a low electrical anisotropy
within the (001) plane and a very high anisotropy between the in -plane
conductivity and the conductivity perpendicular to this plane. The spectrum
Riic gives evidence for the interaction between infrared -active phonons and
the low-energy part of interband transitions.

1. Introduction

There are several publications, reporting the reflectance spectra of
B, Sr 2CaCu 208 in the normal state [1 -5]. The results, published up to
now, however, do not show the complete information about the tensor
components of the dielectric function of this orthorhombic compound. In
particular, there are very limited informations about the optical excitations
for the electrical field parallel to the c-axis, including the electrical
coupling between the Cu-0 planes and about the electrical anisotropy,
resulting from the orthorhomic distortion within the (001) plane.

2. Experimental

The reflection measurements for the direction of polarization parallel to the
a- and to the b-axis, respectively, were performed on, a freshley cleaved
(001) surface. The reflectance spectrum R11c, however, was obtained on a
(100/010) surface. A shiny surface was prepared by cutting a single crystal
of Bi 2Sr 2CaCu2Os, embedded in epoxy, perpendicular to the (001) plane by
a wire saw. The obtained surface was subsequently smoothed by repeated
cutting with a diamond knive using an 1dtramicrotome.
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3. Results and Discussion

Fig.1 shows the polarized reflectance spectra of Bi 2Sr 2CaCu 2O 8. The
electric field of the incident light was polarized parallel to the
crystallographic axes. Therefore Fig.1 represents the complete information
about the optical anisotropy of Bi 2Sr 2CaCu 2O 8 in the energy range between
30 meV and 6 eV.
Fig.1 shows that the reflectance spectra R1ia and rqNb differ significantly in
the energy range above 1 eV whereas the reflectance values at the plasma
edge and in the low-energy regime coincide within photometric accuracy.
For a quantitative discussion the tensor components of the energy loss
function Im (-1/E) and of the conductivity function u = E2•oW are
plotted in Figs. 2 and 3. It is obvious from Fig.3 that the orthorhomic
distortion of the metal-oxygen layers has an effect both on the interband
transitions and on the free carrier absorption. This distortion, resulting in
an elongation of about 1 percent for all metal-oxygen distances parallel to
the b-axis, compared to the corresponding distances parallel to the a-axis,
leads to a reduced overlap of the atomic orbitals and hence to a reduced
band width for electrons propagating along the b-axis. Therefore the
corresponding band gap is increased and the absorption edge is shifted to
higher energy, thus reducing ( the interband contribution to the real

part of the dielectric function, and consequently the reflectivity R1ub above 1
eV. In the low energy regime, however, the influence of the orthorhombic
distortion onto the free carrier absorption, has to be taken into account

100. . .. I

Fig.1 Fig.2
0.6

01• ,•~ ~ ~ ~~ ~~~ ... .. .. . . . .. . ... .. . .......... ..

3001

030050 102 as 1i 2 5 030001 02 0.5 1 2'hw (eV) 71W (SV)

Polarized reflectance spectra of a Bi 2Sr 2CaCuO8 single crystals, T = 300K.
Full line: PIla, dashed line: RuIb, dotted line: Rflc.

Energy loss function of Bi 2Sr 2CaCu 2O 8. Full line: Im (-1/€i), dashed line:
Im(-1/ljjb) dotted line: Im (-1/cjjc).
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Conductivity function of Bi2Sr2CaCU2Os. Full line: (711a, dashed line: Ujflb,
dotted line: ao,1c, dashed dotted lines: interband contributions, shortly
dashed line: allc of YBa2 Cu 3 O 7

which is generally represented by the oscillator strength Wp,u = NC2/m*eo,
where wp~u, N and m* are the unscreened plasma frequency, the
concentration and the effective mass of the free carriers. As the decrease of
the band width is correlated with an increase of the effective mass it is
expected that the oscillator strength for the polarization parallel to the
b -axis, Wp,u fib, is reduced, compared to 'apiu (Ia. This is confirmed
experimentally by the value of the oscillator strength Wp,uilb = 7.78 x
1030/s 2 which is about 7 percent lower than Wp,uIla = 8.38 x 1030/s2. Band
structure calculations [6] as well as the results of angle -resolved
photoemnission spectroscopy [7] have shown nearly quadratic Fermi surfaces,
arising from the Cu -0 layers, as a main feature of the electronic structure
Of Bi2Sr 2CaCU2O 8. The present results indicate that optical spectroscopy is
a very sensitive tool to determine precisely small deviations from this nearly
quadratic symmetry.
In contrast to the optical behaviour of heavily doped semiconductors the
oxide superconductors do not show a pronounced absorption gap between
the free carrier absorption and the charge transfer excitations. Rather, in
the energy range below the charge transfer gap, i.e. below 1.4 eV, an
additional oscillator -like mid infrared absorption is observed. This general
behaviour is confirmed by the conductivity spectra 011a and 011b Of
Bi2 Sr 2 CaCU2O 8 (Fig.3).
As expected from the crystallographic anisotropy of Bi2Sr 2 CaCu2O8, Fig.1
shows that the difference between the reflectance spectrum Rioc, polarized
perpendicular to metalp-oxygen layers, and the ins-plane polarized spectra
coa and Ratb is much larger than the optical anisotropy within these layers.
This is evident from the lack of any indication for metallic conduction along
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lines: experimental spectrum, dashed line: a fit, including electron-phonon
interaction, dotted line: bare phonon spectrum, dashed-dotted line: bare
electronic excitation spectrum.

the c-axis because Rilc does not show a plasma edge and because, as a
more sensitive feature, the well -pronounced minimum of the phonon
structure near 80 meV confirms the absence of a contribution of free carriers
to c•fIc. On the other hand allc shows optical excitations in the mid infrared
regime with a minimum value of 3 S/cm at 90 meV. This mid infrared
absorption is higher by a factor of 30 as compared to the dc-conductivity
OUdclic = 0.1 S/cm, found in Bi 2Sr2 CaCu 20 8 [8].
For a description of the experimental spectrum Ollie we used a Fano
resonance model [9], which takes into account an interaction between lattice
vibrations, represented by a set of Lorentzian oscillators and electronic
excitations, represented by a single oscillator, which describes the absorption
spectrum of these excitations below 230 meV. From the frequency shift of
the phononic excitations of about 4 percent we conclude that the phonons
under consideration are strongly coupled to electronic excitations (Fig.4).
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Abstract. Raman scattering exciting at 1.16 eV and luminescence measurements in
the same spectral range have been performed in the semiconducting parent
compounds of the HTc superconducting system YBa 2Cu306+x. In the Raman
spectrum of the YBa2Cu30 6 the dominant features arc the Eu(LO) phonon modes
due to the Fr6lich mechanism. A new strong resonant band at 507 cm"1 with several
overtones appears with oxygen doping in the Raman spectrum. Site selective isotope
oxygen substitution confirms the assignement of this band to A vibrations of 0(4)
atoms adjacent to the short oxygen 0(1) chain. Luminescence elission, with a peak
at about 1.3 cV, was observed in samples with very low oxygen concentration. Both
Raman and luminescence data were described in the framework of a model where
the existence of a narrow midgap band, associated with the O(4)-Cu(1)-0(4)
complex, is assumed.

1. Introduction

In the tetragonal semiconducting phase [11 of YBa2Cu 3O6+ electronic correlations
arc strong. So far there is no reliable quantitative approacg to the metal-insulator
transition in the high-Tc oxides, and also the origin of the insulating gap and the
nature of the electronic states filling the gap upon doping is not clear. In this context
measurements of Raman spectra of the semiconducting phase with excitation at
photon energy lower than the energy gap can provide useful information.

In this paper we present the results of the near infrared (NIR) excited
Raman scattering and luminescence measurements of YBa 2Cu 1806+x and
YBa 2Cu 3 

6o 6 +x ceramics; preliminary results were presented in Ref[21.

2. Experimental

The ceramic samples preparation of YBa 2Cu3 O6 +x with different oxygen content
and oxygen isotope substitution is reported elsewhere [31.

The NIR excited Raman spectra were performed in a back-scattering
configuration with 4 cm" 1 resolution with an FT spectrometer exciting at 1.16 eV (25
mW within a spot of about 300 p m). The luminescence spectra in the range of 0.7 -
1.4 eV were obtained using the same experimental apparatus. Measurements were
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performed at different temperature and excitation encrgies (2.41 and 2.54 cV) with a
laser spot of abrut 2 mm of diameter and laser power less than 5 mW.

We conventionally label the oxygen content with x = 0, 0.05 to indicate two
different levels of doping of our samples with very low oxygen content.

3. Results and Discussion

3.1. Raman Scattering

The oxygen doping dependence of the visible excited Raman scattering of
YBa^Cu 3O6tx is well known [41, showing only a minor shift of the bands and a
smai? redistribution of their intensities. The IR excited Raman spectrum of
YBa 2Cu3'180 6 shows three strong bands at 387, 552 and 459 cm- 1 (Fig. la), where
the two rormers are absent in the visible excited spectra. At the same time for w i =
1.16eV, the 320 cm- 1 band (340 cm" 1 in YBa2 Cu 1606), which usually is the
strongest in visible excited Raman spectra 151, is not detected. Despite of the factor
CxO i4, the strong bands clearly observed for w - = 1.16 eV indicate their resonance
enhancement suggesting the presence of a dipole electronic transition deep inside the
semiconducting gap. Upon doping a new resonance feature at 477 cm"1, together
with overtones, appears in the Raman spectrum (Fig. 1b). In order to confirm the
attribution of this peak to vibration of the 0(4) atoms in microscopic domains of the
orthorombic phase [6] we have performed site selective 160 isotope substitution in
YBa2 Cu•3 180 6 . In Fig. 2b the spectrum after 30' annealing of the sample at 200"C in
air is shown. At this temperature annealing, the oxygen 1 0 of the atmosphere can
diffuse only in the basal plane but not in others oxygen sitesA new peak at 477 cm"1,
together with a weak overtone, appears at the same frequency of the main band of
the YBa 2Cu3 1806 2 spectrum excluding the assignment of this mode to oxygen 0(1)
vibrations. After further annealing at 300"C, where a partivl substitution of the
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Fig. I FT-Raman spectra of Fig. 2 FT-Raman spectra of
YBa2Cu31806+x: a) x-=-0 b) x=0.2. YBa 2Cu3

1 8 06.0 : a) as grown, b)
after 30' at 200"C in air, c) after 60' at
300"C in air.
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oxygens in the 0(4) site takes place, the Raman spectrum drastically changes (Fig.
2c) becoming similar to the one of Fig. lb approximately shifted by 20 cm"1 to the
higher energy except for the shoulder clearly seen at 552 cm"1 in Fig. lb. The
absence of this feature indicates its related to vibrations of oxygen atoms in CuO 2
layers which were not isotopically substituted. Thus we conclude that all oxygen
vibrational bands that appears in the IR excited Raman spectra of YBa2 Cu3 0 6 + x'
except the one at highest energy, are associated with vibrations of the apex oxygen
atoms.

3.2. Luminescence

The luminescence spectra obtained exciting at 2.41 and 2.54 eV have showed no
difference. As shown in Fig 3, the intensity of low temperature luminescence spectra
for three samples with x = 0, 0.05 and 0.15 decreases with the increasing of oxygen
doping. For samples with x > 0.2 no signal has been observed. In Fig. 4 the
luminescence spectra at different temperatures for the sample with x = 0.15 are
reported. The luminescence peak is shifted towards higher energies and increasing in
intensity with decreasing temperature; at liquid helium temperature it is near the
high frequency limit of our detector sensitivity.

T-10 K YBa 2 Cu 3 0615 1

i a

E Ix

0.8 1.0 12 14 0.8 1.0 12 14

Photon energy WeV) Photon energy [eV

Fig. 3 Luminescence spectra at 10 K Fig. 4 Luminescence spectra of
of YBa 2Cu30 6 +x: a) x=0 b) x=0.05 YBa 2Cu3 06.15 exciting at 2.41 eV at
c) x=0.15. different temperatures.

3.3 The Model

One should expect that an insulating gap would provide opportunities for the
appearance of narrow midgap electronic transitions, which can serve as resonance for
the Raman scattering. From our luminescence measurements we can conclude that a
narrow electronic band is present inside the semiconducting gap already at x = 0. At
a higher oxygen content the luminescence only decreases. This decrease is due to the
increasing number of localized electronic states that acts as channels for nonradiative
decay. Therefore we cannot unambiguously exclude that the luminescence is due to
radiative recombination of electrons and holes at localized levels appearing with very
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low doping. However, a relative narrowness of the band observed in luminescence
compared to the very broad midgap absorption associated to oxygen 0(1) 171 strongly
suggests that this band is not a defect band.

Cu(1) atoms at x = 0 do not have localized magnetic moment 181 (d10 state),
unlike Cu(2) atoms which are in the d9 state. Hence, the d10 band of Cu(1) is at least
below the upper Hubbard empty d10 conduction band. The former band is narrow
since it is weakly hybridized with electronic states of the planes from which the 0(4)-
Cu(1)-0(4) complexes are well separated when x = 0. Upon doping, holes initially
appear on Cu(1) sites [9], i.e. Cu(1) d 10 should be above the valence band.

The assumption about a narrow midgap band gives a clue for the
understanding of the resonance Raman scattering at 1.16 eV and luminescence in the
near infrared. The latter is due to radiative transitions of excited electrons from the
conduction band into the empty Cu(1) midgap state (O(4)pz-CU(1)3d(z 2 . r2 -0(4)p
antibonding band). Excited electrons on Cu(2)-O(2,3) planes are in an attractive
Coulomb field of heavy holes on 0(4)-Cu(1)-0(4) creating excitonic states near the
bottom of the conduction band. Such states provide a most effective channel for
luminescence. Transitions from the midgap electronic band to excitonic states below
the bottom of the conduction band can account for the observed resonance effects in
Raman spectra of YBa 2Cu 30O6 +x. The 412 cmn1 (the frequencies are related from
now on to the 160 compounds) peak is the Eu(LO) phonon seen in reflectance
measurements near 420 cm" 1 [10] that becomes Raman active near resonance due to
the Fr6lich mechanism [111. Other Eu(LO) modes, rather weak but reproducible in
all samples, arc also seen in the IR excited Raman spectra at 181 cm"1, 250 cm"1 and
638 cm -1, which were observed in IR reflectance measurements 1101 at 199 cm"1,
266 cm"1, 637 cmn1 respectively. We have assigned the 507 cm"1 vibrational band to
A vibrations of 0(4) atoms in unit cells containing dopant oxygen atoms on 0(1)
cliain sites where the Cu(1) atoms are in the d9 configuration [91, as in YBa2Cu30 7 .
Resonance transitions will be from the valence band to empty levels relatecf'to O(1)
impurities with a strong admixture of charge-transfer transitions from 0(1) to Cu(1).
These transitions strongly interact with the Ag 0(4) vibrations leading to shifted
positions of the 0(4) atoms in the cxci~ed state and hence to strong overtones.

4. Conclusions

The strong coupling of 04) vibrations to charge fluctuations on Cu(1)-0(4) leading
to shifted positions of 0(4) atoms fo, different charged states of Cu(l)-0(4) may
give rise to appearance in the ground state of double-well adiabatic potentials for
0(4) atoms associated with different charged states of Cu(1)-O(4) complex (seen by
EXAFS measurements [121 in YBa 2Cu3 0 7). According to Ref. 1131 this can have a
strong impact on superconducting properties of YBa 2Cu306+x suggesting a crucial
role played by apex oxygen vibrations in high-Tc oxides (14-15V.
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Abstract: Transmission spectra of PrBazCu3O0 films (x=6,
thickness about 5 pm) on LaAIO3 substrates have been measured
in the range 1000 to 8000 cm-u, at temperatures between 4.2 and
100 K. Several absorption tands are found, which are clearly
due to Pr3' 4f-4f transitions. The fine structure and width
of these bands are obviously related to crystal-field
splitting.

1. Introduction

It seems that, so far, optical absorption spectra due to
transitions between 4f-like states in LnBa2Cu3Ox materials have
not been observed. Such data are of considerable interest since
they should give information i) on the charge state of the Ln
ions and ii) on the electronic interactions with the CuO2
planes. It is expected that the simple crystal-field model
provides a good starting-point for analysing such spectra,
just as in the case of neutron scattering data /1,2/.The first
aspect (i) is particularly important in the Ln-Pr case because
of the 3+/4+ charge state problem, which arises in the
discussion of the origin of the nonmetallic behaviour of
PrBa2Cu307 (e.g. /3/).

The difficulty concerning the experimental observation of
optical 4f-4f transitions in the high-Te materials lies in
their small oscillator strengths and, in many cases, their
overlap with more intense transitions of other types. Our idea
has been to start such studies (for Ln-Pr) at reduced oxygen
content, using sample thicknesses adapted to the 4f-4f oscil-
lator strengths.

2. Results and Discussion

PrBa2Cu3O? films of thickness about 5 um were grown by high-
pressure reactive sputtering on LaAIO substrates (for de-
tails see /4/). An X-ray diffraction diagram showing
preferential c-axis orientation is presented in Fig. I. In the
as-grown state (x-7) the samples are opaque through-
out the investigated range (1000 to 8000 cmr' ), which
is expected from ellipsometric data /5/ for our film thickness.
After annealing in streaming Ar(400*C, one week), which s5sould
lead to an oxygen content x about 6, we obtained the
transmission spectra shown in Fig. 2 a and b. These exhibit
several bands, which can be naturally assigned to 4f-4f
transitions from the 3J 4 ground levels to various excited
levels of Pr 3' as indicated in Fig. 2a and Fig. 3. Note that
the centroids of the bands correspond to the positions of the
Pro' free-ion levels /6/, while Pr'' should give rise to only a
single band (2F9 /2--- 2 F7/2 ) somewhat above 2000 cm-1. This
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Fig. 2. Transmission spectrum of a sample a) at 4.2 K and
b) at 100 K. c) Transmission spectrum of a substrate from the
same origin. The measurements have been performed by means of a
Bruker IFS 88 Fourier transform spectrometer. In Fig. 2a the
relevant final-state manifolds of Pr3* as well as crystal-field
splittings estimated by us are indicated.
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result is consistent with the growing evidence (e.g. /3,5/)
that the Pr charge state is near 3+ even for x-7. We mention
that the band related to 3H4 ý 3F3, 3F 4  transitions is
appreciably affected by atmospheric water absorption not
completely compensated in the spectrometer.

Since for x=6 the atomic configuration around the Pr site
should have nearly inversion symmetry, one would expect
magnetic dipole transitions (/AJ/ - 0,I) rather than electric
dipole transitions to be dominant. The high intensity of the
3 H4- -' 3He transitions, which are magnetic dipoie forbidden,
suggests the presence of low-symmetry crystal-field components,
as have also been inferred from neutron scattering data /2/.

The fine structure and the width of the 3H- and 3 ýk band
should be mainly due to crystal-field splitting. We demonstrate
this in Fig. 2a by an estimate of such splittings which is
based on crystal-field parameters taken from /I/ and the
Stevens operator equivalents method /6/. (We have put
B22= B- 4 - B26 - B66 = 0, assuming D4h symmetry as a first
approximation.) Obviously the calculated overall-splittings are
consistent with the widths of the observed bands. On the other
hand, there is poor agreement with respect to the individual
splitting components. This is not surprising because we have
neglected J-mixing, which should be very important in view of
the near overlap of some of the splittings. A more careful
analysis is in progress.

Within the present experimental accuracy, there is no
appreciable temperature dependence of line positions and
intensities. In particular, there is no significant line shift
in the range (about 8K) where an antiferromagnetic phase
transition in the Pr subsystem has been found /7/(Fig. 4). It
should be noted that all the transitions observed are expected
to start from the 3H4 quasi-triplet ground state component,
which is separated from the higher 3 H4 components by about 400
cm-' /2/; this explains the absence of 'hot lines'.

The absorption coefficient due to the 4f-4f transitions is
estimated to be about 100 cm-r. For the oscillator strengths
corresponding to the fine structure lines we get values of the
order 10-', which is typical for this class of transitions.
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One- and Two-Particle Excitations
in Doped Mott-Hubbard Insulators
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Abstract. Recent analytical and numerical resuilts for the single-particle
spectral function and thle optical conhuctivity of two-dimensional Hubbard
and t-.J models are reviewed. These models are considlered relevant for
the copper-oxide superconductors which are usuially classified as dloped
charge-transfer insulators. Wke shall (1) briefly' discuss ba~sed onl a studly of
the 3-band Hubbard mtodel whliy the charge-transfer gap and the low-lying
excitations of the. doped Systems mlay be describ~ed by the more simple
1 -banld Hubbard model, which redluces in the strong coupling limit t~o the
t-.} model. The subsequent. discussion covers thle followiu.g topics: (2) the
G~reenl's function for a single hole in the t - J1 model, (3) the suppression of
staggered magnetization at. small doping concentration as a result of thle
motion of the holes, (4) the spectral function andl Fermii surface at moderate
dloping, i.e in the spin liquid p)hase, and (5) the (loping dependence of thle
olptical conductivity.

1 Introduction

Shortly after the discovery of suipercondluctivity in the copper oxidles býy
Bednorz andl Muiller [1] it was suggested b~y Anderson [21 t~hat~ the l)11C
nomenonl of high templerat~ure superconductivity must be explained inl thle
framework of dlopedl Mot.t- Hul )ard insulators. This p~rom~pted a renais-
s~ance inl the study of the H-ub~bardl model and its strong coup~ling limit. tile
t - J1 nodel, which are now widely accepted to be relevant, models that
describ~e the low energy p~hysics in these conmpoumnds. In spite of thle huge
effort~s made, there is still no consensus on the mechanism of high templera-
ture superconduictivity (H-TSC'y)[3, 4]. These models4 have a long historN.
dominated until recently by applications to the study of magnetism andi
correlation effects in transition metals and their comploundls [5, 6].

Given these models a natural strategy is to ask the question:' To which

extent are these. models able t~o describe the Ipeculiar normal state lpro-
perties of these comnpounds?' This is the strategy we will follow, yet. we
will limit ourselves to the discussion of the single- particle Green's function
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which may be measured e.g. in angular resolved photoemission ( Sections
3 and 5 ) and to the discussion of the optical conductivity in Section 6.

The theoretical difficulty is due to the strong coupling of the carriers
to the spin-degrees of freedom, i.e. the d'-configurations of the undoped
material. This strong coupling between bare charge and spin degrees of
freedom is evident from the rapid disappearance of antiferrouxagietic long-
range order upon doping, e.g. in La 2 -,Sr,,C 1CO 4 at about x 0.02[7]
Hence there is no straightforward perturbative approach to calculate these
quantities.

The results presented are predominantly from exact diagonalization cal-
culations of finite clusters. This technique has the advantage that a mini-
mal amount of information is required as input for the calculation. The
calculations may then be performned successfully even in cases where phy-
sically based intuition is lacking at the outset. This is not often the case
with approximate calculations, where a built in bias is necessary in order to
begin at all. Of course, the possibility and necessity for introducing subjec-
tive bias occurs also with diagonalization, at the stage where one attempts
to interpret and analyze the results. For the problems of interest here it is
generally not possible to reliably extrapolate to the thermodynamic limit.
Nevertheless, the results from small systems can be very useful in extrac-
ting some essential aspects of the physics of the model, and provide strong
constraints for approximate treatments.

In Section 3 we discuss the calculation of the Green's function in the di-
lute (loping limit in a framework where the holes are described as spinless
(slave-) fermions coupled to antiferromagnetic spin waves. The solutions
obtained from standard Green's function techniques in selfconsistent Born
approximation are in close agreement with the corresponding Green's func-
tion from exact diagonalization. The same technique is used in Section 4
to determine the doping dependence and suppression of magnetic order.

We begin in Section 2 with a brief review of the origin of the single-
band Hubbard and t-.J model physics in these systems. This is not entirely
trivial since the copper-oxides fall into the class of the charge-transfer (CT)
insulators or semiconductors [8]. That is, an optical excitation involves the
creation of a hole in oxygen p-states and an electron essentially in a copper
(d1 g-configuration. We shall describe here, why nevertheless this charge-
transfer type gap does not show the physics as in a usual semiconductor
but, rather the features of a Mott-Hubbard gap.

2 Photoemission spectra of the 3-band Hubbard model

There is considerable evidence b)oth from bandstructure calculations[9] and
from various spectroscopic investigations[10] that the generic properties of
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the copper oxygen planes can be discussed in the framework of a 3-band
Hubbard model formed by the Cu d.,2-.2 and the 0 p, and p. orbitals
pointing towards the neighbouring Cu atom [11, 12]:

} E d+t di, + E
H 38 = 'Ed p EdPtZ PjT0 + t+, tpdE(d+tpjf +h.c.) +ttpp PEj+

ior jcr I .j .r ijf M

nd n + U rl~ 11ý + U d ndp

i j ij

Here (i,j) and (j,j') represents Cu - 0 and 0 - 0 neighbors, so that
this Hamiltonian contains two hopping terms, as well as site energies ci and
Coulomb interactions Uj for the two types of sites, i on Cu and j on 0.
In the following we will not consider tPP and Upd. We note, however, that
if Upd were sufficiently large a very different scenario from what we discuss
below would emerge [13, 14]. It is appropriate to use the hole notation,
since there is one hole per unit cell in the undoped case. Hence the vacuum
state 10 > corresponds to the electronic configuration Id'0 p6 >. As Ed < EF

this hole occupies a d-level forming a d9 state. The hybridization t pd ,
1.5eV is substantial and leads to a large covalent splitting into bonding
and antibonding bands, which form the bottom and top of the p-d band
complex. The Fermi level is in the middle of the antibonding band as
shown in Fig. la, consistent with the LDA-bandstructure which predicts a
metal. The local Coulomb interaction Ud is crucial for the semiconducting
properties. According to Zaanen, Sawatzky and Allen[81 we may distiguish
two cases: (1) The Mott-Hubbard case (tpd < Ud < E) shown in Fig lb
where the conduction band develops a correlation gap of order Ud and (2)
the charge-transfer regime (tpd < c < Ud) where the lower Hubbard band

(LHB) is pushed below the oxygen level (Fig.lc). The HTSC's fall into
this latter category ( typical parameters are c - 3eV, tpd 1.5eV and
Ud - 9eV)

If Fig.lc would constitute the final answer, this model would be unable
to describe the strong coupling of the holes to the spins, since the holes
would occupy the nonb)onding band (NB) ( which is dispersionless as long
as the hopping between oxygen tpp = 0).

The exact spectral function, e.g. for the process of hole creation

A,•,,((w) = I Irn(Vo(N)jc.• E 1 (2ct
7r + H -Ko(N)), 

(2)

calculated by means of the Lanczos algorithm (Fig.2) shows instead a quite
different electronic structure in the vicinity of the gap [15, 17]. Due to an
intrinsic strong Kondo exchange coupling between the O-bole and the Cu-
spin the valence band is split into (local) singlet (S) and triplet (T) states.
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Fig.1: Sketch of the (tensity of states for the 3-Band model: a) bandstucture
result in the half-filled case, b) Mott-Hubbard, c) charge transfer insulator
without and d) with singlet-triplet splitting.
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Fig.2: Photoemission spectra (PES) for E = Cp- Ed = 2, Ud 6, Up =3,
Upd = 0, with tpd 1 taken as unit of energy, (6 = 0.1). Figs. 2(a,b)
show PES and inverse PES on Cu (solid) and on 0 (dashed lines), re-
spectively, for the undoped initial state Figs. 2(c,d) represent calculations
starting from an initial state with one extra hole, which implies a doping
concentration of 25% in the 4 x CuO2-cluster studied. From reference [15].

The singlet band is pushed above the nonbonding states and forms the

lower edge of the gap. This corroborates the picture developed by Zhang
and Rice[16] based on perturbative arguments in the physical range of
parameters. Closer inspection shows that the basic physics of the singlet
or d9 Lh-state is quite similar to that of the d'-configuration, i.e. the Cu-

spin is compensated by the additional hole, except that its energy is much
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La2- ,Sr~ C -u-04, 6 - Fig.3: XAS spectrumii of L(12-SIrCuU,)
Ols for various (loping concentrations

from Ref. [211. The peak at 530 eV
is uiterpreted as UHB.
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lower. Hence the singlet ban(l ac'ts now as LHB, that is, the CT-gap shows
essentially the physics of a one-band Hubbard model with Uff - E(.7" and

tfff given by the hopping matrix ,lement, of the d'3 L-states. For a more
(letaile(h discussion of the (loping dependtence and the electron (lope(l case
we refer to Ref.[17]. Similar studies of the 3-band Hubbard model have
been performed lby several groups and techiniquies[18, 19. 20].

Experimentally the most appealing evi(lence that this picture is relevant
for the copper oxides comes from XAS[21., 22], which shows nicely the
expected characteristic (lecrease of states in the UHB upon hole (loping
(Fig.3)[23. 24]. Also the energy scale in Fig. 3 appears to 1)e consistent
with the standard l)arameter sets[26, 25] used in the calculation of the

spectra in Fig.2.

3 Single hole in the t - J model: AF-spin polaron

The Green's function for a hole in a fixed sp~in background has been (lis-
cussed in great detail in the context of transition metal oxides in the 60th.

In this cas'! the Green's function is local and fully incoherent[5. 6]. The

first clea. evidence of (piasiparticle formation in the 2D t - J1 model
= -t S ((1- n.)c.,,..i,,.(1- n,,.)+ b.c.)+ " [,, - 4]

(3)
355



came from a series of exact diagonalization studies[15, 27]. The problem
is complicated by the fact that quantum fluctuations play a crucial role.

We will describe here a slave fermion technique[28, 291, which to our

knowledge is the only other approach which was until now successful in
reproducing the diagonalization results for the full Green's function [30,

31, 32, 33]. In a first step of the reformulation of the problem holes

are described as spinless (slave) fermion operators, i.e. on the A sub-

lattice a spinless fermion creation operator is defined as ht = cil while
the corresponding operator cil = htS+ is expressed as a composite ope-

rator, and similarly for the B-sublattice. The kinetic energy then reads

H, = -t Ei,j(i)(hjhtaj + h.c.), that is, each hop of the fermion is connec-
ted with a spin-flip. The spin dynamics is described within linear spin wave
theory (LSW) which provides a satisfactory approximation for the 2D spin-

1/2 HAF[34]. After performing the usual steps, i.e. Holstein-Primakoff,
i.e. S+ -, aj, and Bogoliubov transformation, the t - J Hamiltonian takes

the form:

=zt [I~hqq±+Ht-i = t [hZ k h a, (uqYkq + vqyk) + h.c.] + Z wqaq +. (4)
N kq q

Here q -Ilqa- va+ q and W2q - SZJV -1 ,2 are the spin wave anni-

hilation operator and energy, Yq =(cos q, + cos qy) and uq(vq) are the

usual Bogoliubov coherence factors[32]. The kinetic energy in (3) appears

now as the coupling term to the spin waves. Otherwise (4) is similar to the

small polaron Hamiltonian although a kinetic energy term for the ferinions

is absent. As for the copper oxides t > J this poses a strong coupling

problem and a selfconsistent technique is required.
The selfconsistentent Born approximation for the fermion (holon) Green's

function Gh(k, w) = (w - E(k, w))-' amounts to the summation of all non-

crossing diagrams. Here in contrast to the 'phonon' polaron problem vertex
corrections turn out to be of minor importance[32, 33]. The self-energy

z(t) M2 (k, q)
E , wq --- - q,w-

q

with M(k, q) = (Uqyk-q + Vq-yk) has to be solved selfconsistently. Typical

numerical results for the spectral function A(k, w) = -(1/7r)ImG h(k, U;+ib)
are shown in Fig.4 for a 4 x 4-cluster which allows a direct comparison

with the corresponding results from exact diagonalization[27]. The spectra

show a bound state ( quasiparticle ) at low energy and a broad incoherent
continuum of multi-magnon excitations distributed over an energy range

of almost the free band width (8t).
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Fig.4: Spectral funct.on A(k, w) at wavevector k = (7r/2, 7r/2) for a cluster
of 4 x 4 sites and J =-- 0.2 as calculated in Born approximation. Insets:

Spectra for k = (0,0) add k = (ir/2,0). From Ref.f321.
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Fig.5: Dispersion relation Ek of the QP band normalized by the bandwidth
W = Er - Em where Er = E(0, 0) and Em = E(7r/2, 7r/2) along symmetry
lines in the AF-BZ: large-J limit (solid line), J = 0.01 (short-dashed line),
and J = 0.8 (long-dashed line). Inset: allowed k-points along the symmetry
lines for a 16 x 16 lattice.

Perhaps surprisingly, the quasiparticle has dispersion (shown in Fig.5)
with a bandwidth of W ,,- J for J < t and t2/J for J >> t. This
motion results from the coherent emission and reabsorption of spin waves
and is quite different from the standard picture associated with polarons.
At sufficiently small doping concentration the holes are expected to form
hole pockets around (±ir/2,-±7r/2).
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It has been argued recently by Anderson [35] that the quasiparticle spec-
tral weight ok = I < kickJ0 > I' , where lk > denotes the single hole
ground state with momentum k, should vanish in the thermodynamic li-
mit. In such case a Fermi liquid type picture wouhl certainly not apply.
On the other hand the present framework combined with finite size scaling
gives a finite spectral weight in the thermodynamic limit [32]; - a similar

conclusion for the problem of a localized hole (t/J -- 0) was obtained l)y
Sorella [361 and Malshukov and Mahan [37]. However, Sorella finds in his
Monte Carlo calculations for the Hubbard model indications that in that
case ak may vanish. Reiter [38] obtained directly < kfcOk10 >:# 0 from

the wave function, he further points out that the vanishing spectral weight
within the semiclassical approach of Shraiman and Siggia [39], which was
used in Ref.[35], is due to the neglect of quantum fluctuations.

4 Doping dependence of staggered magnetization

The slave-fermion formalism has been used recently to study the spin
wave renormnalization of 2D (loped antiferromagnets bky Gan, Andrei and

Coleman[40] and by Igarashi and Fulde[41]. Gan et al. showed that dopinl s,
leads to a softening of the long wavelength spin waves and to a damping of
short wavelength spin waves due to the decay into 1)article-hole excitations
in a coherent band. Igarashi and Fulde [41] pointed out the very important
contribution of the incoherent 1background.

Also for the rapid disappearance of antiferromagnetic long-range order
the fast incoherent motion of the carriers within the spin-polaron bag is
crucial[42]. The appropriate quantity to study is the staggered moment
m(b) = 1 - 2 < b+b > which after Bogoliubov transformation reduces to

rn() = rn,(1 - (6)

where m, = 2 - Z(1 - ' 2)-i 2 is the staggere(d moment of the two-
dimensional antiferromagnet without holes and the reduction factor due to

the holes is

SE-- < a_ > /(1 -(7)
MP

If there are no holes the expectation values in (7) vanish and the function

= = 0. However, there are a finite number of spin-wave excitations in the
doped system even at T = 0 resulting from the mutual interaction between
spin-waves and carriers. As for the copper oxides t > J the coupling term
in (4) is strong. Thus the function ýp(6) increases quickly with doping and
the N~el-order parameter m(b) goes to zero.
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Fig.6: Data of the normalized spin wave velocity v/v 0 and staggered mo-
ment mr/mo as a function of the hole concentration: theory for J/t = 0.25
(dashed and solid curves), From Ref.[42].

To calculate o(6) and the staggered moment (6) we need the boson
Green's functions D,(p) =< -T~apa+(r) > and Fr(p) =< -Ta_pap(r) >
which describe the spin waves [43].

These may be evaluated using a dominant pole representation of the
Green's function for the holes 1)ut keeping the incoherent contributions .
The momentum dependence of the hole polarizability is approximated by
the interpolation formula fl(p)/H(0)= 1/ [1 + (p/2ko) 2], which decreases
as p- 2 at large momentum as for a free fermion gas. We summarize here
only some results of Ref.[42].

The reduction factor is found to be

k
p(6) = k (86*/lr)I/ 2(Kk - Ek) , P = 6/6% (8)

where Kk and Ek are complete elliptic integrals, and

P5 _ (.J/zt)/(1 + 1 ln(zt/2J)), (9)z

defines the concentration where the spin wave velocity v = vo(1 - 6/6")1/2

vanishes[42]. At J/t = 0.25 this concentration is 6* • 0.04. The stagge-
red moment rn(6) (6) vanishes at a slightly different critical concentration
65 L_ 6* - 6* exp(-m, wV-/26*). This exponentially small difference is pre-
sumably a result of the approximations. The staggered moment is in qua-
litative agreement with the numerical results obtained by Lee and Feng[44]
for a staggered RVB-type wave function. A comparison with experimental
results is shown in Fig.6. The experimental data is from internal field mea-
sureinents [451 of (Lai_,Ba,) 2Cu0 4 (open triangles); ordered moment [461
(solid triangles) and spin-wave velocity [47, 481( circle) for YBa 2Cu3 0 6+,.
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5 Electron Green's function in the spin-liquid phase

We focus here on the most interesting region of moderate doping, - 10% -
15%, where the spin system is strongly affected by the presence of ho-
les. The antiferromagnetic correlation length ý is already short. We have
performed calculations on various 2D clusters from N = 16 to 20 sites
using the Lanczos algoritlhm[49] . The smallest doping level which truly
represents a system with a finite density of holes is 2 holes per cluster,
since otherwise the important ingredient of hole-hole interactions is not
Nt present.

Finite cluster results for the electronic momentum distribution n(k) =

(C,•?) of two hole systems suggest that already at 10% doping this stron-

gly correlated 2D model exhibits a large electronic Fermi surface consistent
with Luttinger's theoremj[49] . This is in agreement with the results of
Monte Carlo simulations for the Hubbard model at U = 4 [50]. We find
no indication of the formation of hole pockets, which one would expect if
"a rigid band picture based on the single hole result were valid[51]. This is
"a consequence of the short correlation length and hole-hole interactions, --
both features are not present in the single hole problem.

The spectral function A(k, w) for an 18-site cluster with 2 holes is shown
in Fig.7, where the 'electron' notation is used, i.e. photoemission of elec-

o.a

(0,0) (2,r/3.0)

0.4

0.0 A LI
-(ff/3.,r/3) (IF,1,r/)

0,/ .4 -

0.0 (21rl3,2ir/3) i•(r•

0.4

0.0 , .• 'o•. ..
-8 -4 0 -8 -4 0

"IO/t

Fig.7: Spectral function for the single-particle Green's function for an N =

18 site cluster with J = 0.4, measured in the 2 hole ground state. rhe
solid (da-shed) lines correspond to annihilation (creation) of an electron. A
Lorentzian broadening of 6 = 0.05t has been used to plot the 6-functions
appearing in eq. (2). From reference [49].
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trons appears as usual along the negative energy axis. The chemical po-
tential is at w = 0.
The simplest interpretation of the large quasiparticle (QP) like peak in
the hole part of the spectrum at (7r/3, 7r/3) and the similar peak in the
electronic part at (27r/3, 27r/3) is in terms of a "band" crossing the Fermi
level between these two points. This is consistent with our interpretation

of the momentum distribution as

it(kc) A' A(kc,w)du). (10)

Due to the limitation to small system sizes, however, it is not possible
to decide whether or not n(/) is discontinuous at the Fermi energy, and
whether the QP-pole strength remains finite there in the thermodynamic
limit or not[52, 53] .

The quasiparticle band follows a simple tight binding dispersion E =

- 2t¢ff(cosk, + cosky)+ E0 , where tqff = 0.24 (0.15) for J = 0.4 (0.2)
respectively, and 5o = 0.16 (0.08) is a small shift of the center of the band.
This dispersion reflects the dominance of nearest neighbor hopping with
bandwidth of approximately 4J in contrast to the single hole case where
the QP dispersion is determined by processes within a given antiferroma-
gnetic sublattice. Remnants of such a dispersion may still be seen in the
dispersion of the boundary of the continuum. The large continuum is a
second characteristic feature of these spectra, note that the energy scale is
given by t which is of order 0.3 eV. A more complete discussion may be
found in [491 and a comparison with experiment in [54].

6 Doping dependence of optical conductivity

The infrared [55] and optical properties [56] (liffer considerably from those
of usual doped semiconductors, particularly notewortlh, is a strong mid-
infrared absorption pointing to the importance of electron-vibrational coup-
ling or some other electronic mechanism. A very complete overview of the
spectral changes upon doping has been given by Uchida and coworkers both
for hole-doped La 2 _,Sr•.Cu04[57] and electron-doped Nd 2 _,Ce.CuO4 [56]
which behave quite similarly. Figure 8 shows their results for La2_•Sr•Cu0 4 .

We note the following features: (1) a rapid reduction of interband absorp-
tion and (2) the appearance of absorption in the gap upon doping, (3)
the appearance of a Drude absorption peak which merges for x=0.15 and
0.20 with the midinfrared absorption and may be described by a frequency
dependent relaxation rate w [58] (4) in the overdoped case, x=0.34,
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the spectrum changes into a conventional Drude form with a Fermi liquid
like wI .

To calculate the real, i.e. absorptive, part of the optical conductivity we
start from the Kubo formula

1 I
Reaog(w) = 100 jL +! ( 11)

irw w± +E 0 - H +ib

where j, = ieat EZo ( 1+a,A,, - h.c.) e'f IF is the current operator.
We discuss the optical conductivity for the two-dimensional (one-band)

Hubbard model, with Hamiltonian given by

H = -t E3 (C! OCj, + h.c.) -- u 'f~ 2 ;()

{ i~j)ai

in standard notation. The Hubbard model has three energy scales on which
interesting optical effects may be expected; U, t, and J = 4t2/U in decre-
asing order for the parameter range of interest here. Let us first consider
the two larger energy scales, U and t. In the half-filled case (nh = 0) a
Mott-Hubbard gap for charge excitations AMH is expected, perhaps for U
above some critical value for spatial dimensionality larger than one. The
application of the current operator in (11) necessarily creates a state with
one doubly occupied site and one empty site, that is a state belonging to
the upper Hubbard band (UHB). This then immediately leads to an ab-
sorption band centered near U. It is expected that the spectral intensity
of this interband transition will decrease upon hole doping, reflecting the
decreased probability of generating a doubly occupied site upon applica-
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Fig. 9: Frequency dependent optical conductivity (a) an(l integrated con-
ductivity (b) for 3 x 3 Hubbard model with open boundary conditions and
U = 8 (t = 1). A large broadening 6 = 0.4 has been used in (a) in or-
der to disl)lay oa(w) for several fillings, resulting in a finite conductivity
for w < A\Il at zero doping for example. The actual thresholds may
be seen in (b), where Z((,,) has been calculated with 6 -- 0. Curves are
labeled by the number of holes away from half-filling, as specified in (b).
Inset: Doping dependence of integrated conductivity Z(oc) (squares) indi-
cating the total sumi rule, and the absorption in the lower Hubbard band
Z(AMI ; 5.5) (circles). The lines are merely guides to the eye. From
reference [591.

tion of the current operator. Additional absorption will also appear at
low energy due to the possibility of intraband transition within the lower
Hubbard b)and (LHB).

The results of numerical calculations on 3 x 3 Hubbard model clusters
with OBC in Fig. 9(a) support the simple picture outlined above. In the
absence of holes (solid line) there is a gap AMAH - U - 3t. With hole
doping, spectral weight is transferred to the low energy region W 5 t, and
the lower edge of the UHB shifts to higher energy. This upward shift is
a direct consequence of the narrowing of the UHB upon doping. These
trends are in good agreement with experiment[57, 56] , and imply effective2
parameters t - 0.2 - 0.3 eV and U ,• 2.0 eV for Nd 2C?10 4, for example.
The integrated conductivity
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Z = j (13)

is shown in Fig.S' to illustrate a further interesting point: not only (toes
intensity shift from the energy region of the UHB to the LHB with hole

doping, also the total sum rule Z(oc) = 1(ea)' < -Ht >, increases, at
least up to doping levels - 30( [59]. This point is important because

the observation of such dependence would be a clear indication of tihe do-
minance of correlation effects even in the range of doping where metallic
behavior exists[58| . The spectral weight Z(AqM) measures the weight of
transitions within the lower Hubbard band (Z(A-,, MH) - n,). This infor-
mation is suminmarized in the inset of Fig. 6a. Beyond nh '- 30%X there is
almost negligible weight in the UHB, i.e. b)oth sum lhiles merge and scale
proiortional to the electron concentration 111.

To study the physics on scale J and t the t-.J model is more appro-

priate, because it is possible to diagonalize larger clusters, and we refer to
discussion in Refs.[59, 60, 61J. We would like to stress that even in the
large U-limit Hubbard and t - .1 models are not identical, e.g. the Drude
weights have a quite different J-dependence as result o-f the neglect of 3-site
hopping terms iii the t - .1 model [62]. Finally we note that the Drnde
absorption (which is strictly an absorption at •' = 0 in these models. as
there are no impurities included in the calculation) and the mid-infrared
absorption are in this framework a direct consequence of the structure of
the single-part ide Green's function. i.e. the Drude Tihsorptioni follows from
the QP-peak and the infrared absorption from the incoherent part.

7 Summary

WYe have tried to give an overview of the single- and two p)article excita-
tions and their (depen(ence on doping for three models which are widely

discussed and considered relevant for the description of the copper oxide
sui)percondulctors. The selection, of course, is to a large extent subjective
anMl oriented on our owa work. Clearly these studies can only give par-
tih answer to the (tuestions:i Do these models contain the relevant low
energy physics, what is this p)hysics. and may it explain high-temperature

superconductivity"I Nxverthel(,ss we think that the compari:on with many
beautiful exl)erimental data from various forztv; of plhotoemi,,'ion and op-

tical londu(ctivitV with rath1er ummsual fe'at res shows the fingker prints of
the Hub)ard (1 - .1) model.
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Consistent Description of High-T, Superconductors
with the Three-Band Hubbard Model:
Quantum Monte Carlo Studies

G. Dopf1',2, J. WagnerI, P. Dieterichl, A. Muramatsu1 ,2 , and W. HMnkel!
lPhysikalisches Institut, Universit~t Wfirzburg,

W-8700 Wurzburg, Fed. Rep. of Germany
2HLRZ, KFA Jiilich, W-5170 Jllich, Fed. Rep. of Germany

A direct comparison of quantum Monte Carlo results with experimental data
on electronic excitations and magnetic properties leads to a set of parameters
for the three-band Hubbard model that consistently describes salient features
of high-T, superconductors in the normal state. Furthermore, for the same uni-
versal parameter set, the interaction vertex for the pairing correlation function
in the extended s-channel is found to be attractive with a doping dependence
closely resembling the behaviour of Tc on doping.

1 Introduction
A considerable effort was invested in recent years towards a determination of the
relevant parameter region for (lifferent models for high temperature supercon-
(luctors (IITS). Among the most popular ones, the three-band Hubbard miodel
(3B11) is closest to the real systems. Several groups proposed sets of parameters
that were derived using different approximation schemes like constrained local
density calculations[I] together with a mean-field treatment[2], the Anderson
impurity model[3] complemented with experimental spectroscopic data[4], clus-

ter calculations[5, 6], and Lanczos exact diagonalization for small clusters[7].
We present in this review a summary of recent results[8, 9, 10, 111 obtained

from quantum Monte Carlo (QMC) simulations for the 3B11 model which allow
us to test such parameter sets a) beyond the mean-field approximation, and b)
with the capability of extrapolating information relevant to the thermodynamic
limit of several quantities. On the basis of our QMC simulations, it is shown for
the first time, that a parameter set exists which consistently reproduces a large
variety of characteristic features of the IITS. Most remarkable is the fact that
one and the same parameter set yields an attractive pairing vertex with the
correct (i. e. experimentally observed) s*-symmetry and doping dependence.

We consider the following version of the 31311 model:

fi ci1cl!C3,, + IZEU.,nieflp,7o, (1)

where c! creates a hole in the Cu-3d:,__2- and in the O-2p.- or 2py-orbital
depending on the site i. qij includes the on-site energies 6,1 (Cu) and CP (0)
with A = ep- ed and a Cu-O hopping tc,-o (0-0 hopping to-o), while
Uij describes the on-site Coulomb energies Ud and Up and tihe inter-site Cu-O
interaction Upd. In the following, we express all parameters in units of tc.-o.

368 Springer Series in Solid-Suai Sciences, Vol. 113 Electronic Proprties or High-Tý Superconductors
Editors: If. Kumany, M. Mciring, I. F'nk (D) Sprngcr-Vrlsg Berlin, Heidelberg 1993



The QMC algorithms used allows (i) for finite temperature simulations of a
grand canonical ensemble with an exact updating in the Monte Carlo procedure,
and for T = 0 calculations with the projector QMC formalism[ll, 12, 13, 14].

2 Normal State Properties

We start by directly comparing the charge transfer gap (CTG) from QMC
simulations and experiments for the 3B11 model. The required values of the
different parameters of the model for a quantitative agreement with the exper-
imental value of the CTG are then used for the calculation of the normal state
properties as well as for the superconducting properties of the model.

As discussed in previous publications[8] rather large values of Ud = 6 and
A = 4 arc required to fit the experimental CTG. The parameters Ud and to-o
have opposite effects on the CTG, which tend to cancel for generally accepted
values. Therefore in that what follows our parameter set is zero fixed to Ut = 6
and A = 4 with all other parameters set equal to zero.

The most salient characteristics of the high-T, superconductors besides the
superconductivity itself are the magnetic properties. The parameters chosen
above lead to a value of the local magnetic moment of < s2 >- 0.84 that implies
that approximately 90% of the moment corresponding to a spin-.L is localized
on the Cu-site. This value is almost not changed as a function of doping
reaching < s2 >- 0.78 at 50% doping[15]. This result agrees with neutron
scattering experiments[1O], where no dependence on doping was found in the
integrated intensity. In the absence of doping, the IITS are insulators with
antiferromagnetic long-range order[171 as a result of electronic correlation.

To decide whether the 3B11 model also exhibits antiferromagnetic long-
range order, we performed finite size studies with system sizes up to 10 x 10 unit
cells with three sites each and inverse temperatures (projection parameters) up
to 6 = 30 (19 = 80)[10, 11].

To study magnetic order in the system, we have computed the magnetic
structure form factor S(f-)[10] in particular S(7r, 7r) vs. the linear system size
(in units of the lattice constant) for U1 = 6 and the charge-transfer energies
A = 4 and A = 1. These calculations were done with the projector method.

The finite value of S(ir, 7r)/N versus 11N, signals long-range AF order.
The case A = 4 that gives n. charge transfer gap of Act = 1.2tpd (ý-- 1.7 cV) in
quantitative agreement with experiments, leads to a staggered magnetization of
m = V . = 0.42±0.11, whereas we find for A = 1 a value ofm = 0.22±0.04.

Since the parameter set with A = 4 leads to an agreement with experiments
for several quantities, as remarked above, it is interesting to compare the val-
ues obtained for the order parameter with the corresponding ones in the S-½.
antiferromagnetic lHeisenberg model and in the one-band Hubbard model. For
the finrt one, m = 0.60 ± 0.04[18], showing that fluctuations are stronger in
the 3BIf model. On the other hand, a similar value of the staggered magne-
tization can be obtained in the one-baud Hubbard model only with relatively
large coupling constants (U > 6 - 8)[19]. Therefore, if an identification of both
models is to be made, this is possible only in the strong coupling regime of
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Figure 1: Dispersion of the Zliang-Rice states in the irreducible part of the
Brillouin zone. The dashed line gives the LDA-bandstructure. The experiments
are also depicted in the figure.

the one-band Hubbard model. Our QMC results also show that both the weak
and strong-coupling case scale as 1/V'N, implying that fluctuations are well
described by spin-wave theory[20].

We turn now to the dynamical properties for one-particle excitations. A
central and controversial issue in the high-T, cuprates concerns the nature of
carriers near the Fermi surface. The most crucial experimental results until now
stem from angle-resolved photoemission (ARPES) and inverse photoemission
(ARIPES)[21, 22] measurements that clearly show the existence of a dispersive
band crossing the Fermi surface. The topology of the Fermi surface is in general
agreement with LDA-bandstructure calculations[23], however the Fermi veloc-
ity is quite different. This indicates that electronic correlations renornialize
considerably the results obtained in the frame of a one-particle treatment.

In the grand canonical QMC metlhod we can calculate the Matsubara ther-
modynamic Green's function. In order to evaluate the spectral density we have
to perform an analytic continuation. We used a modified least-squares fit[241
to obtain the spectral density A(,w)[9]. The results of the least-squares fitting

procedure are most reliable for small excitation energies. For each k-vector we
extracted the energy of the state closest to the Fermi energy. These states have
both copper and oxygen weight and are mainly of Zhang-Rice characterf7. II
Figure I we show results for a lattice of 4 x ,I unit cells and for the above defined
parameter set. The doping is 6 = 0.25 and the inverse temperature is P = 10.
We see that concerning the Fermi surface and the Fermi velocity the disper-
sion of the Zhang-Rice states is in good agreement with ARPES and ARIPES
experimental data which were measured in Bi 2Sr 2CaCu 2Os[21] at a doping
concentration of about 20%[251. This result demonstrates that the 31311 model
describes accurately also the one-particie excitations of the superconducting
oxides. The LDA bandstructure (dashed line) totally overestimates the Fermi
velocity although the locus of the Fermi energy is given correctly.

Using an exact diagonalization study for a 2 x 2 system we have also ad-
dressed the question whether the present system can be well described by a
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Fermi liquid picture[9]. For a doping concentration of 50 % the imaginary part
of the self-energy vanishes in a broad region around the Fermi energy. This
clearly indicates the existence of long-living quasiparticles and the Fermi liquid
picture is appropriate. However, for a (loping of 6 = 0.25 the correspond-
ing Zhang-Rice state has a finite lifetime in the immediate vicinity of EF' and
the Fermi liquid picture with well defined quasiparticles at the Fermi energy
breaks down. We suggest that at doping levels 6 < 0.25, which are relevant for
the high-T, cuprates, the system is better described as a Luttinger liquid[9].

3 Superconducting Properties

Next we address the question of whether or not the 31311 model has an attractive
pairing interaction. To this end we consider the interaction vertex of pairing
correlation functions for the extended s-wave symmetry of the order parameter.
The interaction vertex[26, 27] is delined as the differen - between the equal time
pairing correlation function (11,)

P. = (A.4), (2)

where At denotes a pair-field operator, and the corresponding quantity for two
fully dressed one-particle excitations that propagate without interaction (P/S).
A positive interaction vertex means that the interaction enhances pairing. We
have considered different symmetry channels. For an explicit definition of tile
underlying operators Ac, see Ref. [2,11.

Figure 2 displays the dependence of the vertex for extended s-wave sym-
metry of the order parameter as a function of doping. We take into account
only those contribution for two holes separated by one lattice constant both on
the Cu- and on the O-sublattices. The (inverse) temperature of the simulation
is # = 10, the lowest temperature attainable without running into minus sign
problems. It can be seen that a distinct maximum appears for a doping of
6 - 20% and the overall shape of the curve is very reminiscent of the corre-
sponding experimental curve for T, in La 2 -_SrCuO4[28]. On the contrary, in
the case of d-wave symmetry, the inaximnun is always found at zero doping.

0.04 4x4

S± ±

"• 0.02 -

f- I U 1= 0

(3 10

0.0 .
0.0 0.2 0.4 0.6

6

Figure 2: Extended s-wave vertex as a function of (loping.
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In contrast to the presently studied three-band model, the results by Moreo
and Scalapino[26] for the one-band Hubbard model do not show such a marked
variation of the vertex as a function of doping. For other parameter regions
(A -, 1), where charge fluctuations dominate over spin fluctuations, again the
maximum is obtained for zero doping but now for both s- and d-wave sym-
metry. We have also examined the case of nodeless s-wave, i.e. pairs formed
either on-site on both Cu or 0 or such ",airs that are separated by half a lattice
constant (in x-, y- or both directions). With and without Upd = 0.5 the ver-
tex remained negative or zero within error bars for all doping concentrations.
Therefore, for the values of Upd consistent with parameter determinations in
tile literature[I]-[7], it is seen that the corresponding operator does not play
any role for superconductivity.

Since the simulations were performed at finite temperatures, long-range or-
der is not going to set in as a consequence of the Mermin-Wagner theorem[29].
But one could expect that the system undergoes a Kosterlitz-Thouless phase
transition at a certain finite temperature as in the negative-U Hubbard
model[30]. We have simulated systems with 4 x 4, 6 x 6 and 8 x 8 elementary
cells with 3 atoms each. No measurable change was detected for the different
sizes. However, contrary to the one-band case, where the pairing function levels
off at around6 -, 6, the results for the three-band model seem to have not yet
reached convergence in termperaturc[8]. Again the results differ in the param-
eter region A -. 1, where already at P-- 8 a convergent behavior is observed.
Thus although off-diagonal (quasi) long-range order is not obtained in our
simulations, we have shown that the relevant temperature scale for supercon-
ductivity was still not reached for the extended s-clhannel with the parameter
set used in the present model. This fact implies that the 3B11 model remains
a serious candidate for superconductivity induced by electronic correlation in
contrast to the one-band Hubbard model, where numerical results failed up to
now to show any evidence for superconductivity in the experimentally relevant
symmetry channel of the order parameter.

4 Summary

In summary, we have determined a parameter set for the 3BH1 model that leads
to a quantitative agreement with experimental results for the CTG and for the
most prominent magnetic properties.

In the undoped case antiferromagnetic long-range order is found both in
the weak (Ud = 6, A = 1) and strong (Ud = 6, A = 4) coupling situations.

The structure form factor scales in both regions as 1/VN-, where N is the
number of Cu-sites in the system. Fluctuations are therefore well described by
spin-wave theory. Moreover, our numerical results show that the 3BH model
gives a very accurate description of the low-lying one-particle excitations in
the high-T, superconductors. We can reproduce the experimentally observed
Fermi surface and Fermi velocity quantitatively. Finally and most importantly,
the same parameter set gives an attractive interaction vertex in tile extended
s-channel of the pairing functions, where the doping dependence suggestively
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resembles the one of T, as found in experiments. The features above are not
obtained in other parameter regions.
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Relation Between Transition Temperature,
London Penetration Depth
and Kosterlitz-Thouless Behavior in Superconductors
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Abstract. Wec skectch tile thcoly of I ondon1 sulpe-condlCtor-S Withi I comlplex

order parameter undergoing a phase transition (oloinated by dhcrmnal

fluctuationls. '11111s, thle thleory is cssentitally thlat of supeil-luid heoltlum,

approprialely modified. We decrive reclations between tilec transition
tepeatr 'I' th oio ~~~tIondph cpaeclea (1 uttemperal tire ,fieLno pidail 1-ffiepie oCato egl)

thle fiall of T,' w~ith redo.ced t1l~ieliess ill thinl slabs and tile Corresponding

appearnitce of Kosteri i ti.-' I ho ilSS beha;]vior, Our analysis of' recent

electron ic-specific hecat, / SR m1 easurementl Is and ex\perimentl Is onilt r11athinl

slabs; reveall thlat. this scenario ipp-)les to a large class of sul cicoiidiuc'ors thlat

include's the cuprates, bimt ate ad Fulkl-erees.

Theli discovery of' supercondu~ctivity inl the cupratc 111, bisinutliate 121 and

doped C(6h 131 mnaterials hias tintroduced a. new class of superconlductors

hiaving the commoiot prop~erl y of' shiort correlatoion longth and penetration

depth amplitudes 14-71. In ordinary siupcr-conduciors, tile amplitude of thle

correlatoion lengthl is very large arnd the transitioni is extrecmely -well (described

hy a mecan Field treatmntci of thle (imiiburg-I ~andau thecory 181, whihel w-ýas

sliown by (ior'kov 191 to be equivalent to the BUCS theory close to thle

I ransition temperature T,. I lowever, thle irteall Field approximation dIoes fot

account for most second-order phiase tranisitions (e.g. super-l iiid Iclifurn).

Th1iS failure is (Ilue to thle ne~glect of thermnal fluctuation~s whlich become

cruicial inl system., withi shiort correlation lengthi amplitude. StandardI

estimrates of tle critical legoion shiow that in 11CS superconduclors thle range

Of temlperatures around 7la, within which thermnal fludluat ions are imupor-tant,

is smnall, (7'-.- 7,;)/f/' < 10)-14, whilie inl the cuprates it appears to be much

larger I 10, 111 and comparable to that inl superfluid Ilie 11 21, namely < 10-h2 .

To substaiitiatc thlis findinig we anialyzed tile electronic specific hecat of

BiSCa(TuO~ 131 Y Th2~u O.~ 114,15 mi ad T1213Ta 2CaCujO1 (, [16] inl
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Fig. I. lectronic spccific hcat of I3i2Sr2 Ca2 Cu.3O), plotled versus
logT"/7'1e-l-. The data was taken from Iig. Ila of Ref. 13. For
comparison we included straight lines with the slope ralio /41/A- = 1. 1.

close analogy to work on supcrfluid 1le 1121. For the power law

C± (= (4±/a) I )I where I=I - 7/7 is sufficiently small, the data should

fall into two branche., for 4+ :1- A-. The indices + and - denote 7' > T,

and 7' < 7c, respectively. Indeed, C± = (.4±[,,) exp( - a In t) =

(A+](l - a In t). Flor superfluid lie the values of the parameters are

"A +'-A 1.1 and ar • -0.03 1121. in Flig. I we plotted the

clectronic-spccific heat of 13i 2Sr2Ca 2(Cu.•O3 1131 versus In 1 and found

remarkable consistency with the essential characteristics of the A-like

singularity in Ile. The experimental data for Yl3a2 (u 3 )7x 114,151 and
TI213a2 Ca2Cu 3O 10 [161 plotted in this form exhibit the same esscnfial

features. From Fig. I it can also be seen that the critical region is indeed

< 10-.T lowever, it should be kept in mind that it is difficult to extract the

electronic contribution, because the phonon part dominates around the

rather high transition temperatures. Close to 7T, however, the phonon

contribution can be subtracted in a controlled fashion 113-161. More severe

is the rounding of the specific heat, presumed to arise froim such effects as

sample inhornogcneities, impurities or internal stress. Owing to the

unsurpassed sample quality, these rounding effccis are absent in the

superfluid transition of Hle, and the asymptotic behavior of the specific lica;
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canl he followed very close to T'.. Nevcrtlwless, ihe remarkable consistency

between the specific he'It of supertluid lie and the cuprate stiperconiductors

cited above strongly suggests (i) that the superconducting transition shares its

universality ciass with the supcrfluid transition in Ile, and (ii) that thermal

fluctuations invalidate a meun field or II(BS Ireatment in supercohductors

with short correlation length. In view of this, the critical properties should

be well described 1)y the partition function. associated witl the approprialc

Ginzburg-Landau-Wilson fnictional (GI ,W), which reads

h 2 2 2 2 fl 4
.Y/ [,f,9 --- dj, (17 - I V - ___!L +-, I 2  /• 2112Mj. Iz (921 2 1'KY

(1)

i(r) = 4i(r) I exp(i~p(r)) is the complex order parameter which has thc two

components i/(r) = ji'(r) +-tiq"(r). 'To account for uni•axial anisolropy ill the

superconduclors we introduced the effective masses All and A_L parallel and

perpendicular to the layers, respectively. The partition function rCads

z= f d[,P] c--f"' , fl= l/kJI' . (2)

Rescaling the z-coordinate aid the temperature appearing in the partition

function by

S) '=1/2 7' (3)

Alj )- Al 11

we obtain an isotropic system with effective mass AIf at temperature T and

which has the universal properties in commont with superfluid helium and

tlhz three-dimensional (I)) x-nmodel. Keeping this in mind, we continue with

7" and z alld rescale at the cnd to obtain the results of interest. In this

context it is important to recognize that pronounccd effective mass

anisotropy enhances the thermal fluctuations in Ihe corresponding isotropic

system. Indeed, taking current estimates for (A.L/iM11)'/ 2 , namely 10 for

YBC(O and 60 for lHtI('O, one oblains very high temperatures

(=(Aj_tM1I)'I2 7' in the vicinity of 7'T and in turn strong thermal

fli ictuations. This enhancement, combined with Ohe short correlation icngth

appears to explain the occunence of the ,2-like singularity in the specific heat.
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Hecre we concentrate on ielhtionIs betwecti tihe tiarisilion Iciperahiirc ,

the London pciIthali (tl dcptlh, lhe fall of I/' with e(liiced lhickness in thin

sl:-hs and tltic correslponding alpearancc L 1 " Kosterliti-Jlhiolcss (KT)

behavior. Indeed, inoion-spin relaxatlion (pSlR) and bulk iicasim cmnts of

the nmagnctic field pcnletration depth stuggeCst that many slipelconductors,

including thle cupratc, bis1iuthatc, Chcvrel-phase and 'fullercn maicrials.

hal 2 the unique propcrty in common that thcir transition tempperatnrc scalcs

with the square of the invemse zcro tempcraturc penetratliol depth 14-7,171.

Although this seems to be urmelated at first glance, I' was fIound to drop

with reduced thickness in ullra•hin slabs of YI((), A• unit cells thick

(Of I ,2,34,..), accompanied with signs of KT behavior in the temperature

dependence of Ihe resistance and in the currentl-voltagc characterislic 118-221.

In Ilhe following, we corroborate thesc experimental findings in terrms of the

properties of the model defined by the (GiLW functional (1) and the

assumption that tie amplitude of the correlalion Icngih is small compared to

the magnetic penletration depth. In this case ILonuon's description of the

elecetrodynamic properlies is valid.

An important feature of the n = 2 univcrsality class is the fact that in tihe

ordered state defined by < i/(r) > -- 0 and < qj"(r) > = 0, the decay of the

correlation function

CI" = < ,O,"() 4/"'(0) > (4)

is not exponentially fast for r1- co. For 1) = 3 it decays to zero very slowly,

explicitly, as follows 123-271:

2 1 A rd3kCik.r I( A < I// #(r)- >.' , ~ c-:- CSk'()
r j k

where p is a tcmperaturc-dependcnt stiffness constant. This behavior allows

us to define the phase correlation length 123-271

. 2)d c-P . 4M 11 kill'
•I dlir .... (6)

< i/(r) >2 R/ -... < /•f -R k! (6 ) fill

where ,,g denotes the bulk densily of electrons in the condensate.

Approaching 7T from below, the leading temperaturc dcpcndences of V and

t,, are given by

378



IF (7)

with v ; 2/3. T[he terms and n~jo are tlie amplitu(Ies ol' tile phase

correlation lengthi and single electron density fiti thec ondenC~sate. Away fionil

TC there arc correction terins t(. thle leading behavior (7), but ill the limit

7* - T, ft~i teds t ito ' ý TUS, 01ibillitig I ̀ qs. (7) and (S) wve

obtain in thce limit 7T-- T,~ the relation T, = (h7/441t k~ 9) Owitch is

valid for isotropic sv'qten15 at tempe-iratimC 7. Willi the aid of' V q. (3),

resvealing to thle anisotropic case yields

2 2 /2 2

- A if-k 4A'f~k11  M~ire kil 211o)

Ini the last step wec used4 expression I/l/ = 4TrrnmnC2/Af iK 2 Cor thie penctration

depth, valid for L ondon siuper-conidimtors, where ýo -'.) The teliln c denlotes,

here thle veliocity of light. 1lThus, tilie characteristic length scales lor spatial

variations of the phase and thle spatial variat bus of the electromlagnetic

effects ate not independent but relatedl to Tc by FIq. (8). F rom~ tile

derivation it is clear that this reat ion is a cliaraclerislic oif smi ipeconductors

with a complex order pairaimnet r, a1 shortI phiase Correlation lenigthI amplitude

and a large penetration depthi.

Recently, an emipirical relation between 7' anid I/ 2 .(0) was establifshed inl a

variety of stipercotiductors, by /iS expcr-iments 14-7,1 71. [or each family of

superconductors, T,~ initially increases with incl-reasing 1 /)~) t2in hw

saturation followed by suppression. This behavior has been verilied for

warious cumprates, bisnnt hates, Chlevircl-phase and Fullerene systems 14-71.

[lie generic feature is that in each family the initial increase inl 'I versuis

S/;2~(1)) isnarly linecar with a slope close to that found It, other groups.

SUnfortunately, however, an interpretation of th-ese lintidngs wvith thle alid of

YSI. (8) is not straightforward. Indeed, FUq. (9) Involves the amplitudes of the

penetration decpth and the phase correlation length, but not their zero

temperature values. Moreover, at this point, the temperature (lepenctieec of

thle penetration depth has not been measured with ain accuracy sufficient to

expose deviations fromn tile mean Field bechavior and to (lefertiine thle

amplitude Allo. Nevertheless, because tile temperature dependence of tile

two-fltlid model, /I,;(,) ",u(0)( 1 14 I), providles a reasonable overall

379



description of thc available experimental data, it is icasoldlblc to replace the

amplitudes in 17q. (8) with thc zcro teniperaturc values of the penetration

depth and phase correlation length to obtain an approximate version of this

equation. In view of this, the occurrence of saturation followed by

suppression of T, in the plot 7T versus lI[,A(O) is then readily understood,

b 7'c2(0) itself depends on the phase correlation length (1"q. (8)).

For systems becoming finite in onC direclion, this scenario also implies a

dimensional crossover from I) = 3 critical behavior to KT behavior. Indeed,

the phase transition in any n-= 2, 1) =-3 system, finite in one direction and

infinite in the two remaining ones, will be a K'-type transition wilh no

long-range order even below 7I 1261. The KT transition is due to vortex

unbinding which occurs wilh incrcasing temnperature in striclly 21) systemns.

Neverthcless, the essential KT predictions are also expected to hold for slabs,

provided one is sufficiently close to 7T 1261. Clearly the lateral dimension

must always be large compared to the thickness. [m'ir.e size scaling then

describes the crossover from 31) to 21) Hc;av'trr in terms of a crossover

scaling function, connecling the areal condensate density n with fhe bulk

counterpart nn 1261. The fall of 7' wilh reduced thickness is thcn given by

f271

7T(d) nB7) d
T nil0 ( ,- (9)

where 7', 7I(d= c.) i. the bulk transition temperature. Thus, the fall of

TI(d) is fully determined by the temperature dependence of the superfluid

bulk density or, equivalently, by the inverse parallel penctration depth

squared. 'T'he teir-n x, is of order unity and depends on details of the

boundary conditions. It is important to emphasize that this scenario only

applies if the physics remains unchanged as the slabs beconme thinner. The

ideal sample is an uillrathin and isolated single crystal for which qualnttlm size

effects can be neglected. Fromi this point of view layered superconductors

appear to be promising materials.

Rcccnlly, it became possible to fabricate thin YIICO slabs, Al unit cells

thick Al = 1,2,3,4,... as a sandwich or superlattice with thick PrB(C70 slabs in

between. PIrBCO is presumed to be insulaling. These experiments provide

clear evidence for the fall of T,(d) 118-221.
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Fig. 2. Tl'(A)/(7'cM) versus T7(Al)/T7 for YBC() slabs A, 1,2,3,4,8 uiit cells
thick. For comparison we included the temperature dcpcndcncc resulting
from the tcmpcrature dependencc of the two-fluid model for ihc bulk
condensate density with x, d/1o • 0.45.

In lg. 2 we plottcd the estimates available for thc zero resistance transition

temperatures for various Yl3CO slabs 118-221, Al unit cells thick, in terms of

7"A(M)/(TcMA) versus 7i(M)17•, where (I= M. The term c is the lattice

spacing perpendicular to the layers and Al the number of YIICO unit cells.

"T hc resulting experimental points simply probe the temperature dcpendciicc

of the superfluid bulk density. In YBIC(O this quantity is well approximated

by the two-fluid expression nj"(7)/n1 0 -- (I - (77 ']7) 4). The resulting behavior

has been included in Fig. 2 with xQC/ýP0  0.45. For C= 12 A and

.-0 3 A, we arrive at x, ;, 0.1. In this conlext we emphasize that xc
depends on the houndaiy conditions and the quality of the slabs, including

their boundaries. Indeed, x,, measures the relative distance over which the

order paramctur decays. lii view of this it is interesting to compare the x,,

values from differcnt systems. A Monte Carlo study of the layered and

isotropic xy-model with free boundaries yields xc _ 1, while the experimental

data for l1e4 films givcs xc & 0.3 1281. In the Monte Carlo cxpcriments lhc

layers are clearly flat on an atomic scale by construction and free houndaries

are imposed, while the substrates of lie4 films are certainly rough on this

cale. Nevertheless, the experimental estimates for thu. fril of "/': in the

Yl3C(. slabs are remarkably consistent with a dimensional crossover from

I) = 3 to D)= 2. Additional confirmation conies From the observation of KT

behavior in the width of the resistive transilion and the current voltage

characteristic of slabs a few unit cells thick 120,211.
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To sumnmarize, we explored the proper-ties of LAondonI suipercondutctors

with uniaixial mass anisotropy, short correlation length and a complex order

parameter. On this Iasis we related the builk Ic to the I omdon penektration

dept I and I h~. corielat ant length of the phase fluctuat ions. Th c fall of' T,

with reduced slab thickness and the corresponding appcllatnc' of K I'

behavior follow then naturally from the dimensional crossover controlled by

the slab thickness, the. temperature decodennce of' the condensate bulk

density and thc relative heatling length. In thecse superonductors tile

fluctuations of the magnetic field can be neglected, but thermial fluctiuations

drive the transition at I11,2 first order 1291. Our analysis of the ItSR aund

electlrenic-spcci fie lheat data provide strong evidence for .1 class of

superconductors for Mvhch th1ctI11Ml f7lucttions01 11re essential. 'Iliese exNCt Ier

type If superconductors have shiort pha~se correlation and large penetration

depth amplitudes. They obey reations (8) and (9) and should exhibit the

characteristic critical properties of the n= 2, 1) = 3 universality ciass 1241.

For YIICO we have the most comnpiete experimental evidence for this

scenario. In close analogy to Fig. 1, the electronic-s-pecific hecat exhibits a

A-like singularity, the phase correlation length is short and thc penectration

(lepth is lairge, 7. falls mvih reduced thickness and~ is aceomnpanscd by the

appearance of KIT behavior (IFig, 2). 1 lowever, the conditions necessary in

order that this scenario he valid arc simply a short phase correlation length

and a large penetration depth. In these superconductors, the .31) thermnal

flucluations are essential and uniaxial anisotropy even enhances these

fluctuations (17-. (3)). Accordingly a mean field or BCS treatment is not

applicable. As outlined here, the theory of superfluid Ilie, appropriately

modified, appears to be adequate.

It is a pleasure to thank 1). Ariosai, If. Beck, G. llednor,., 1). hlornann,

J.-P. Locquet, If. Keller, Ch. Rossel and A. Schmidt for stimulating

discussions and KA. Willer for valuable comments and sutwegstioais.

References

[1] I.G.. IBcdnor,. and K.A. Mfiller, 7Z. Phys. 13 64, 189 (1986)

[2] 1 .F. Matthiciss, E.M. (lorgy and l).W. Jiohnson, Phys. Rev. 13 37,
3745 (1988)

382



[3] AT'.1 I lebard cl al., Naut nr 350, 600) (1991)

[4] V.1. 1jenieimr~, 6.M. hi ke, 13-. Sternlieb, .1.11. llrewer, J.F. Carolan,

W.N. H ardy, R. Kadono, JR. Kcuipton, R.U. Kicll, S.R. Kreitzman,

1P. Niulliern, 1. M. Riscinan, D).11. Williams, .X. Yang, S. UcheIida, I1.

Tlkagi, .1. Gopalakrishlman, A.W. Sleight, M.A\. 'Suhramn-inmia, C.1..

Chieni, MY.. (leplak, Giang Xiao, V.Y. Lee, 11W. Statt, C.F. Stronaci,

WJ. Kossler and X.1 1. YU, IiivyS. Rev. I ýcft. 62, 2317 (1989)

[51 Y.J. Ilernura, L .P. Le, G.M. L uke, R.I. Sternlieb, WI). Wii, .1.11.

l~rcwcr, T.M. Hisemaii, ('.1. Sotnian, M.D.ý Maple, Mi. Ishik-awa, D.G.

I links, J.D.. Jorgenseni, Gi. Satio and It- Yatnochi, Phys. Rev. I Cli. 66,

2665 (1991)

[0] YI. (I ernur, Nature 152, 005 (19~9 )

11]If. Keller, W. K iindig, I.MN. Sax k If. Simininle, 13. St~iuble-NPinipin, Mi.
WVarden, 1). Zed), 11. /.imnrrmarin, F. Kaldis, .1. Karpinski, S.

Rusiecki, I.113, Brewr, T.M. Risemnan, J.W \. Sclineider, Yb. Mactio and

C. Rosscl, Pliysica C. 185-I 89, 1089 (1991)

[]V.1,. Ginlzburg and I.!). FI ndau, lb). I -ksp. 'Icor. Fiz. 20, 1064 (1950)

[9] L .P. (ior'kov, Soy. Iiivs. IFYP 7, 505 (1958); 37, 1407 (1960)

[10] A. Kapittilnik, INT.R. Beasley, C. Castellani and C.D. D~i Casiro, 1'hys.

Rcv. 13. 37, 537 (1988)

[I I] I ..N. Buluaevskii, VI.. (;iiizhuLrg and A. A. SoI'yanini, Sov. Iilivs. .11; 1*1]

69, 1499 (1988)

[12] Gi Ahlfrs, Rev. Mod. IPhys. 52, 489 (198(0)

[13] W. Sclindll, F.. Braun, II. Broicher, If. Weiss, If. Gues, S. Ruppel, Ni.

(jaiffy, WV. Bratinisch, A. Waldorf, F. Scidlor mnd 1). Wohillebcn,

I'hiysica., C 16 1, 123 (1989)

[14] WV. Sclincll, F.. Brakii, H1. Jlroichcr, R. I)~mcf, S, Ruppel, W.

Brauntsch, .1. I Iarnischlymchcv and 1), Wohilleben, PhIysiea C 163, 465

(1990)

[15] M.13, Salairnon ct al., Phlysica A 16R, 283 (1990)

[16] F.. Braun, W. Schnclle, II. llroicher, I.1. Tlarnischmacher, 1). Wohillehen,

C. Allgeicr, WV. Rciih, I.1.. Schilling, .1. Bock, E,. Preislcr and C.J. Vogt,

Z. P1hys. 13 84, 33 (1991)

383



[17] 13. I1iPmpin, 11. Keller, W. Kiindig, I.M. Savic, .I.W. Schncidcr, i1.

Simmier, 1. Zinmmcrmann, F. Kaldis, S. Rusiccki, C. Rosscl and F.-M.

-:organ, J. Voss Common Metals 164& 165, 994 (1990)

[18] .I.M. Triscone, 0. Fischer, 0. B~runner, I,. Antognazn;i, A.D). Kent and(

M.G. Karkut, Phys. Rev. L.et. 64, 804 (1990)

[19] Q. li, XX. Xi, X.). Wu, A. hIiam, S. Vadlamannati, W.I. McI ran,

T. Venlkatcsan, R. lRamesh, C.W. I Iwang,,L .A. Martinez and I.. Nazar,

l'hys. Rev. Lett. (6, 3086 (1990)

[20] 1) L.I lowiides ct al., Phys. Rev. Lett. 65, 1160 (1990)

[21] "T. Ierashima, K. Shimmia and V. l;1mkh;, IPhys. Rev. i.ctt. 67, 1362

(1991)

[22] S. Vadlamannati, Q. Li, T, Venkatsan, W.I,. McLean and P.
Sinddenfd, 1,hys. Rev. 1, 44, 7094 (1991)

[23] M.F.. Fischer, M.N. Barber and I)..Jasnow, Phys. Rev. A 8, 1111

(1973)

[24] P.C. lliohcnberg, A. Aharony, 13.1. Hlalperin and [.1). Siggia, Phys.

Rev. 13 I3, 2986 (1976)

[25] P.C. I lohenbcrg and 1.1. 1 lalperin, Rev. Mod. Phys. 49, 435 (1977)

[26] V. Ambcgaokar, 1.1. I lalpcrin, D).R. Nelson and :..I).). Siggia, Phys.

Rev. 13 21, 1806 (1980)

[27] T. Schneider, submitted to Z. Phys. 13.

[28] T. Schneider and A. Schmidt, submitted to .I. lPhys. Soc. .pn.

[29] V. Brezin, I.R. Nelson and A. TIiiaville, Phys. Rev. 13 31, 7124 '1985)

384



"Small" Masses and Strong Coupling
in High-To Superconductors
and in Heavy-Fermion Compounds

G.M. Eliashberg
L.D. Landau Institute fcr Theoretical Physics,
Chemogolovka, 142 432 Moscow Region, Russia

Abstract. Competition between short-ranged correlations and the
Luttinger sum rule lead to a peculiar duality of the electron spec-
trum: two different effective masses have to be attributed to the
same Fermi excitation. One of them corresponds to the band width
measured by photoemission spectroscopy, the other may be much
smaller in the highly correlated system. The residual Coulomb re-
pulsion between excitations is reduced, and this, probably, has a
direct relation to the high-To problem. A phenomenological de-
scription of these phenomena in the framework of Fermi-liquid the-
ory is discussed in connection with high-T, superconductivity and
heavy-fermion physics.

1. Introduction

The original Bednorz und Miller finding [1] gave rise to the discov-
ery of a wonderful family of copper-oxide compounds whose prop-
erties change drastically with relatively small variations of their
composition. We have here (sometimes within the same matrix)
all i;7ýulat;ing phase (antiferromagnetic), high-T, superconductors
and a metallic phase with no superconductivity at all. There is
now a wide agreement that these materials are in the region of
metal-insulator transition promoted by short-ranged Coulomb cor-
relations. The high-T, phase is closer by composition to the metal-
insulator transition and we can expect here correlation effects to be
more pronounced as compared with a nonsuperconducting metallic
phase. This is obviously in favour of Anderson's statement that
the mechanism of superconductivity "uses, rather than finesses the
strong natural repulsive interactions of electrons in narrow bands"
[2].

The narrow band physics is described usually in the frame-
work of a tight-binding approach, which implies that electrons re-
main in atomic-like states. In a one-band picture close to half-filling
the importance of the on-site repulsion V becomes evident, and us-
ing a Hubbard model we can treat it separately. The immediate
conclusion is that if V is of the order or larger than the bandwidth
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the essential (may be, the most) part of the one-particle denstiy cf
states is pushed out from the original band to the lower and upper
Hubbard subbands and a gap develops around the Fermi level, the
gap width being of the order of V. This gives us some representa-
tion of what is the "Mott insulating state", but our understanding
will be essentially incomplete would be forget the Luttinger sum
rule [3]. The latter imposes a strong limitation on the possible
evolution of the electron spectrum so that a certain part a < I of
the one-electron density of states has to survive at the Fermi level
as long as the symmetry is unchanged. Therefore, a competition
between the short-ranged correlations and the Luttinger sum rule
results in a peculiar interplay between the itinerant and localized
parts of the electron spectrum, and the parameter a here is an
important quantitative characteristic. Introducing this parameter
explicitly we provide a consistent phenomenological description of
the correlated Fermi system. In the following sections we will show
that it is, in fact, a slightly reformulated Fermi-liquid theory.

2. The kinematic one-electron spectrum and the Luttinger-
sum rule

For the following discussion it is convenient to use the one-electron
Green functions GR(x,x',C),GA(x,x'c)((x,x') include space and
spin coordinates), which are analytical functions of the energy vari-
able in the upper and lower half-planes correspondingly [4]. We
define also the self-energy operator ,(c):

[GR(A)(6_)]-I = Ho - -N - tR(A)((:

and all the consideration will be related to systems, where the fol-
lowing relation is fulfilled:

() - ; T=0. (1)

In this case [GR(0)]1- = [6A(0)1-' has the properties of the one-
electron Hamiltonian and its eigenvalues ýd constitute the rigor-
ously defined one-electron spectrum for the itinerant electron sys-
tem. Let's call it kinematic spectrum by the reasons which will be
clarified in sec. 3. In terms of ýd there exists at zero temperature a
"emarkable expression:

N = I E[In(Gd + ib5) - ln(ýd -- i6)]" 65 -- +0 (2)
2zri ' '

which simply means that (like in the free particle case) the total
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number of electrons N is equal to the number of properly defined
one-electron states below the Fermi level. Luttinger and Ward [5]
derived this sum rule for the uniform Fermi-liquid, and it is the most
elegant and fruitful proof of the famous Landau statement [6] that
Fermi momentum does not depend on interaction. For the crystal
case d corresponds to the band index n, to the wave number k in
the Brillouin zone and to the component v of a Kramers doublet;
we have a Luttinger-sum rule:

N = 2 E n(,,k) (3)
n,k

where n(ý) = 1,ý < O;n(ý) = 0,ý > 0. The main consequence of
(3) is the existence of the Fermi surface if the nuinbcr of electrons
per unit cell is not even, the volume of the Fermi surface being
independent of interaction. The Fermi surface may disappear due
to certain changes of the lattice symmetry, when the sum rule (3)
has to be reformulated in terms of an appropriate spectrum. But
there exists the possibility that (2) doesn't work at all. It seems
that it may happen only in case of some peculiar symmetry break-
ing. Otherwise it will be most probably an artefact of the model
calculations. I was able to find only one type of broken symmetry
which prevents Luttinger-Ward derivation - the noncenservation
of the total number of particles (the gauge symmetry breaking).
Therefore (3) is invalid in the superconducting state (probably, not
only in this case [71).

3. Duality of electron spectrum

The self-energy E(c) does not depend on c in a Hartrec-Fock ap-
proximation, and therefore its c-dependence is characteristic of cor-
relation effects. There is, however, some complication for electrons
in a crystal lattice: the spectral density operator

Nk(e) = 1[GR(c) - Ga()] (4)
27rik k

is nondiagonal with respect to the band index in the basis of Sec.2
and cannot be diagonalized simultaneously at all c. To simplify
the discussion we consider the one-band case. Essential phyiscs in
which we are interested here is, in fact, model independent.

The Green function G'(c) may be expressed in terms of the
kinematic spectrum ýk = Gk'(O):

G R(C) = I
k (5)
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where 52 - 2(e) - E'(0) and •k 0 on the Fermi surface. For small

c (as by usual derivation of Fermi-liquid theory)

N A) + i7 A )

and we suppose that 7(c) decreases faster than i. In the vicinity of
Fermi surface Nk(E), defined by (4), is:

SI J-_F__ [ ()d( ___

7r [1(1+,) -- kI2 ±72 + A)- + 1 + A

But there exists the exact relation:

J Nk(c)de = 1.

It m,_ans that only a part of the total density of states at a given
k belongs to a Fermi spectrum Gk and is in the vicinity of the
Fermi level. Having in mind a Ilubbard-like picture (not neccessary
exactly the Hubbard model) discussed in Sec. 1 we understand
that at the same k there exists another part of Nk(c), sa.y N"t(E) =
(A/1 + A), which is in the region of the Hubbard subbands. (In
another context this picture was already discussed by Ruckenstein
and Varma [8]). The parameter a, sec. 1, has tb .•cfore a very
natural interpretation in terms of the Green function:

1

As it follows from the microscopic derivation of Fermi liquid the-
ory [4] it can be excluded from the final formulation by means of
renormalization of scattering amplitudes. Therefore it is impossible
to extract the information on A from low temperature thermody-
namics or transport phenomena, which are consistently described
in the framework of Landau theory. But it is, of course, a measure-
able parameter: Nk(c) is just the spectral characteristic measured
by means of angle-resolved photoemission and inverse photoemis-
sion spectroscopy, and A is simply a ratio of two mentioned parts
of spectral density. Introducing it explicitly in a Fermi-liquid phe-
nomenology we come to a peculiar picture of an electron spectrum,
in which we have two different velocities for the same Fermi exci-
tation, both being measruable:

(dVk'F VP

VF = (,dk k=kF 1+ VF (6)

Low temperature heat capacity is expressed in terms of '&F, and
here is an interesting possibility to discuss a heavy fermion prob-
lem. We can expect here a very small density of states transfer
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from f-electrons to the Fermi level and therefore a large value of
A. All the entropy will be in this case due to Fermi excitations, al-
though the charge remains mostly on the f-shell. Nevertheless the
excitations will still be current carriers: this is clearly seen from the
conductivity, which may be expressed only in terms of the larger
velocity vk, (6). It means that excitations in highly correlated sys-
tems are connected with certain phase relations between almost
localized electron states, rather than charge fluctuations between
them. The latter are strongly suppressed by the Coulomb forces.

This picture has a direct relation to high-T, superconductiv-
ity. Suppression of charge fluctuations connected with the Fermi-
excitations means that the residual Coulomb repulsion between the
latter will be reduced. This effect can be seen if we consider the
simplest ladder diagram for the socalled Cooper channel: we have
here (1 + A) in the denominator. An additional source for this re-
duction may be connected with the velocity vF: the simple 2-site
Hubbard model shows that a "band width" for ýk (kinematic spec-
trum) which is the difference between two eigenvalues of G-'(0) (see
Sec.2) is equal to V2 /6t. Therefore we can expect an enhancement
of vF with increasing correlation strength.

4. Conclusions

The short-ranged Coulomb correlations manifests themself in a re-
distribution of the total one electron density of states between
the dispersive Fermi-liquid like excitations and a higher energy
Hubbard-like states which correspond to the "localized"part of the
charge density. It is possible to describe this correlated state con-
sistently in the framework of a slightly reformulated Fermi-liquid
theory. In presence of sufficiently strong correlations only a small
part of the density of states belong to the Fermi spectrum and the
net repulsion between the excitations will be reduced. Such a state
has to be sensitive to any change of crystal symmetry: the resid-
ual density of states at the Fermi level may be removed due to
(energetically not very strong) antiferromagnetic ordering, lattice
rearrangement, disorder etc. By the same reasons an enhanced in-
teraction between Fermi excitations and phonons is expected here.
It seems that we have here a clue to the qualitative understanding
of high-T, in correlated metals.
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Electronic Structure and Superconductivity
in YBa 2Cu 30/PrBa2Cu 30 7 Superlattices

R. Fchrenbacher and T..AL Rice

Theoretische Physik, ETH-116nggerberg, CH-8093 Ztirich, Switzerland

Abstract. The antiferromagnetic insulator PrBa 2Cu 3O 7 contrasts with the
superconductivity in the other rare earth systems. We show that the eight-
fold Pr-O coordination stabilizes a Pro' oxidation state rather than a trivalent
Pr 3+state through a strong admixture of 4f1 into 4f2 plus ligand hole config-
urations. This resolves the experimental controversy about the Pr valence. In
(YBa 2Cu 3O7)M(PrBa 2Cu3O7)N superlattices, the change of oxidation state
leads to an inhomogeneous hole distribution among inequivalent CuO 2-planes
and -chains, which accounts reasonably for the observed dependence of T, on
M and N.

There has been a considerable debate over the electronic structure of PrBa 2Cu 3 O7

(Pr-07), and superlattices formed from alternate L!'cks of YBa 2Cu 3O7 (Y-0 7 ) and

Pr-O. In a recent article [1], we proposed a microscopic model for the electronic struc-

ture of Pr-Or which allows for a consistent interpretation of the known experimental

results obtained for this system, and we discussed the resulting consequences for the Y-

0 7 /Pr-O7 superlattices. The present contribution will therefore be restricted to a brief

summary of the previously stated results, an extended discussion on the experimental

consequences of our approach, and some open questions.
Our premise is that Pr in this compound takes an oxidation state Pr"V 12) in contrast to

Y and other rare earths (RE) which are trivalent (with the probable exception of Ce 131).
Only in this way, can we possibly account for the insulating antiferromagnetic (AF)

CuO 2-planes in Pr-07 with a Niel-temperature TN comparable to Y-0 6 [4]. Indeed,
from the assigunent of Cu", which this fact requires, it follows at once that Pr must

be in this oxidation state.
The electronic structure of PrIV was shown [1] to be governed by the eight-fold almost

cubic Pr-O coordination which allows the formation of a low energy hole state which

is a superposition of 2pr-O orbitals with f-syrmmetry w.r.t. the central Pr-ion. The

strong hybridization of 4f 2L and 4f1 configurations, where L denotes a ligand hole on
the O-neighbours was identified as the dominant electronic process being competitive in

energy to the planar singlet [5] made from hybridized 3d.3 .,-Cu, and 2p,-O orbitals.

The essential difference between Pr and the other RE was proposed to be a crossing of

these two levels, resolving the controversial issue about the Pr valence. As previously
stated, the present PrIV configuration has a similar electronic structure to the one

encountered in CeO2, and PrO2 [6], in which the RE-O coordination is in fact identical,
and where the RE valence state also gave rise to a controversial debate.

Concerning the Y/Pr-0 7 superlattices [7], we showed that the assignment of the doped
holes to Pr`' in Pr-07 , and to the CuO2-chains and -planes in Y-0 7 leads to a charge

rearrangement when superlattices are formed. The resulting drop in the hole density

Springer Seies in Solid-Stle Sciences. Vol. 113 Electronic Properties of tllgh.Tý Superconductors 391
Editors: H. Kuzmany. M. Mchring, J. Fink 0) Sminger-Verlai Berlin, Hcideibcrg 1993



PFiGcua 1: Schematic diagram of the eight 2N.-

0 orbitals pointing towards Pr site m, and the
-Pr orbital. The superposition

2 where 4,,. is the vector connecting Pr site m

with the neighbouring 0 site i, M_,, 1, for

0 ~~iF r{2, 3,6, 7}, M_,,= 2, for i E { 1,4,5, 8), has
fl,.2_yi)-symnetry, and hence its overlap with

y all f-states apart from 4f,(.ý-,ý) vanishes. Its
phase coherence is indicated by dark (+), and
light shading (-), as for the 4f. •_t,)-Pr orbital.

on the CuO 2-planes can plausibly account for the variation in Tc between different
superlattices.

We describe the low energy electronic properties of Pr-07 by the model Hamiltonian

11=>j 1ýc5c2 + E Uiscisciscis,c + f1 I Y M
i ji iss, M's'V

t i(' ,,t t + vc)+ f t Vr L t H9 ,
Mit~r!,cL + h.ci ) +r f n. + Z H.,

(M'i)V5 s ,v,v',j,s' M

where ij label planar Cu and 0 sites, m Pr sites, c!5 create 3d, 2 2-Cu and 2pn,-O

holes, ' f create Pr (4f, l• = P) electrons, and j is the spin index. We use 2pr orbitals
which make an angle of 450 with the Cu0 2 (ab) plane, hence point towards a Pr site.
The cji include the usual on-site energies cdl = 0 (b. convention), epa = 316, epr, and the
nearest neighbour (n.n) hopping integrals tip = 1.2, t = 0.62, ip, 0.46, t = 0.5,
where t• describes hopping in the c-direction (eps, will be discussed later). The on-site
Coulomb repulsions are Ud = 10.5, Up = 4. The f-parameters include the on-site energy
Cf - = -10, the t' between 2 pr, and 4fL, orbitals (all other ti' are negligible), and
the on-site Coulomb repulsion Uf = 10.5 (tp' will be discussed below). Finally, Hg
describes the atomic Coulomb, exchange, and spin-orbit interactions on the Pr-sites.
All parameters are in eV (for the origin of their values refer to [1]). The vacuum 1) is
defined as filled Cu 3d10 , 0 2p6 , and empty Pr 4f 0 shells. Hmg is taken into account, by
restricting the Hilbert space to include only the 4f Hund's rule multiplet ground states.

Among the possible hole states on the 8 0 atoms surrounding a Pr site (see Fig. 1),
there exists a unique linear combination 2r of 2pr-O orbitals for which the 0-0 (at
-2tP1 - t'), and the Pr-O hopping energy are minimized at the same time. Due to
the f,,2, _ 1-symmetry of 'irr• around Pr-site m, hybridization occurs only with

the matrix element V =/ý8tpf (tPf:= t', z--2) being enhanced by phase coherence.

The Pr"' state can be written as a mixture of Pr 4+, and Pr 3++ ligand hole
11F1 1) +• r&'8" 91t V' t2t

IG,, =i: n I) + ,,,,,, ,,,. , I) (2)
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TABLE 1: The energy difference A, in eV between the planar singlet (E.(Cu.') = -0-43eV, , = 0), and
the Pr-' state, together with the corresponding 4f-occupation nf as a function of t'j, for A, . 10eV.
Note that A 1(A,,) = AI(A., = 0) + A-,

t,,= .2 t,= 0.3 t,,=0.4 t, =0.5

A, -0.13 0.12 0.38 0.65

n! 1.73 1.66 1.63 1.60

The coefficients Af, r.,"' are obtained by diagonalizing (1) in the subspace f)m which

containi the J = 5/2 multiplet, and product states combining the J = 4 multiplet with

the two hole states 27r.. The relevant part of (1) then becomes

Hm= Z-1rt 2 + E f t E f,
_.. Z rt ns• - Ma

V ( t wt + h.c.) + u J r (3)

vE{2,-2}s Mvr,v',s,S'

where Z, = cp - 2t - t. Hm splits S5m into four decoupled subspaces, h*2 con-

taining the states coupled to 14f1; Jz = ±5/2), 14f', Jz = :F3/2), and -,m•l± containing

the states coupled to 14f'; Jz = ±1/2). The diagonalization of (3) yields a four-fold

degenerate ground state belonging to the (double cubic group 0+) representation r8,

and the first excited states belonging to the doublet r7 .
An alternative state for the hole is the planar singlet formed from hybridized 3d_2_2-

Cu, and 2pq-O orbitals [5]. Neglecting delocalization of the singlet, the energy Eo(Cu"')

of a hole in this state was calculated from (1). In table I, we quote the average 4f-

occupation nfl, and the energy differences Al = E0(Cu..) - Eo(Pr"V) as a function of

the hybridization matrix element lpf, and the O-site energy difference ALr, = cp - cpr.

The Pr`v oxidation state is stabilized for values A,, _> leV, and tpf > 0.3eV.

In view of the uncertainty of the parameter values and the crudeness of our model,

a definite answer on the stabilty of the two oxidation states cannot be given. In the

following, we shall compare the properties of the Pr`v state with experimental results,

and also raise some open questions:

(a) The insulating behaviour of Pr-0 7 is readily understood, since then each Pr""

state is singly occupied. Double occupancy costs large Coulomb and hybridization

energy, leading to a Mott-insulator. A remaining uncertainty concerns the role

of the Cu-0 chains. In Pr-07, the chain Cu"moments do not seem to order AF

which seems unexpected. Whether this simply arises as a consequence of the chains

ID character, or whether it is due to a small number of holes being transferred

from Prv states to the chains (also leading to a small deviation from a half

filled Pr`' 'band') cannot be decided from our calculations. Another mysterious

property is the huge increase in resistivity (8] which occurs in oxygen deficient Pr-

07, since upon (electron) doping the Prlv state, one would expect an enhanced

conductivity. A possible explanation for this is that the conductivity in Pr-0 7

is dominated by the chains which upon reducing oxygen become disordered thus
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incrcasing resistivity. This Uidicates once again that one has to take into account
the role of the chain oxygen disorder when interpreting experiments.

(b) The average ground state 4f-occupation is nf 1 1.65, explaining the spectroscopic

results [9, 10, 11] which revealed a valence close to +3. Furthermore, a recent

neutron scattering study [121 showed that the RE-0 bond lengths in RE-0 7 are

different for 0(2) and 0(3), with the exception of Pr-07 (equal Pr-O(2) and
Pr-0(3) distances favour the 0 '7r, ,-Pr 4f hybridization), and that they scale

linearly with the corresponding RE 3+ ionic radii, the only exception again being

Pr, for which an average valence of - +3.3 was extracted.

(c) The magnetic moment of the Pr"v state cannot be exactly determined from our

model, since the Coulomb crystal field is not included. However, one would expect

a value close to that of a free J = 5/2 ion with a ground state belonging to F8.
This is consistent with high temperature susceptibility data revealing an effective

Pr magnetic moment of -- 2 .80B [13). In order to understand the origin of the

small (-" 0 .7 4 B 1141) AF ordered Pr moment, and the nature of the AF structure

in general, the interaction of neighbouring Pr" states needs to be included in our

model (see (d)).
(d) The anomalously large TN -17K of the Pr-moments [151 is due to an enhanced

superexehange process as a result of moderate overlap between 2p,-orbitals from

neighbouring PrO8 cubes. Due to the strong spin-orbit coupling the detailed na-
ture of the superexchangeis rather complicated (work to elucidate it is in progress).

The superexchange is absent in the other RE-0 7 systems (TN •2K) [141.
(e) The sensitivity of the energy difference Al on tip, AU indicates that the RE

contraction, reducing tpf, combined with large RE 4 * ionization energies (which

is also reflected in the non-existence of RE0 2 , RE I4 Ce, Pr, Tb) is responsible
for the absence of general RE"M hole binding for RE with atomic number Z > 59.

(f) In the alloy Yl-zPrz-O7, the PrIV state not only absorbs holes [16, 171, it can

also act as a pair breaker, due to a small exchange coupling to the 2p,-O orbitals.

The oxidation state PrV in Pr-0 7 has direct consequences when (Y-0 7 )M(Pr-O7 )N
superlattices are formed: The substitution of a complete plane of PrIV by Y'", results
in a homogeneous negative charge distribution on the Y-plane relative to pure Pr-0 7 ,
and hence an electrostatic potential gradient along the c-axis. The compensating holes

are then inhomogeneously distributed among the different CuO 2 planes and chains,

such that the electrochemical potential Lei is constant everywhere. We can determine
the equilibrium hole distribution as a function of the superlattice parameters M, N

from a simplified Hartree calculation, and finally relate the obtained hole counts to the

measured Tc values using an empirical Tc(6pl) relation.
Labeling the CuO 2 chains and planes in a superlattice unit cell according to their

c-axis coordinate Zq (q - 1,..., 3(M + N)), the condition for equilibrium is ILA = ,e1 for
any pair q, r, whereit' = "q( 6 q) + elq (fq(bq) electronic chemical potential, 6 q number

of holes/Cu, tq the electrostatic potential at position zq). Taking Pq(6 q) = C. + bt6q,
i. e., constant DOS characterized by a bandwidth bt = 8t (t - 0.5eV) for planes,

and uq(bq) = c(62 + 7rq), i. e., a one-dimensional (ld) form (,U 0c S2) with small
(y <K 1) 2d corrections for chains, the shift c0 can be estimated from experimental values
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0 c FiuRE 2: (a) The hole concentration 6. of the
0.8p- cains 0. -plane and the chain lying closest to the Y for

pln 0 . 2 ~---S0.6 pn. 0.1 M- I as a function of the Pr thickness N 6,
040 1 2 3 4 S initially decreases, but then it saturates at N =

0.4 M - 3. The inset shows the maximum planar hole
0. .. ._ .. . _ distribution, 6' for varying Y-layer thickness

0.2 M, and constant N = 1. OQ,e finds a monotonic

0.0 increase, approaching the asymptotic value bpi
1 (Y-0 7, ), for M > 4. (h) The hole density 61"' of

- the chains furthest from the Y-block for M 1,4
as a function of N. 65"' drops exponentially for

SN N>4.

1. 0- "

0 2 4 6 a 10
N

bpl z 0.23, 6 ch = I - 2 6pl in Y-0 7 as a function of the parameters a, y. The potential has
the form $P(z) = 4 q-Eq(z-zq) (Zq < z < zq+1), and the electric field E is discontinuous

at Zq+ l, Eq+1 - Eq = 4ire6q+isnc,./e, (f static dielectric constant, nc, = (ab)-', a, b lattice
parameters). Using reflection symmetry, the equilibrium condition yields 3(M+N)/2-1

independent equations fixing the hole counts 6q.
We calculated the 89 for all combinations of M < 4, N < 9 using different a, 7, 6,

and Fig. 2(a) shows Sq of the chain and plane closest to the Y-plane for M = 1 (for
the figures we used a = 6t,7 = 0.13,c = 35 resulting in co = 0.6eV). One observes

rapid saturation for increasing N, setting in at N = 3 (this also occurs for other M).
For smaller values of E, and (or) 7 = 0, the saturation sets in even faster (a large c
could arise from screening by optical phonons, and the Pr-07 -blocks). Another general
feature is that only the planes closest (and inside) the Y-layers have nonvanishing 6q
(due to E, > 0). The inset of Fig. 2(a) displays bpnax, the maximum hole concentration
in any pair of planes, for N = 1, showing that 6 approaches Spl(Y-O 7) as M > 4.

Fig. 2(b) shows 6q for the chains furthest from Y. There is an exponential fall-off
for N > 4, as expected from solutions obtained in a continuum approximation by
integrating d2/dz 2 lpch(6(z)) = 47re 2nc/(ec)6(z), (c lattice parameter).

Under the assumption that the mean-field Tc of the superlattice is entirely determined
by tCe maximum hole concentration 6Sax in any pair of CuO12 planes, one can use the

empirical curve Tc(6pO) = 92-r/(b pS60) 2 , (6. = 0-23, 7 determined by Tc(0.07) = 0) 1181
to estimate Tc(M, N) (see Fig. 3). Comparing with the experimental values 17, 191, we
note that while the variation of the asymptotic Tc (N > 8) with M is reasonably well
described by our model, the saturation with Pr thickness occurs too fast (at N = 3
in the calculation compared to N = 8 from experiment). Note that the effect of hole
transfer from Y- to Pr-blocks on T, was analyzed previously 1201 within a simpler model

(not distinguishing between CuO 2 planes and chains), and found to be less important.

In conclusion, we presented a consistent description of the electronic structure of pure
Pr-0 7 , and Y/Pr-0 7 superlattices. The Tc suppression in Pr-07 was explained by the
existence of a local Pr 4f-2p, hybridized state which binds doped holes to Pr-sites,
i. e., an oxidation state Pr"'. For the Y/Pr-0 7 superlattices, -e demonstrated that
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100 FiGURS 3: The dependence of T, on superlat-
* 'p- -0--OL-. tice parameters M,N calculated from the em-

pirical form T,(6p,) = 92 - Y(6pt - 6.)' (see in-
80 W - se -- 10- _0 at) under the assumption that the T, of the su-

s0 perlattice is determined by the T, of the CuO2
60 , 0 planes with highest hole concentration (6').

40 The asymptotic values agree well with the ex-
02 perimental ones, whereas the saturation occurs

40 0060 0.2 0.4 much faster in the calculated curve (at N =3
compared to N = 8 from experiment).

1I Y-Ioyer

20 2 Y-layers
--- S Y-1ayers
. 4 Y-layer.

0 2 4 6 8 10
N

the different oxidation Pr"v versus Y"'gives rise to an inhomogeneous distribution of

itinerant holes among different CuO 2 planes and chains in the superlattice unit cell.

The mean-field values of T, determined by the maximum hole counts in a CuO 2 plane

show fair agreement with the measured values of Tc.
We acknowledge useful discussions with H. Adrian, N. Bonesteel, 0. Fischer, M.

Guillaun.o. and U. Staub. In particular, we would like to thank F. Mila for many
helpful comments and discussions. One of us (R.F.) was supported by the Swiss National
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Abstract. A remarkable rich variety of nonlinear objects as bipolarons, polarons and
potarexcitons is discussed for a quasi-onedimensional doping subsystem, possibly generic
for all hole doped HTSC's. Based on LCAO-deformational studies of CuO 3 chains in
YBa2 Cu3 0 7 and on known phonon frequencies, an effective two band Hamiltonian with
two degrees of freedom, including both intra- and intersite electron-lattice interaction,
has been proposed and examined in detail for various commensurate band filling ratios
(v 1/2, 1/3, and t/4 for the antibonding chain band). Well localized stable bipolarons
with negative formation energies have been found in accord with a microscopic scenario
for a boson-fermion (s-channel) approach to IITSC proposed in ref. [1].

1. Introduction

In [1] we proposed a microscopic scenario of s-channel HTSC, based on (i) the existence of
a Peierls phase in the polarizable structural units, sandwiched between the CuO-z-planes,
and (ii) on bipolaronic charge transfer excitations from the planes into the Peierls phase.
This scenario is most easily illustrated for the cases of YBa2Cu3 O7 and YBa2 Cu4Os
where the chain structure of the doping subsystem is well known. For the most other
hole doped superconductors, a chain-like local structure arises from a misfit between the
cuprate planes and the doping subsystem. The elucidation of details of this local structure
is hampered by the presence of vacancies and interstitial oxygen ions. in general we
expect a M•O • chain-like structure of the doping subsystem, where M = Cu, Bi, TI,
etc..- The generalization of the model presented below, e.g. to TIO• or Bi0x chains, is
straightforward. However, at present no complete set of microscopic electronic parameters
for these cases is available in contrast to YBa2CuaO7

2. The Model and the Method

The electronic structure related to CuO 3-chains in YBa2Cu3O7 can be modelled by a
structure of single chains with alternating O-ions and CuO 2-molecules and effective inter-
action parameters. The chain bands are formed of pa-states at the 0-sites and antibonding
molecular dptr-states at the CuO2 -sites. Their Hamiltonian matrix consists of two on-site
energies eA and sB (of the molecular site and the 0-site, respectively) and one transfer
integral t. Here, two kinds of deformation are considered: symmetric z-displacements
u = z2- zi of the two molecular 0-ions, and longitudinal displacements y of all chain

"This work was supported by the Deutsche Forschungsgemeinschaft under Project Es 85/I-1.
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sites ?n ;, = Y",+i - Y,,,. Thus, we adopt the effective A f- Hamiltonian

= •. ... ,, - t,,.•+ (c!,+,~n .... + e) + -:Z ,• u,, K+ z
ILc ).+ - L t"A

where the off-site and on-site terms read for A and B-sites, respectively

[ - [tO- -I Itm - '72Url _ I - =CA - OATIL-- 1A(4'r, + Vm-i)
tm,,t+i - 10h-,,+t - Y211 ', C: IB- (U+1 ± u- 1 ) -)ii(e,- + ,,-).

The LCAO-deformational study, presuming an elongation of apical oxygens by 0.1At in
z-direction [3], yields to = 1.67 eV, 1, = 1.32 eV/A, CA = -3.59 eV, 6B = -5.3 eV, 2 OB

= (A = -0.816 eV/A , and from phonon modes at .505 cm-i and 400 crn-I we get A'•
= 7.78 eV/A2 and K. 4.87 eV/tA2. For 3A-, we adopt values somewhat smaller than
the analogous values used in 121 for the related M-X-chains (see below). Finally, due to
the approximate "symmetry" of a CuO 4 plaquette we expect -y2 ;Z 7t. The Hamiltonian
under consideration is a two-component generalization of the two-band (one-component)
Hamiltonian proposed by Bishop et al. for the M-X chains [2] . Two self-consistency
equations for the displacement patterns are obtained from the variation of the total energy
functional with respect to u,,- and v,,0 . i.e. to the changes of the Cu(I )-O(4) and Cu(1)-
0(1) bond lengths, respectiw-ly:

I= - [A, + OAPý,. .- +( tP-,.... + P.,+,.-+,) + 27 1(P,_,+, - Pm..)l.

I ~ + { 'A} (p_"~ + PM+,.-+i) - 27( ) -,+
where

A,, 2 [21, (P-.,,+, - P,ý._,,,) + CVAP/,, + cOB(P,•.-m-i + PM+,,+i)],

A,., I. (L + ;38)Nei - 2"yZ•(I)'Pi.,m+, 1
~m

"mm' denotes the density matrix, N stands for the chain site number, and Nj is the total
number of electrons on the chain. The Lagrange multiplier A, reflects the fixed chain
length requirement E, v,- = 0 . The condition F,_ u,. = 0, expressed by Au, is presumed
for the sake of simplicity in order to avoid an additional charge transfer between planes
and chains. Finally, from the variation of the total energy functional with respect to the
wave functions one gets the discrete Schr6dinger's equation

E.ti,,,(,,m) = _Cmp(rf) -t,_,.iL,'5 (t - 1) - tin,.m+iib(m + 1),

from which the eigenvalues E, and eigenstates O5(rn) are obtained for finite N-membered
rings (or open chains). The quantum number y includes the spin index s. Since the
displacement set {u, v} depends on the density matrix, the problem becomes highly non-
linear arid the eqs. of Sect. 2 have to be solved self-consistently by iterations. In the
calculations reported below we examined periodic chains with about 120 sites, i.e. the
chain length is much larger than the size of defect states. In addition to the constraint
condition , vm = 0 mentioned above, we considered also the case where all A-sites are
fixed. The modification of the self-consistency equations is straightforward.
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3. Results

Experimentally, the band filling ratio of the antibonding chain hand v is not precisely
known, because the interpretation of the Hall or optical data of strongly correlated systems
like the cuprates is nontrivial. However, for a commensurate band filling a local minimum
(cusp) of the total energy for Peierls distorted chains is expected. Therefore, we consider
several values, v = 1/2, 1/3 and 1/4. A rich variety of nonlinear defect states as various
polarons and solitons have been found. Here, for the limited space, we restrict ourselves to
a brief discussion of bipolarons and (bi)polarexcitons due to their possible direct relavance
to the mechanism of high temperature superconductivity. For all hand filling ratios and
the reasonable parameters y2, j A.B Z- i eV/A, a two mode bipolaron has been found
self-consistently. We emphasize that it is stable with respect to a decay into two singly
charged polarons as well as into a doubly charged soliton-antisoliton pair. The bipolaron
is confined only to few lattice sites (2b 2 3.88 A) (s. Fig.), i.e. its width is smaller than the
superconducting coherence length ý,b :z 15÷ 20 A. Essentially, for all band filling ratios
considered here, there are solutions for which the bipolaronic excess charge is confined to
one CuO4-plaquette only, thereby 65 - 80% of the charge is located at an A-site and the
remaining part at the neigbouring 0(t) oxygens. The formation energy of a bipolaron Ef
is typically of the order -0.5÷ +1.5 eV (see TABLE).

The formation energies of charged defect states depend sensitively on the parameter set
and on the constraints on the lattice displacements (compare e.g. the first and the second
row of the TABLE). For fixed A-sites and the adopted parameter set, the formation
energies of electron and hole bipolarons are positive, i.e. they are truly resonance states.
Contrarily, when all sites are allowed to be displaced, there is a strong electron-hole
asymmetry and an unexpected strong influence of the band filling ratio with respect
to their formation energies. For the half-filled antibonding band the formation energy
of electron bipolarons becomes negative, whereas for one third or quarter filled band it
becomes negative for hole bipolarons.

Furthermore, we have investigated excitonic and biexcitonic excitations. In the pre-
sent simple approach, the electron and holes are bound by the strong electron-lattice

1.60

1~.20j

8.

" 0 .40

.000 .. ...

"-0.40 HOLE BIPOLARON

-o.80~
# 1 0 .. 2'' . . . ' G l . .... .... ..... .0 . .. .0 20 40 60 80 10O0 120

site numbers
FIG.
Excess charge distribution of a hole bipolaron vs. site number rn for a N = 120 membered
periodic chain and the band filling ratio v = 1/3.
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TABLE
Ground state properties and formation energies of polaronic states
The following abbreviations are used: v - band filling ratio, uo(vo) - amplitudes of tile
internal (inchain) component of the superstructure, E... - Peierls gap, P* - ± charged
polaron, P-12 - ± charged bipolaron, Po - polarexciton, B, - biexciton; *) A-sites fixed.

V /LA,B Uo Vo Eq., EP_2  EP_ Epo Ep+2  E&

[eV/A• [A] (A] [eV) [eV] [eV1 [eV] [eVl leVI

1/2 -) 1.0 0.11 0.24 1.77 1.023 0.76 0.96 1.1 -

1/2 1.0 0.11 0.24 1.77 -0.403 0.37 0.94 0.704 0.116

1/3 1.5 0.14 0.49 2.36 0.314 0.64 1.11 -0.212 0...0.1

1/4 1.75 0.16 0.69 2,68 0.819 1.04 1.33 -0.665 0...0.154

interaction only. Thus, the neglected Coulomb interaction is expected to lower further
their formation energy.

4. Discussion and Outlook

The negative formation energy and strong localization of hole bipolarons for the band
filling ratios v = 1/3 or 1/4 suggests an "backward" electronic charge transfer from the
chains to the planes. Due to the "loss" of Madelung energy it will be stopped at a
finite concentration of bipolarons. In this new equilibrium state the formation energy of
bipolarons will be zero. Thus, the basic assumption of some phenomenological boson-
fermion models (s. e.g. [9-11]) on the pinning of the bosonic level to the Fermi energy is
fulfilled. For the case v = 1/3 (1/4) the experimental value of 0.25 (0.2) holes per CuO2
unit can be reproduced provided that at every sixth (tenth) A-place only a bipolaron
is located. The existence of single hole bipolarons with negative formation energies for
realistic band filling ratios seems to be a necessary condition for the applicability of the
s-channel model to the cuprates, since the fermions in the planes are holes.

The formation energy of polarons agrees well with new optical data of Dewing et al.
[4] showing a broad absorption region between 0.5 eV and 1.1 eV with a maximum near
0.7 eV. Within our model the formation of chain electron and hole polarons as well as
polarexcitons should be expected to contribute sufficiently to the broad absorption curve
due to their different formation energies (see TABLE).

The usual t-channel (exchange of neutral bosons, e.g. phonons) could possibly be
enhanced by the biexcitons or polarexcitons considered above. The low energy of the
bi(polar)exciton and its high metastability suggests a strong interaction with high-
frequency phonons giving rise to their so far unexplained Fano-line shape. Since the
formation energy of a biexciton is within the same range as the midinfrared absorption,
a sizable contribution could be expected from its creation.

Recent structural data [5] claiming different positions of the apical oxygens Au
0.13A cx uo can be explained by our model simply as the superstructure inducrd due
to the Peierls transition, i.e. no strong anharmonicity of double-well character for the
apical oxygens is required. Similarly, different positions of apical oxygens reported for
the TI- and Bi-based cuprate superconductors could be intepreted as the result of a
further structural instability of corresponding chain fragments mentioned in Sect.l. Large
displacements of inchain oxygens were deduced from electron thermal diffuse scattering
data [6]. Quite interestingly, hints for a local charge density wave and a pseudogap
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manifesting theirselhes in two different Bi-O bond lc:,gths (analogously to diifferent Cu O
bond lengths for the ('uO3 chains) even for the norinal metallic and superconducting
cubic phase Balio.,ŽPbo^ s were reported in [7]. A commensurate phase miodulation for

the other cubic oxide superconductor BaojiKO.riBiO3 was found in [ý 1
Basic assumptions of several phenomenological boson-fermion (local pair) and nega-

tive U-models [9-111 can be approximately justified by our microscopic approach. Since

peculiar experimental findings as marginal Fermi liquid behaviour, linear resistivity and

suppressed isotope effects can be described by these models, we believe that there might

also be a microscopic foundation by the present mode!. However, more detailed investi-

gations with respect to a quantitative comparison with experimental data art necessary.
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When doping the antiferromagnetically (AF) ordered high-T cu-

pratcs with holes magnetic polarons (spinpolarized clusters) are

formed. At higher hole concentrations and due to cluster diffusion a

phase separation is formed by establishing large fractal or percola-

tivc clusters. This percolation picture allows to understand experi-

mentally obtained results for phase separation as well as magnetic

and conductive phase diagrams.

1. Introduction

Doping or oxidation of high-Tc materials creates holes in anti-

ferromagnetically ordered CuO., planes. Due to strong correlation

effects a hole in the CuO, plane rearranges the antiferromagnetic

(AF) order in its nearest vicinity forming a spin-polarized cluster

(magnetic polaron or ferron)[lIJ. The cluster has only low mobility

wherea, the hole inside the cluster can move freely. As a result.

when increasing the hole concentration and due to cluster diffusion

a phase separation is formed by building up a (hole-rich) large

fractal percolation net leading to destruction of AF order and to

appearance of a metallic-like conductivity L2,3].

2. Hole dynamics in CuO 2 planes

Our considerations are based on the two-band Hubb,,rd model (see
e.g. Emery [41), the effect of the strong particle-particle (Hub-

bard) repulsion is treated by two different approaches:

L.)Thc first approach makes use of the small value of the dif-

ference Z between the Cu and the 0 electronic on-site energies
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compared with the on-site Hubbard repulsion energy U on Cu sites
(see e.g. [51, where the ratio z/U is found to be 0.3). A modified

Schricffer - Wolff transformation [6] is applied to the Hamittonian

allowing to eliminate those oxygen - copper hybridization terms,

which change the double occupancy of the Cu ions. The transformed

Hamiltonian is treated in Hartrce-Fock approximation.

For the undoped case the structure of the baids and the ground

state energy are calculated a) for the paramagnctically (non-spin-

ordered) and b) for the antiferromagnetically ordered structure.

The case (b) yields a lower energy.

Wlen an extra hcle is added to the system two different si-

tuations have to be considered: (i) the hole will occupy the top of

the highest filled band and AF order persists. (ii) the hole forms a

localized spin-polarized state (magnetic polaron); in the vicinity of
the hole the spins are allowed to differ from the spin values of the

AF ordered structure.

For the considered parameter range (ii) leads to the lower

energy. In this situation due to the local spin-deviation from the AF

order the hole can move rather freely inside the cluster gaining

hybridization energy -T. This energy E can be calculated by

Green's functions from the secular equation

det (E--)I - Z V(MJ) GrnE) V(nN) I ,
•'1, nl

where G(E) is the Green function of electron states in the AF

ordered lattice, V(M,m) - T specifies the Cu-O hybridization
interaction in dependence or the Cu spin polarization, M and N

refers to the positions of the disturbed spins, while m and n to the

positions and the orbitals of the strrounding oxygen atoms. The
value of the local (disturbed) spin polarization <n > is estimated

selfconsistently. For one disturbed spin the equation reads (X=,l,')

lEF

,> dE ImGG(E) G (

0

Here G,(E) depends on both <n.,, > and <n ,>, i counts the local
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states. In the limit (U-E)/T,, I the clusters are totally spin-po-

larLad (fcrron-type hole clusters). For U/T-6 and e"-2 the most

stable clusters contain 2 to 4 turned Cu spins.

II.) The second approach is based on a Hartree-Fock (mean-ficld)

approximation of the original two-band Hubbard Hamiltonian. Here

the Hubbird repulsion is given in the form

d d I d d dU Z-n n U L(n n >n <n
m r 4, m mtn m4t- mn m4< m l

-U !<n n > d H

The fluctuation term H'= U f (n M-<n ,>)(n .- <n >) is negle-m ml' rn'r mn m+
cted. Again, when adding an extra hole the local spin disturbance is

calculated setfconsistently. As before the energy of the ferromag-

netically ordered cluster is smaller than the unpolarizcd free hole

state. For different parameter sets this energy difference is listed

below (see tab.l).

Table I The binding encrgy and the Cu-spin polarization for the

undoped <n), <n > and doped<n' >. <n',> cases in depen-

dence of U and z.

U s <n,> <n > <n',,> ) n',> --AE

4 2 0.67 0.03 0.31 0.57 0.48

5 2 0.77 0.02 0.30 0.68 0.43

6 2 0.84 0.005 0.29 0.75 0.42

7 2 0.89 0.003 0.28 0.81 0.44

8 2 0.94 0.002 0.28 0.85 0.45

9 2 0.96 0.001 0.26 0.88 0.46

10 2 0.97 0.0005 0.25 0.91 0.46

4 3 0.53 0.05 0.29 O.1 0.63

3 3 0.68 0.02 0.28 0.56 0.44

6 3 0.78 0.008 0.26 0.68 0.36

7 3 0.85 0.004 0.23 0 71) 0.36

8 3 0.89 0.002 0.21 0.83 0.36

9 3 0.94 0.001 0.2 0.87 0.37

10 3 0.96 0.0007 0.19 0.89 0.38
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3. Experimental evidences for percolative phase separation

Field dependent magactization measurements in slightly doped

(oxygen enriched as wcll as Sr doped) LaZCuO 4 samples show the

formation of conducting phases by the existence of a percolative
phase separation [7]. The essential results are summarizcd in Fig.

I. Below 37 K, the sample of LaZCuO 4- exhibits a sharp transiti-
on from the paramagnetic to a diamagnetic magnetization indicating
tie presence of superconductivity. The diamagnetic fraction in the

magnetization strongly depends on the temperature T to which the

5.5

5.0 5K

4,5 60K

4.0 - --" 90K

7 .5 150K

3"I,0 • ... .... .200 K

2.0 -. 
2 20 K1 5 . . . . = . . . . . . . 2 50 K

P. .. ..0 270K

2 .... 300K

-0-5 ;
-1.0- La2CuO4 6

0 100 200 300
T (K)

Fig.1 Magnetization of a L, 2 CuO 4 +8 sample as a function of the

temperature. The starting temperature Ts to which the

sample was quenched from room temperature are indicated.

The uppermost curve was obtained after quenching the

sample to 5K and slowly heating to room temperature.

Beginning from the lowest data set each curve was shifted

upwards by a value of 5xdO-7emu g-I compared to the
preceeding one. The measuring field was 90G. arrows indi-
cate the direction of temperature change during the mcasu-

rements.
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sample was rapidly quenched. Below T. magnetization data were

acquired during slow cooling temperature scans. Note that a sudden

decrease of the diamagnetic fraction occurs at values of T. in the
range of 200 - 250 K. Surprisingly, the sample quenched to 5 K

(Fig. 1. uppermost curve) shows a very small diamagnetic fraction

only. This clearly proves that superconductivity can almost com-

plctely be suppressed by rapid temperature quenching of the sam-

ple. If, however, cooling was performed slowly the diamagnetic

shielding signal became maximal. As shown in 118' the formation of

superconducting phases can also be initiated by application of

sizeable magnetic fields.

The results obtained for the Sr doped samples can be seen in Fig. 2

showing an increasing diamagnetic fraction with higher Sr contents.

The most obvious feature is the distinct separation between the

field cooled (applied measuring field of 90G) and the zero-field

cooled magnetization both for the La 2 CuO,4 and the Sr doped

samples in the same temperature range. It is important to note that

this temperature range is well above any of the Neel temperatures

in the Sr doped samples. We fini that the LaCuO4 ,6 sample

shows quantitatively similar behaviour as the La .90Sr0.02Cu04

sample.

All these measurements clearly prove that in the investigated

samples diffusion processes of magnetic quasiparticles take place

which can be influenced either by thermal treatment (fast and slow

cooling) or by magnetic fields. Not all the quasiparticles, however.

contribute. to the conducting phase which is of fractal nature but

rather coexist with single magnetic quasiparticles which give rise

to the observed para. isnetic behaviour. The equilibrium between

these two subsystems can be shifted by thermal treatment of the

samples. With increasing temperature thermal fluctuations gradual-

ly destroy the conducting (superconducting) phase breaking it up in-
to magnetic quasiparticles as can be seen by the monotonic increa-

se in the paramagnetic signal (Fig. 2c and d, lower curves).

A clustering or percolation of this type, however, can only take

place when the subunit i.e. the magnetic quasiparticle has a consi-

derable size (several lattice units). In such a diffusion controlled
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Fig. 2 fc and zfc magnetizations or the La 2 CuO 4 ý8 sample and
moderately Sr doped samples La,_ xSr xCuO4 as a function

of the temperature. Arrows indicate the direction of the
temperature variation. The dfc magnetisation curve was mc-
asured after the sample had been cooled slowly from room
temperature to 5K by using the same temperature interval
step sequence, including equilibriation, as in the subsequent
heating (or cooling) cycles and with applied magnetic field.
The Necl temperatures TN for the La 2CuQ 48 samples and
for La1.94 Sr 0 .0 6 CuO 4 are indicated. Note : the zero of
ordinate for La 1 .9 4 Sr0 .0 6 CuO 4 has been suppressed.
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clustering process there is no critical phase transition tempcrature,

but merely a temperature region wherein the conducting phasc

(delocalized holes) coexists with a noncondensed phase consisting of
separated magnetic quasiparticles. Holes can also be created opti-

cally (8] (see also [9], where photoinduced conductivity and super-

conductivity has been observed in high-T euprates). Hereby, first
free (non-polaronic) holes are created, which subsequently relax to

a ferron-type (polaronic) state (10]. This relaxation process is of

aetivative nature, the frce- and the fcrron-type hole states are

separated by an activation barrier (10).
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Abstract: The variational principle of Bogoljubov is used to derive the
.:mtperat.ui AWdL paranictor dependent pha,:e digran. of cariiefs in hole
doped HTSC cuprates.

1 Introduction

The understanding of the properties of th,- HTSC cuprates not only in
the superconducting, but also in the normal state seems to be related
intimately to the understanding of highly correlated models for the car-
riers in the copper oxygen planes. Despite of the fact that Hubbard and
extended Hubbard models are known for decades there is still considera-
ble lack of adequate calculation methods especially in the experimentally
interesting intermediate coupling regime. Exact diagonalization studies
are still restricted to few lattice units, Monte Carlo calculations become
inefficient in the interesting parameter regions and analytic approxima-
tions apply only in special limiting cases. Thus it seems reasonable to
perform a standard variational approach to obtain upper limits for the
thermodynamical functions.

2 The Model and the Method

We start with the standard Emery Model [11 for the Cu- 0 Planes

H 1: 1+ 1 1+ X1,, fXCOn E - " 1+ 1H ~ ~ ~ ~ ~ nO -'•'XI~yn,(x- 1X1'qO

n,e," tn,9

~ tfln,(jXza +-m,a + h.c.
(nius.j))

where x,,,?+ creates holes on copper sites n for j - 1 and holes on ad-
jacent oxygen sites m for j = 2, 3. The constant Ud denotes the on site
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Coulomb correlation on copper pIla('cs. dellotes the absollute value of
the transfer integral and Fi( dellotes the charge transfeTr (It'rgy. We use

the therniodvyanie variational principle of Bogoljiibov in a form given
by Koppe [21 extendlld to the grand canonical ensemible

- Q)(U) = Q'r + KU+HU ) - (,H + IiN)

where the test Hamiltonian HT and the canonical transfiormation U can

be chosen arbitrarily with some variational param'ters. K..) means the

therinodynanuic average with H R

H - " 11" X71.- X' V ': it" t'

"', ,'2x,
+ 1(1 s.,, - A x ....,,. ,

I 7I Z. , Tf1I

where I", . i( and A arv variational parameters.
The choice of a simple local operator in the strong coupling limit is in-
proved )y v the introduction of a canonical transformation U which is
optimized by an expansion to sec(on order of -t. The procedure is strictly
analogous to the one proposed by .Jeht to and Heise [3] for the one band
Hubbard Model. The details of the calculation of the expectation values
with this canonical transformation, first in lattice . then in k space will
he pul~hished elsewhere.

3 Results for the Paramagnetic Case

Fig. I shows the resulting curves free energy F& versus hole (oncentra-
tion Oih for a) the atomic limit, 1)) the strong coupling variational appro-
ximation for 1 =(,l and c) the standard paramagnetic Hartree Fock
approximation for the same vauhe of -1. For hole concentrations nh t h

Hartree Fock yields a deeper (bvtter) free energy than the strong coupling
limit and Feritki liqui(1 behaviolur occurs.
Fig. 2 shows the cheinical potential I versus doping o,, with the -charge
transfer" discontinuity at, ii, = 1.0. One sees that the effective charge

transfer 'olisla nt (,0 is ilncreased in our solution.
Fig. 3 shows an eniarged portion of the roughly constant chemical po-

tential in the interval n1h > I thus murevealing the most imll)ortant feature
that there is a region of negative slope of It, that moans thermodynamni-

cal instability. The system separates spatially into nearly neutral regions
and regions of high carrier concentration as prol)ostd by [4]. The Maxwell
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conlstruction in til' free energy allows to t c('terlin( he coexiste''lce regi-
0115 iTI the temperature depetdnt phase dijagraitis in Figs. 4 and 5ý. Iln
the regions left to the nIearly vertical line at n* which limits til validitv
of the strong (ol)pling soiltion this scparation o(*c(r.- whereas right to
this line the standard homogeneous (paraMlagnetic) HF regime extends.
Fig. 4 shows that the maximiuui teni'oratture of this coexistence region
increases with increasing -,. but then also the HF lin(, goes to tle left thus
arriving at some0 critical value where phase sep)aratlion disal)pears. Fig. 5
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gives the phalse separation regio1,- for different values ot the charge traiis-
fer energy 40 . Within this interval of nuimerical values C( the maxiiumii

attainable temperature of phase separation goes up with decreasing CO,

whereas the Hartree limiting curve does not change imich with F0.

4 Magnetic Order

At low temperatures the variational soltiou: with nonvanishing rImoh'-
cular fields are the lower ones. Pure antiferromagn(etisxn occurs as a
phenomeron of order ýI in the nearly neutral regime up to it, =r 1.01
with a NeMl temperature T' = 290"K for - = lel'. Ferromagnetisni is
for large ij, the phase with lowest energy. Fig. 6 shows the phase diagram
of separation between antiferro (para) and ferromagnetic phases with
the coexistence regions rather enlarged compared to the paramiegnetic
ones. But contrary to early suggestions with plhase separation caused
by competing energies for phases of different magnetic order our result
indicates phase separation independent of magnetic order as a result of
strong coupling solutions.

o I.,' .

0.96 FU0O

-- 01.8 vg

I-. ""J Fig. 6 Ph ase diagramin between antii-

0.00 ... t'erromagtetlic (parantagnefic for higher
1.0 IA1 1.8 Z2 2.6 3.0 temperature) and ferromagnetic phases

nh
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Pairing Interaction

Induced by Distortive Electron-Lattice Coupling
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Abstract.For systems with at least two atoms in the unit cell, it is shown
that local distortive electron-lattice interactions induce a new type of Cooper
pair formation. These interactions lead to a non-retarded coupling which is
attractive for charge-carriers (holes) over the whole Brillouin zone. Further,
consequences of this new pairing interaction for the gap A and the critical
temperature Tc are considered. The gap equation is solved for an isotropic
model with arbitrary dimension d. In this way, the dependence of T, on the
hole concentration can be obtained and comparison with experimental data
allows to obtain the effective dimension of the electronic subsystem d ;-t 1.5.

1. Introduction

The pairing mechanism considered in the weak-coupling BCS description of
conventional superconductors has two main features. Firstly, the effective in-
teraction between charge carriers is mediated by virtual phonon exchanges.
This expresses itself in the presence of phonon energies in the analytical form
of the coupling. Secondly, due to this mediation, the resulting effective interac-
tion is only attractive for charge carriers with energies near the Fermi energy;
the range being characterized by a mean phonon frequency.

Beside the usual electron-phonon interaction which is the origin of this
pairing mechanism, there exists another type of electron-lattice coupling, which
can lead to a new kind of Cooper pair formation [1]. Namely, the interaction
of charge carriers with local static distortions of the lattice. For such a local
coupling to be effective it is necessary to have at least two atoms in the unit
cell.

To show this we consider the system described by the Hlamiltonian

H = !e+ HL + HeL ,
1

1, + 11L ~ c(k)c+jCk+ Ehwlz,(b+ bbqv +
k ,

HeL W E c + ctl+ II-- no nOn+viECa~n

For simplicity we restrict our present discussion to a single electronic band and
to a local, i.e. diagonal, electron-lattice coupling.
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We have splitted the local electron(hole)-lattice coupling in two parts. The
peculiarity of the first part is that the lattice coordinates Q1 can be written
as a derivative of the potential energy of the vibrating system. This is riot tile
casc of the second part Q,'. This separation can in principle always be done
for a system with a many atomic unit cell. The presence of onc or the other
(or both) depend on the specific system studied. For example, if we consider
one CuO 2 plane in the orthorhombic phase(tilted octahedra), the interaction
of the charge-carriers with out-of-plane distortions belongs to the first part of
the electron-lattice coupling whereas the interaction with in-plane distortions
belongs to the second part [2]. In the present description of the CuO 2 we
suppose, according to [3], that the Coulomb repulsion is taken into account in
the renormalization of the parameters of II.

2. Pairing mnechanisni

'The derivation of the pairing mechanism is done with the help of unitary trans-
formations. Within this method one eliminates the linear electron-lattice cou-
pling with a transformation U and replace it by a series of electron-electron
and higher order electron-lattice coupling terms. In the spirit of a perturbation
,,hcory in the hole-lattice coupling, one restrict the series obtained up to order
(1 + V) 2 . Usually this is done in k-space with a Fr6hlich-type transformation
[,11. For the local distortive coupling introduced in the precedent section it is
however more suitable to use a local transformation U1 which removes partly
the interaction Ill . This displacement transformation is written in site repre-
sentation and has the effect of shifting the equilibrium positions of the atoms in
the unit cell in which the particle is present. The transformed II thus describes
the motion of particles interacting with a distorted lattice.

In a second step we get rid of the residual hole-lattice interaction by means
of a Fr6hlich-type transformation U2 that is non-local and so, is adequately
written in k-space.

One finally obtains an expression for the effective coupling between the
charge-carriers. If we restrict ourselves to the scattering of Copper pairs (k I

-k 1), one obtains two contributions which have a very different structure.
This can be seen on the example of the CuO 2 plane were the expressions arc
particularly simple (K is the Cu-O restoring force constant)

Ice = (V + V 6 %)cklc.ktckt1

k,k'

4W 2

Cee

V= V VN,(k,'V) + WMX(kk')

(((k) - (k'))2  (hwk - ,),

At this point two important remarks have to be done. Since we consider only
ernis up to order (W + V) 2 , we are working in the framework of a weak
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electron (holc)-lattice coupling theory. This means that we cannot have self-
trapped polarons ii tile regime studied in this model. Secondly, the new term
l" appearing in the pairing interaction is nol an on-site negative Ilubbard-type
term but takes this form only for (k t, -k 1) pairs. It describes in k-space, a
scattering of particles moving in a distorted crystal.

As one can see, the first, non retarded, interaction is attractive for all charge-
carriers of the Fermi sea. Furthermore, it does not depend on the ionic masses
and therefore will give no isotope effect. Finally, because of the dependence on
I/I1, soft modes will enlarge the contribution of this term. These are general
assertions about this term that are independent of the particular model (the
CuO2 plane) considered here. A special feature of the model is that Va arises
from the coupling of the holes with out-of-plane local distortions. If the crystal
would be in the tetragonal phase, this term would disappear because the linear
W coupling is then forbidden by grouptheoretical arguments.

The second term of the pairing interaction has the usual Fr6hlich-type de-
niominator. Thus, only those holes which are close to the Fermi surface (the
energy range being given by a mean phonon frequency) will attract each other.
In addition, it will give a contribution to the isotope effect. In general, the
interplay of the two contributions to the pairing interaction will depend on the
.system considered.

3. The gap equation

We study here the effect of the new term Va appearing in the pairing inter-
ac;tion. To this aim we set V = 0, which means that we consider only the
interaction of holes with local out-of-plane distortions. In particular, we want
to deterriiine the dependence of the gap A and T, on the hole concentration
and the dimension d of the hole subsystem. The self-consistency equation for
the gap A has the same structure as in the BCS theory but the pairing term is
hiere given by V'. This effective interaction is independent of the vector k, thus
also the gap. Consequently one can go from the sum over k' appearing in the
equation to the integral over the energy. The resolution of this equation has
now to differ from the usual BCS treatment. As a matter of fact, the pairing
interaction being attractive for all particles of the system, one cannot restrict
the integration to a small range defined by the mean phonon energy about the
Fermi surface. The integration has to be performed over the whole band. This
further implies that it is not possible to take only the DOS p(E) at the Fermi
energy; its structure becomes important.

The dimension d of tlhe electronic subsystem only appears in the DOS. To per-
form calculations for arbitrary dimensions, we have replaced the tight-binding
DOS by the one of a free hole gas [21

pd(E, E + .1

We, however, still take into account tile finite bandwidth B of the dispersion.
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For d = 2 it is possible to obtain the result analytically
1

A - If cxp( I

p(O) V

As one can see, T,: is now proportional to the bandwidth times the Fermi energy
instead of a mean phonon energy. Since we have considered no band reduction
for the weak coupling case and since the Fermi energy, although small, is still

greater than the phonon energies, one can obtain values of T: that are much

greater than in the BCS theory. In the case d < 2, the calculations have to

be done numerically. Fitting the results, and kUiowing the relation between the
Fermi energy and the hole concentration it in our simple model, one obtains
the following relation

Ucinura et al. [5] have shown, that for low carrier concentrations n, the rela-

tion T, - n holds for a wide group of superconducting materials. Based on the
percolation model [3], we are now able from our last expression to deduce the
dimension of the underlying fractal system. If Uemura's relation holds, we find
d = 1.6. This is in quite good agreement with the numerical determination of
the fractal diujension of such a network at the percolation threshold d' = 1.42
[6]. In this last paragraph, we have considered V = 0 as a special case. If
V $6 0, the two parts of the hole-hole interaction compete and one can show
that for reasonable values of W and V, the ratio 2A/kBTe can take values up
to 5.
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Cooperative Electronic Phenomena
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The general existence of a quadrupolar induced hole pairing in high-To super-
conductors is established, as well as, the occurence of valence fluctuations. A model
of the electrical conductivity in high-T, materials has been developed. It is mainly
based on a new bosonic conductivity mechanism which permits the understanding of
the normal and superconducting state. An excellent agreement is achieved with
respect to the experimentally determined To-charge carrier relation, the rcsistivity and
Hall effect data.

1. Introduction

In analysing the electronic situation in the new copper oxides, we proceed basically
from an electronic reorganization principle in covalently bonded systems which we
have termed "detailed momentum balance" [1). This is to say that the response of the
electronic system to perturbations is analysed first in terms of an independent
multipole representation. Then, the possible interactions between these distributions
are determined through minimum total energy arguments. In relation to this point of
view, the situation is very pronounced in the new copper oxides. Highly negatively
charged Cu(II)0 2 planes, with well separated charges on the copper and oxygen
atoms and highly charged cations, give rise to a pronounced situation with respect to
the coulombic multipole interactions.

Hence, we proceed primarily from pure electronic mechanisms, as the basis of the
cooperative electronic phenomena in the high T, superconductors, which are accom-
panied by magnetic interactions, which are, however, not the driving force. This is
supported especially by the inelastic neutron scattering experiments which give
energetic low laying spin excitations and higher collective excitations through the
superconducting gap [2]. Based on the high polarizability of the copper and oxygen
atoms, we proceed basically from a pure electronic response on a electronic pertur-
bation and neglect structural or phononic interactions at this time. The results outlined
here are based on Hartree-Fock MO cluster calculations.

2. Hole pairing

As experimentally evidenced by X-ry absorbtion studies, XPS as well as by high-
energy electron energy-loss spectroscopy, the creation of holes occurs at the oxygen
site of the superconducting cuprates [3-7].

Hence, the first question of interest is the spatial extension of the holes in the
oxygen bands. in a 02. ion, the doping of one hole gives only a small deviation from
a linear energy (,')-hole relation. If we place the oxygen atom additionally in a low
dimensional lirjand field, as realized in the Cu(ll)0 2 planes, the energy is lowered, with
a corresponding increase in ligand field strength and hole density [8]. Therefore, the
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a) b)1

q1,o2,q3 located at the Cu0 bonding distance, The signs on the copper atoms
indicate the valence fluctuation state. b) Dependence of the derivative of the electronic
energy on the charge difference q,,-q, with q,=-1_7=const.. The jump at q,-q,=O
indicates the pairing -antipairing transition

state is favoured for which the holes are more localized at the oxygen atoms and
stabilized by the surrounding, more negativelly charged oxygens. thereby producing
an intense quadrupolar polarization, i.e. giving an electronic polaron or exitonic state.

In a similar way, the situation concerning the Cu-valences can be analysed. The
mean copper valence is about 9.5, as we have shown. Concerning the copper atoms.
the correlation energy

W~n,0. . L)8n (0.-6 ,4,Q- i.b l (1

is always positive. But, if we assume an alternating valence fluctuation state, as

depicted in Figs. la,2a,3. an effective negative correlation energy

Y_,,(8n, wt fa (n+8ri) -az (n-65n) 1 ~~u8,, (2)

can be obtained, with A4), the changed monopole potetitial. Therefore, a fluctuating
valence state, with respect to the copper valences already seems possible proceeding
from these atomic considerations. Under the condition of strong low dimensional
ligand fields, the remarkable s-d, excitations give rise to the possible existence of such
static, as well as, dynamic valence fluctuations. Indeed, we have always found
fluctuat'ing copper valences in our cluster calculations.

Equally important is the consistent decreasing of energy with lowering symmetry,
as we have show [8]. This favours supplementary small spatial extended hole states.
Therefore, we have to include strong quadrupolar polarizations by the holes. If the
hole location coincides with the valence fluctuation wave length, we can find attractive
and repulsive hole-hole interactions, depending on the hole topology and the charge
fluctuation sequence (Fig. 1.2).

Bearing this in mind, it is evident that i equallized hole distribution, as in Fig. 2a,
is not the most stable one- Rather, it is the state where only attractive hole pairings
are existent (bosons). Therefore, we can proceed from a definite boson(nt)-fermson(nf)
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a) b)

* A.• * 0 .[•

Fig. 2 a) Equalized hole distribution for n, -0 1 Full line means bonding (1-2) dotted
ne antibonding (2-3). The -,- signs indicate the valence fluctuation state. b)

Quadrupolar induced hole-hole interactions depending on the hole topology and the
valence fluctuation state. Eb means the hole pairing (quadrulon) energy

distribution (nh = 2 n, + n,). These hole pairings are balanced by the changed coulombic
monopole interaction. From this. the specific quadrupolar polarizations and, the
presuposition that T,-nb, the experimentally found T.-n, relation can be explained, as
well as. the short cohlirencu length [8,9]. Therefore, these results establish the
quadrupolar-polanzation induced hole pairings as the preexistence for the super-
conducting state

3. Hole kinematics

The inelastic neutron scattering experiments indicate the persistence of a pseudo
gap well above T, which can also explain the unusual temperature dependence of the
NMR relaxation rates. This supports our result on the preformation of superconducting
pairs well above T. [2.10). Similarly. the observecd slowly frequence dependent infrared
conductivity also supports such coulombic induced hole pairing above T¢, such as
reported here 1111

The type of coupling between the holes depends strongly on their topology in
relation to each other and to the existing valence fluctuation state. Proceeding from a
static valence fluctuation regime, we obtain bonding. antibonding and nonbonding
hole-hole couplings for a specific charge density sequence, e.g. (-. +,-) in Fig. 2. In
the opposite case (+ I-. ) the relations are inverted. If we delocalize some holes in
Fig. 2a, in an appropriate manner, so that the antibonding couplings are broken, a net
energy lowering can be attained. In consequence, the state depicted in Fig. 3, is
energetically favourable, where a certain number of holes stays in a bonding bosonic
state and the remaining fraction are free fermionic holes

Turning now to the kinematics of the charge carriers above T, we can distinguish
three possible kinds of movements. First, there exists a free uncorrelated , iovement
of the fermions. Secondly, the bosons, when alone, are rigidly fixed at the lattice,
hence are immobile. But. we have to proceed from intense temperature dependent
charge density fluctuations. As a result a correlated movement of the bosonic paired
holes is possible (Fig.2b), The most crucial kind of movement is the nonadiabattc
bosoni, exchange (Fig. 2b). In this case the coupling between the holes 1-2 is
transfered to 3-4 and v Ph the displacement of hole 2 We have termed
this exchange of the quau, Lpolar-polarization based energy quantum: "quadrulon".
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Fig. ,3 .Boson-fermion configuration wvith the electric field placed in x direction. The
bosonic chains, the quadrulon exchange and the scattering processes are depicted.

Besides the normal fermion conductivity a more effective mechanism of conductivity
is possible along the bosonic lines. If the bosonic density is high enough, an efficient
bosonic exchange can occur, e.g, if the hole D moves to C a quadrulon is transferred
from D-E to B-C (Fig. 3). In this way an electric conductivity along such bosonic
chains is possible, in the manner of a "quadrulon wave".

Two effects are very important with respect to the Hall effect. First, in minimizing the
internal energy, the alignment of the Bosons in direction of the electric field prevents
chains in y direction (i~e. a quadrulon wave in y direction cannot occur). This is
equivalent to a bosonic mobility in the y direction of zero (%. = 0). The most crucial
process in limiting the fermion mobility Pf is the fermion-Boson (quadrulon wave)
scattering leading to 11 -1 /T2. With 1% ~/T results

RH= fL (3

R.-0e (20nb.+ g,, (n,) n

for the Hall constant and

C I.x t O= (4)

for the Hall angle, and therefrom the experimentally found p/rHsT and cotdeT2

dependence results immediately. Furthermore, specific Hall effect measurements can
be explained [12,13,14].

The transition from the normal to the superconducting state is mainly charcterized
by the quadrulon waves of the single bosonic chains moving phase rigidly to each
other. Therefore, we can conclude that the transition temperature depends on nb,

T.ýnb, (5)

on the hole pairing energy Ei,

TcmEbl (6)

and on the correlation energy of the valence fluctuations,
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(7)

The substance specific influences are mainly reflected by U.,
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In order to calculate the optical conductivity of HTSC, we first consider the
optical response of related small clusters. In this way, the photoabsorption cross
section of a CuO., molecule is calculated in the TDLDA via one-centre expansion
around the Cu site. The resulting absorption shows strong oscillations due to
molecular structure.

We are engaged in a study of the many-electron response of high-Tc supercon-

ductors and related systems. So far, we have made some general studies of high-

energy and optical spectra [1], and calculated optical conductivity, PES and EELS for a

simple model of YBa 2 Cu 30 7 [2-4]. In this model the 13-atom unit cell is considered

as an atomic effective medium with a polarizability equal to the sum of the atomic

polarizabilities, calculated in the LDRPA, local-density random phase approximation,

to incorporate collective effects within the unit cell.

We are presently extending the work to cluster descriptions of the unit cell, to

model the local environment and to include charge transfer within the unit cell. The

method involves one-centre angular momentum expansion of the cluster potential

and wave functions [5-7]. This is a "brute force" method in the sense that very high

angular momenta are needed to describe the ligand atoms with reasonable accuracy.

The advantage is that, when the expansion works, the Coulomb interaction can be

calculated in straightforward manner. This means that electron-electron correlation

and many-particle dynamics in the cluster can be studied using well established

many-body techniques for atomic systems.

A single-cluster description of the unit cell will not be possible with the present

method. A realistic anproach may be to model basic subunits of the unit cell, like

square-planar CuO4 and BaO 4 plaquettes or CuO 6 octahedra, etc. We are presently

testing the method by calculating the polarizability of the linear molecules Cu-O,

0-Cu-O and Ba-O.

In this paper we present preliminary results for the polarizability and optical ab-

sorption spectrum of the linear O-Cu-O cluster (Cu-O distance 1.8 A, from Yl3aCuO)

in the frequency range 0-50 eV. In these first calculations we model the O-Cu-O clus-

ter using overlapping atomic potentials and use this non-self-consistent cluster po-

tential to calculate bound and continuum states and Greenfunctions. This describes

basic effects of charge delocalization, charge transfer and covalency, and the resulting

optical absorption shows characteristic oscillations due to molecular structure.
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To calculate the electronic structure of the CuO2 molecule we expand the initial

bound state wave functions and the final continuum state Green functions in a

spherical-harmonics angular-momentum expansion

r= - ut(r) YL) (1)
r L

G(r,r';E) = • Y01) GLL.(r,r';E) Y'(* ) , (2)
1,1U

arriving at coupled set of Schrodinger equations

d2 1(1+1)
(- +E - )UL(r) -Y VLL.(r) UL.(r) = , (3)

dr2  r2  L'

d2 1(1+1)(- + E - -- ) GLL.(r,r';E) - VLL..(r) GL-L.(r,r';E)= 8(r-r') iLL' 1 (4)

dr- 2 U rr

involving angular momentum expansion of the non-spherical potential V(r),

VLL,(r) = £ CLL.L. f V(r) YL..(fl) dQ (5)

(CLLL- = f YLYL.Y*L.-d are Gaunt integrals). These equations are solved by proce-

dures described in refs. [5-7]. In the present calculation we truncate the I-expansion,
Eq. (1), of the wave function at 1=13 (which implies including potential I-components

VLL.(r) up to 1=26), dictated by the accuracy of the computer (64 bit word).

From the initial state wave functions and the final state Green functions we then
construct the dielectric susceptibility

X0 (r,r';ro) = w I'r) xig(r') G(r,r';ei+co) + x Vi(r) ljI*(r') G*(r,r';Ci-CO), (6)

and calculate the induced charge in a self-consistent manner ii, fle ,,sual TDLDA

(time dependent local density approximation) manner,

&i(r;w) = J X0 (r,r'; w) ýscf (r';(o) dr' , (7)

0scf (r;co) = Oext (r;c)) + f 8n(r';o) dr' + 5Vxc(r;w) (8)
I r - r0

and where 6Vxc(r; o)) is the induced exchange potential (see ref. [51 for details).

The photoabsorption cross section is finally given by

o(co) = - 47t a a0 &o Im f z Wn(r;c.) dr, (9)

where z=r cosO is the component of the electric dipole operator along the O-Cu-0

axis, a is the fine structure constant (1/137) and a0 is the Bohr radius.

Figure 1 shows the result of a recent calculation of the conductivity of YBaCuO

using a superposition of atomic LDRPA cross sections (4]. In this figure we have

specially indicated the contribution from Cu 30 7 (i.e. 3Cu + 70).
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Fig. 1. Experimental optical conductivity of YBa 2Cu 30 7 [8] (full and dashed lines)
compared with theory [4] (dashed-dotted line). The dotted line gives the contribu-

tion due to Cu 30 7 .
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Fig. 2. Theoretical cross sections (- optical conductivity) of molecular CuO2 .

Figure 2 shows our present result for the O-Cu-O molecule together with the
result for superposed atoms. The effect of the molecular structure is to shift intensity
from higher to lower excitation energies and to induce structure. The structure can
be understood in terms of resonances or multiple scattering, and the shift of intensi-

ty in terms of delocalization of valence charge.

It should be mentioned that our results are not well converged. Including up to
1=13 is not enough for Properly describing the deep Coulomb part of the oxygen
potential. As a consequence, there is no dear separation between the 0 2p and 2s

levels and the energies and wave functions of molecular levels centred on oxygen do
not correspond to the real system but have rather a character of pseudostates.

Nevertheless, the total photoabsorption cross section in Fig. 2 should be
reasonably well described because it involves a sum over initial levels. The result

makes sense since the sum rule seems to be fulfilled.
Finally, in comparison with the superposed-atom result in Fig. 2, two things

should be noted. Firstly, the the molecular cluster result in Fig. 2 suggests that the
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superposed-atom absorption intensity (conductivity) is too high above 30 eV. This
will reduce the conductivity in Fig. 1 above 35 eV and lead to good agreement with
experiment. Secondly, the conductivity will be considerably enhanced in the 10-15 eV

region, basically leaving only the structure H as the major peak that remains to be
accounted for. There are good reasons for ascribing this to O2p->Ba5d type of transi-
tions, and we therefore plan to investigate a BaO cluster in the near future.

This work has been supported by the Swedish Natural Science Research Council,
by NUTEK, and by the Swedish Institute. ZHL was supported in part by the US DOE
- Basic Energy Sciences, Division of Materials Research.
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The linear and nonlinear optical absorption as well as normal state
tunneling is investigated within the local-pair model for high Tc materials.
Doping dependence of absorption peaks and linear voltage dependence of
tunneling conductance is obtained in a qualitative agreement with experiments.

The problem of electronic correlation effects in metallic oxides is a central one in
theoretical considerations of high T. superconductivity. Among other special features
of high Tc materials is the small coherence length of the order of 10 A. That means
that superconductivity pairing should be strongly localized within distances compa-
rable with interatomic spacing leading to an old Shafroth idea of pairing in real space
[1], possible only in the case of net attraction betwen electrons. Experimental results
from infrared spectroscopy reveal gap struetrure, still seen above the critical tempera-
ture. This has inspired further ideas about preformed pairs being central for explanation
of normal and superconducting properties of high Tc materials [2]. Spectroscopic
observation of such pairs could give an independent confirmation on mechanism of
superconductivity.

In this paper we investigate some consequences of a model which asumes the
existance of two particle states caused by negative correlation energy between localized
electrons. The very high sensitivity of normal and superconducting properties on carri-
er doping leads to an assumption for the energy of two particle state to be close to the
Fermi energy of the system. Excitation and transport processes at threshold involving
those states then have to be two particle processes, That naturally gives rise to non-
linear optical properties, but we shall show that , due to a hybridization of wide band
states with these local states, a single photon absorption can give rise to two particle
transitions, i.e. to a linear processes.

Our starting point is the periodically extended Anderson model:

Hc = Y" eKo alca+axo" + E 17 Ci'+Cia + U Y_ nionia
Kla la icy

+ 1/14N I• ( t,,e'ir'Ri ci,+a,,, + h.c. ) 1
"imc

where aKGo and ago are band-states operators, cio+ and cic localized-states
operators at site Ri with intrasite interaction U, and t. hybridization between band
states and localized states.

426 Springer Srcies in Solid-State Sciences, Vol. 113 Electronic Properties of nigh-Ti Superconductor.

Editors: H. Kuzmany, M. Mcbring, J. Fink © Springcr-Vrlag Berlin. Heidelberg 1993



(a)

.75EO .
t fro ,o

33

4"4

I, i •'I $V

0 2 4 6 8 2 : 4 1 4

PHOTON ENERGY (CV) PHOTON ENERGY (WV)
Fig. 1. a) Model calculation of optical absorption. (Parameters: l---4.1eV,

032=1.7eV, te.=l.27eV for all k, Eo=E2 '2). b) Experimentally observed absorption
in ceramic YBa 2Cu3 06+, from Kelly et al. [4].

In the case of a relatively weak hybridization, in normal phase (T>Tc), the optical
absorption r cxibits two peaks, corresponding to single and double electron transitions
with energies o1 and Co2 , respectively [3]. Double-electron transition is only due to
hybridization tK and therefore smaller in amplitude than the single-clectron transition.
The difference between absorption peak positions and intensities enable us to
determine directly the magnitude and sign of the local site correlation energy U
through the relation U=o 2 -2cn 1. The essential aspect of the doping dependence is that
the transitions shift down in energy and increase in strenght, until the Fermi level
becomes pinned at the local pair level Eo, as seen from Fig. Ia. For increased doping,
the local level gradually fills up, keeping the Fermi level fixed, and peaks lose
intensity and finally disappear.The same behaviour as in our model one finds in
YBa 2Cu 3 06_x [4], shown in Fig.lb. Simply associating the experimentally observed
peaks with our co1 and o2 we get a correlation energy U=-6.5 eV. That looks a bit
large value for correlation energy, what makes this identification probably unlikely.

In the superconducting phase (T<Tc ) our periodically extended Anderson model
in BCS approximation leads to the Hamiltonian:

H = I eKc aao+aKo + E X cia+cicr + U I nioni6

+ {A ao+a-,,+ + A ci,+cia+ + h.c. (2)
K 1

with superconducting parameters A and A0 taken to be independent of wave number
for simplicity. The superconductivity steams from the second order of the
hybridization Hamiltonian ( last term in Eq. (1)). Assuming negative U and that the
single occupied states of LS are well above the Fermi level the localized excitations
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Fig. 2. a) Level diagram for the two-photon absorption from the lower branch of the
localized state to the upper branch of the wide band. b) Interband threshold absorption
at zero temperature, (y= ( C1 

2 + Ao2 )1/2).

arc a two-levcl system with one and only one state occupied (see Fig. 2a). The local
state spectrum is o= C +± ( f1

2 + Ao2 )1 /2 with E1 = El - U/2, while the wide
band spectrum is the same as for the ordinary BCS band [5]. At zero temperature the
lower branches in both bands are fully occupied while the upper branches are empty.

To calculate the optical absorption we use the Golden rule and obtain the interband
threshold absorption spectrum as presented in Fig. 2b. One can see two thresholds,
one at (o = A + y, due to direct two photon absorption and another one due to hybri-
dization induced one-photon absorption at twice the energy of lower threshold.
However, the lower threshold at normal intensities is a weaker effect than a
one-photon process.

Let us now turn to yet another interesting effect coused by local pairs. In sandwich
type tunnel junctin of ordinary metal with high Tc material Bi-Sr-Ca-Cu-O the conda-
ctance shows large zero-bias value and a linear voltage dependance at low temperature
[61 (Fig. 3a). Assumption that high Tc material is a strongly correlated system (CS)
with local pair sites opens a possibility for a single electron tunneling between a band
in ordinary metal (M) and the local pair sites in CS [7], besides the conventional band
to band tunneling, as shown in Fig. 3b. In terms of Hamiltonian system is:

H = 14C + I (e& + eV) b+b

+ I tamp bKepap + l14 N I tcwi bjcociCF+ + h.c.. (3)
Kpa ilco

The first term represents the CS band, localized states and the hybridization between
CS band and localized states and the second represent the M band. The last two terms
are two tunneling channels, band to band (ta) and band to LS levels (tb). At low
voltages (eV<Eo-U/2, U<O) the simple one electron tunneling process from M side
into LS state is energetically forbiden, as the LS state can be only occupied with two
electrons. A double occupation of LS state is possible if we combine single-electron
tunneling with transition, due to hybridization, from wide band in CM into the same
LS state. That leads to a threshold eV>2Eo for single electron tunneling and to a
steplike voltage dependance of tunnel conductance. It is important to assume a random
distribution of LS energies over a large area contacts. The averaging of tunnel condu-
ctance over distribution of energy levels results in a linear voltage dependance of the
conductance, shown in Fig.3b is in a qualitative agreement with experiment (Fig. 3c).
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Fig 3. a) Diagram of electron tunneling into local-pair states. b) Voltage dependence
of tunnel conductance G(V) calculated within present theory. 2A is the width of the LS
energy distribution. c) Experimentaly observed G(V) curve, from Ikuta et al. [6].

To conclude, we have shown that the existance of local pair sites with negative U
can give an explanation of some of the unusual spectroscopic features of high Tc
materials.
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Abstract. We have performed full potential LAP, band structure calculations
for PrBa2Cu307, where the Pr atoms arc allowed to order antiferromagnetical-
ly. The Pr-4f electrons arc treated either as band states or as core states
according to a Pr valency of 3+ and 4+ with a fixed f-occupancy of 2 and 1,
respectively. Total encrgy calculations find the itinerant case most stable,
but would favor the Pr3+ over Pr A. The electric fiecld gradient tensors
differ for these 3 cases not only for the Pr but for some other sites too.

1. Introduction

In the high temperature superconductor YBa2Cu307 Yttrium may be replaced by
other rare earth elements with nearly no effect on the critical temperature.
By doping YBa2Cu307 with Pr, however, superconductivity is lost. The
observed antiferromagnctic moment at the Pr site cannot be the only reason
for this effect, since replacing Y by other magnetic rare earth atoms does
not affect superconductivity. One possible explanation might come from the
valency of Pr: when the trivalent Y is replaced by a tetravalcn. Pr the

additional electron fills up the hole in the coppcr-oxygcn-planc, which is
responsible for superconductivity in Y13a2Cu3O7.

In this paper we want to investigate the role of the Pr-4f-eicctrons. If
these electrons are localizcd, the trivalent (tetravalent) Pr would have 2
(1) f-electrons, but if they are itinerant and hybridize nonintegcr f-
occupation numbers would occur.

The electric field gradient tensor (EFG) is a very sensitive tool for
investigating the non-sphcrical charge distribution [I], so that a compari-
son of theoretical EFGs with experimental data could help to determine the
actual Pr valcncy in this system. So far experim.iental EFG values arc
available for copper only [2).

2. Results and Discussion

In order to investigate the 3 models mentioned above, we have performed full
potential LAPW band structurc calculations for PrBa2Cu3O7, W",, C the Pr
atoms are allowed to order antiferromagnetically (Fig. 1), while the Cu
sites were assumed to be non-magnetic for computational reasons. The
"itincrant" calculation utilizes a standard spin-polarized band calculation,
including the Pr-4f electrons as band states. In order to simulate "loca-
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liked" 4f states, we turn off the hybridization between them and all the

other valence electrons and treat the 4f states in the spherical part of the

potential as atomic corc-like states. The calculation with a 4f occupancy of

2 and I is denoted by Pr3 + and Pr , respectively. A similar set of calcula-

tiuo's has been performed by Guo and Teimmcrman [3] but without allowing for

the antiferromagnetic ordering in the Pr sublattice,

In the "itinerant" case the Pr-4f states are exchange split by about I cV

and form two narrow bands. The Fermi energy is pinned to the lower f-bands

which are partly occupied at one Pr but almost unoccupied at the other Pr

for spin-up and vice versa for spin-down electrons leading to the antiferro-

magnetic moment of about 1.5 pt B in the Pr sublatticc (Table I).

In the "localized" cases the f occupation is constraint to integer values

(of I or 2) which cause the corresponding magnetic momnnts (Table 1). The

ilincrant magnetic moment falls half-way between the Pr and Pr , while

the total charge Q inside the atomic sphere of Pr is very similar for the

4f

Table 1: Total charge Q, 4f-charge q (decomposed into spin-up and spin-

down) and magnetic moment M corresponding to the atomic sphere of Pr in

the three models (localized Pr and Pr or itinerant).

3+ itinerant 4+

Q 56.9 c 56.9 c 56.5 c

q 2. c 1.8 c l.I C

0.1 c 0.3 e 0.1 c

M 2.0 t 1.5 p 1.0 lPB
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Table 2: Electric field grý,dicnts are specified with principal component
(EFG, in units of 10- V/rne), asymnmnctry parameter TI, and direction of the
principal axis, when the Pr-4f states arc treated in one of thc three cases:
Pr . itinerant 4f or Pr in comparison with experiment [2].

3+ itinerant 4+ experiment

Pr EFG -5.7 -4.2 4.2
TI 0.9 0.8 0.9
direction c c a

Ba EFG -8.0 -8.6 -8.7
TI 0.7 0.8 1.0
direction a a a

Cu(I) EFG 7.4 6.9 6.5 ±8.2
TI 0.7 0.7 0.6
direction b b b

Cu(2) EFG -5.9 -3.0 1.0 -6.7
11 0.1 0.3 0.4 0.0
direction c c

0(1) EFG 17.7 17.7 17.1
T 0.3 0.4 0.3
direction b b b

0(2) EFG 13.1 9.7 8.3
q 0.3 0.2 0.2
dirzction a a a

0(3) EFG 13.8 10.0 8.3
TI 0.3 0 " 0.3
direction b b b

0(4) EFG 11.7 12.0 11.6
11 0.1 0.2 0.2
direction c c e

itinerant and the Pr3+ case. Note that, although one f-electron has becn
4+removed in Pr , Q is reduced by only 0.4 c, showing that this extra charge

is screened by other electrons (with 0.6 e). This reduced effective charge Q
would affect the position of all Pr (core) levels. Such an argument was used
by Kircher ct at [4] to rule out Pr 4 , since they did not find optical
transitions into empty Pr-5d states, which (according to Guo ct al [31)
shpuld be at sufficiently low energy to be observed in Pr4+ in contrast to
Pr •. Our total energy calculations for the constraint localized cases yield
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the Pr to be more stable than Pr4+ by about 0.1 Ry per formula unit. (Of
course, the itinerant case has an even lower total energy).

In YBa2Cu307 [1] all calculated EFGs agreed wcll with experiment except
the EFG of Cu(2), where theory predicted only half the experimental value.
In PrBa2Cu307 (Table 2) the EFG at Cu(l) is close to experiment (in all 3
models), while for Cu(2) the Pr4+ calculation is far from experiment; the
itinerant model finds about half the EFG (as in other high Tc materials
[1]), but the Pr3+ result is close to experiment. The EFGs at Ba, Cu(l),
O(1) and 0(4) are not very sensitive to the 3 models, while for Pr, Cu(2),
and the oxygens in the Cu-O plane, 0(2) and 0(3), the EFG varies sufficient-

3+ly, s that EFG experiments might be able to distinguish between the Pr
the uuncrant and the Pr4+ case.

The EFG comes from the non-spherical charge distribution near the
nucleus, so that f-states do not contribute to the Pr-EFG when treated as
(core-like) localized states with a spherical density. One can, however,
estimate that an occupation according to Hund's rule would lead to an EFG of
about 25 1to-V/m , dominating all other contributions. The itinerant and
both localized cases (with spherical f) yield an Pr-EFG about a factor of 5
smaller (ignoring sign) than Hund's rule (Table 2).
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Are There Ordering Effects in Ba(Pb,Bi)0 3 and (Ba,K)BiO 3 ?
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Abstract. A simple model is presented for the origin of the wide non-
metallic ranges in the (Ba, K)(Bi, P6)03 alloy phase di,,gram, proposing
that the semiconducting behaviour is caused by the presence of incom-
mensurate oxygen breathing-type charge density waves as well as Bi/Pb
ordering waves. The model is studied for large variety of supercell con-
figurations using a simple, yet realistic tight-binding Hamiltonian. Good
agreement with experiment is found. Crucial predictions of the model
can be tested by diffuse elastic scattering experiments.

1. Introduction

Apart from the superconducting properties, the most puzzling feature
of the perovskite-type alloy system (Ba, K)(Bi, Pb)0 3 appear to be
the wide nonmetallic regions in the respective phase diagrams. For
Ba__.,(,KBi03 semiconducting behaviour is found up to z 0 0.3, while
for BaBii-,,Pb..0 3 this region extends even up to x : 0.65. Pure
BaBiO3 exhibits a commensurate charge density wave (CDW) with al-
ternating breathing-type distortions of the 0 octahedra, leading to two
inequivalent Bi sits (charge disproportionation). The crystallographic
data for the doped material yield only one Bi(Pb) site /1,2/.
Energy band calculations /3/ predict the existence of a simple, al
most free-electron-like conduction band, which is the antibonding part
of a wide Bi(Pb) - s and 0 - po, hybrid band complex. Approxi-
mately, a rigid-band model holds, so that the band filling is given by
1-x. At half filling (i.e. x=O, BaBiO3 ), the 0 breathing distortions
induce the opening of a large gap at the Fermi energy EF, leading
to a Peierls instability with a commensurate CDW with wavevector
Q = !(1, 1, 1) = 2kF. In a previous note /4/, a model for the non-
metallic behaviour of BaBii_.,Pb•O03 was presented, suggesting that it
is caused by the presence of coupled, incommensurate CDW and Bi/Pb
ordering waves. Here we report more detailed results of this model and
propose an extension to include the (Ba, K)BiO3 system.
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2. The model

Generalizing the BaBi0 3 case waves of static 0 distortions

with RA being the lattice vector to cell 1 (center is the Bi site) and Fj
being the vector to the 0 site j (bonding along the Cartesian axis j) are
superposed. We choose ( ;, 2k ,, yet allow different values of Q (usually
members of the star of Q, sometimes also 'adjacent' I j I values ) and
allow further to vary the phases Od. For simplicity , equal amplitudes of
the waves are used (relaxed for the (Ba, K)Bi0 3 case) and the resulting
displacements

are digitalized. The resulting configurations 6j{ (, 04} are then ana-
lysed for their 'breathing' character Cb, of the sites 1, with Cbr ranging
from 0 to +/ - 6 (maximum breathing in/out). The Bi/Pb order wave
is implemented by placing the available Bi atoms on those sites I with
the largest I Cbr I values and the Pb atoms on the remaining sites.
We have investigated a variety of configurations bti in supercell geome-
tries up to 63 and 2 x 8' simple cells. For the 63 case this choice allows
values of Q(x) = 1!(n1,fl2,nl3) with n., = 0,1,2,3 so that the i(x)
valucs span the whole doping range.
The i5 j configurations were studied using a simple tight-binding Hamil-
tonian /3/ with eBi = -6eV, EPb = --2eV, co = 0, and t,po = (2.2 +
0.26,t)eV to calculate the electronic density of states N(E). All config-
urations with finite N(EF) were rejected. The model is extended to
(Ba, K)Bi0 3 by allowing a modulation of -Bi according to the breath-

ing character of the respective site 1 /5/:

-Bi = (-4.9 + 0.17cb,)eV

3. Results for BaBi,_,PbOQ

A large variety of configurations 61j has been investigated, and nonmetal-

lic configurations have been found over a doping range 0 < x < 0.9. In
all cases, the aforementioned rules to place the Bi and Pb atoms had
to be fulfilled to avoid finite N(EF). The Q(x) values agree very well
with the 2kF(X) line (see fig. 1). A simple, yet typical configuration for
x = 0.5 is shown in fig.2. One feature Js the presence of Pb chains, which
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is typical for smaller doping, especially in the limit x -i 0. For larger
x, the real space structures become increasingly more complicated; in
particular, tI'.e smaller values of 2kF require the absence of any 1NN
Bi-Bi bonds.

4. Results for (Ba, K)BiO3

The nonmetallic configurations were found in a similar way, yet a
stronger mixing of waves with different I Q I and different amplitudes
was required. All nonmetallic 61j(0, 0q) configurations belong to super-
cells of the size 2 x n2 with n = 4,6,8 pointing along the c direction like
the Pb chains for x -. 0 in BaBii-..Pb.03 . The range of nonmetallic
configurations is limited to x < 0.35. We note that an implementation
of the more general Ba(Bi, Pb)03 model with its EBi breathing modula-
tion to the previously investigated Ba(Bi, Pb)03 configurations always
resulted in even bigger gaps at EF.

5. Concluding remarks

Our model provides a simple explanation for the wide nonmetallic ranges
in the (Ba, K)(Bi, Pb)03 alloy systems. We have found many different
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nonmetallic configurations, very often more than one for the same x
value. Thus we do not believe that, for a specific x value, a single con-
figuration is energetically much more stable than others. Consequently,
we expect the real alloy crystal to consist of small domains of slightly
different incommensurate configurations - not detectable by standard
crystallography. We note that a full gap probably is a too strong re-
quirement for nonmetallic behaviour. A deep N(E) minimum near EF
should be sufficient to localize the states at EF - thus long range ordered
superstructures need not be required. However we expect that, in the
diffuse elastic scattering, intensity maxima should show up near 2kF(X).
In addition, ou- model predicts for the Ba(Bi, Pb)03 alloy system that
a bimodal distribution of Bi-O bond lengths exists, yet a unimodal one
for the Pb-O bond. This result has been confirmed by EXAFS studies
/6/ which also report that the bimodal Bi-O bond length distribution
exists even in the metallic range of Ba(Bi, Pb)03.
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Abstract. The origin of the breathing distortions of BaBiO3 could either be
a Peierls distortion or a Bi4+ valence instability, discribable by a "negative U"
effect in a Hubbard model. We have performed constraint-FLAPW calculations
for the ideal and the breathing distorted BaBiO3 . Analysing both the energy
bands and the total energy results for the parameters of multiband Hubbard
models, we always find positive U.

1 Introduction

(Ba, K)BiO3 and Ba(Bi, Pb)0 3 are the only known oxide high temperature
superconductors without copper. Unlike the cuprates, these materials are cubic
perovskites and have no two-dimensional properties[1, 2]. As in the cuprates,
undoped BaBiO3 is a semiconductor, yet there is no antiferromagnetism, but
a breathing-like distortion of the oxygen octahedra, leading to two inequivalent
Bi valences. According to band structure calculationst3, 4], one finds a splitting

of the energy bands at the Fermi energy, which suggests the breathing distortion
to be a Peierl instability. Alternatively, the distortion could be interpreted as

an intrinsic valence instability of the Bi 4 + ion, which i3 unstable in the open

6s' configuration[5]. The missing valence state could be described in a negative
U Hubbard model (HM).

Another argument for a negative U situation is, that standard electron-

phonon coupling does not seem to provide a satisfactory description for the
doping dependence of T, in the two alloy systems[6, 7], suggesting an additional
purly electronic contribution.

2 Constraint-Density-Functional approach

Our constraint-density-functional approach is quite similar to that of Hybertsen
et.al.[8]. The total energy has to be minimized with the constraint

I da Pn(rj = Np(1)

for the electronic density n(r, where 5 projects charge of specified symmetry.
The constraint (1) leads to modified Kohn-Shanm equations:
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[t +V,,A) -APJ(2)

Here Vsc(A) = vu' + v,1, the sum of Hartree and exchange-correlation poten-
tial, has to be obtained selfconsistently, As in ref. [81, we choose P to be a
combination of angular momentum projectors P: inside the relevant atomic
muffin-tin (MT) spheres (site i) and zero outside. This procedure yields the
total energy E[N/] as a function of MT charges N1', selfconsistent energy bands
eA and also energy bands !- of the "screening-potential" defined byn' nk

+ Vsc(A)(r-';)P (3)

We note, that eqn. (3) must not be solved selfconsistently-Vsc(A) is the
selfconsistent solution of equation (2).

All our calculations are carried out for a fcc unit cell with two inequivalent
Bi sites (Bi' and Bi"l). Only constraints antisymmetrically for the two Bi
sites are applied (e.g. P -^ -_ p). This choise leads to a significant

charge transfer An -= nil - n[ between Bi sites, but leaves the oxygen charge
practically unchanged. Our analysis thus allows to detect Ut', Uf' and UBi,
with Up = 11SUp," + 4/5Up,,.

2.1 Total energy analysis

In analogy to ref. [8] the DFT total energy as a function of "charge displace-
ments", induced by various constraints, is fitted to the following form:

6E[An,, An,,] = 0, -An,2 + Op, - An, + 0,,.- An,.- An,. (4)

We obtain 0, = 4.5 eV, Up = 8.3 eV, 0,p = 4.9 eV, with an rms fitting error of
about 3 meV. Now an extended HM with parameters U,, Up and Uop is solved in
mean-field (MF) approximation. We used a basis set of Bi s, p and 0 p orbitals
and employ the standard tight binding (TB) matrix elements. The hopping and
MF on-site energies are an optimum choice for the unconstrained case and are
kept constant during the analysis. Charge displacements are induced by shifts
of Bi orbital energies c, and c,. The final U parameters are choosen to give
the same total energy curvatures as above. We obtain: U, = 3.1 eV ± I eV,
Up = 1.7 eVhI eV and Up, = 1.2 eV±0.5 eV. We note, that a delicate scaling,
concerning the ratio of TB and MT partial charges, is required (details will be
published elsewhere). The scaling causes the big error bars in the resulting U
parameters.

2.2 Energy band analysis

Analysing the energy bands <A (of t+ Vsc(A) - AP) and Z (of t+ Vsc(A)),
provides a simple and undelicate methode to evaluate the U parameters. Fitting
11 yields TB on-site energies CT, while fitting CA yields TB partial charges

,TB. Now the changes in the on-site energies ,B are simply caused the
,., e9 by
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Figure 1: The dotted line show the LAPW results and the full lines the appropriate TB
fits. The PDOS am. calculated from the TB results. Left: Selfconsistent energy bands c' of
Vsc(A) - A~P, with A =0.2 Ryd. and P = P.r - P,11 (see eqn. (2) ), giving Anff = 0.57.
Right: Enery bands'll of the "scruenig.potenual" Vso(A) (see eqn. (3) ), givi••g =
0.84 eV. Now 41TD S 1/2U. . An. simply yields U, FU 2.9cV

renormalization due to the "screening-charges" 6 Wha
interpretation we get:

~~TBU. h.&. jTB + U., ,&.TB~ and

~~TB TB

As shown in figure (1) only one constraint calculation is necessary to get a
reasonable estimate for U,. The average values from fourteen constraint cal-
culations are: U, = 3.1 eV - 0.4 eV, Up = 2.2 eV -h 0.4 eV and Up -
1.4 eV : 0.2 eV.

3 Discussion
We do not find any neg'tive value for the Bi U parameters in multi-band HMs
for BaBiO3 . A negative U situation can be created, when we eliminate the
oxygen distortions, thus describing the conduction band within an effective one-
band model. A consistent set of parameters is. tINN = -0.4 eV, t4NN = 0.1 eV
and U, = -1.3 eV. However such a model is not a purely electronic negative U
model and does not yield additional contributions to an effective e-c attraction.

Further constraint analyses, including the oxygen breathing distortion do
not yield any drastic changes in the U values. However they indicate that
there are large gradients of the Bi crystal-field matrix elements due to oxygen

440



motion. These large gradients give important contributions to the electron-
phonon coupling. Further work along these lines is in progress.
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Abstract : The pressure dependence of T. in high-T, superconductors is quite
complex. It shows a large variation from one compound to another, and further
depends upon the stoichiometry in oxygen. The effect of a hydrostatic pressure on
the crystal structures of these compounds can be quite complex, considering
especially the rather anisotropic layered nature of these materials. This can in turn
result in a modification of their electronic structure. The results of electronic
structure calculations are presented in this paper which shed some light on the
charge redistribution that occurs under pressure. These calculations show that in the
doped Ln2CuO4 family of superconductors and in YBa2Cu3O7 and YBa2Cu3O8,
the pressure induced charge transfer can account for the changes in Tc that occur
under pressure. We find that the ionic elements Y, Ba, Ln, etc. the role of which has
been ignored upto now, play a crucial role in the charge redistribution under
pressure. There is an increase in the electronic charge at these sites under pressure. In
the doped Ln2CuO4 family of superconductors this leads to a decrease in the
electronic charge at the CuO2 planes. This results in an increase in the carrier
density in the hole-doped superconductors but a decrease in the electron-doped
superconductors. In the YBa2Cu3O7 and YBa 2Cu 308 superconductors the change
in the carrier density depends in a crucial manner on the response of the chains. In
YBa 2Cu30 8 the chains accept additional electronic charge whereas in YBa 2Cu3O7
their behaviour is quite the opposite and they transfer the electrons. This difference
in behaviour leads to practically no change in the carrier density under pressure in
YBa2Cu 3O7 but a significant change in YBa2Cu3O8, in good agreement with
experiment.

1. Introduction

Recently, a considerable amount of attention has been devoted to the investigations
of the pressure dependence [1-91 of T, in high-Tc cuprate superconductors, due
largely to the fact that a proper understanding of the pressure dependence could shed
some light on the mechanisms responsible for the high-Tc superconductivity in
these materials, and could also help in designing new and better materials. In the
doped Ln2CuO4 (Ln = lanthanide) family of superconductors, two kinds of pressure
dependences of Tc have been observed : a large pressure dependence (dTc/dP - 3-4
K/GPa) in the hole-doped T-phase La2.xSrxCuO4 and T*-phase
Nd2.x.yCexSryCuO4 superconductors [4-61, and almost no pressure dependence or
in fact a slight decrease in T, in the electron-doped Nd2 .xCcxCuO4 superconductors
[4]. It has been suggested that the apical oxygens play a major role in determining
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the pressure dcpcndence of Te and that it is in fact the absence of these apical
oxygens in the T'-phase structure that leads to a T¢ independent of pressure. The
degree of the contraction of the planar Cu-apical oxygen bond length has been
considered to be a bench-mark of the pressure dependence of Tc in the hole-doped
superconductors. This is in analogy of the behaviour of this bond in YBa2Cu306+x
family of superconductors as a function of stoichiometry x in oxygen. As x
increases, this bond contracts and the Tc increases. It is true thal. this bond length
does exhibit a distinctly pronounced contraction (significantly larger tia•n the other
Cu-O bond lengths) under pressure in the hole-doped superconductors, most of
which have a large pressure dependence of Tc. However, a fundamental flaw in
adopting the relationship between Tc and this bond length from the YBa2Cu 3O6+X
family of superconductors is that it turns a blind eye on the role that is played by
the oxygen atom themselves in facilitating the electron transfer from the CuO 2
planes, and hence in enhancing the Tc. A flagrant violation of this relationship is
observed in the pressure dependence of Te of the fully stoichiometric compound
YBa 2Cu 30 7 where the contraction of the planar Cu-apical oxygen bond length is
twice as large as the other Cu-O bond lengths and yet there is only a very minor
increase [7] in the Tc (dTc/dP - 0.5-1 K/GPa). This is in contrast to the double
chain compound YBa2Cu408 where the increase [3, 7-9] in Tc is an order of
magnitude larger (dTcJdP - 5-6 K/GPa).

The effect of a hydrostatic pressure on the crystal structures of these cuprate
superconductors can be quite complex, especially considering the rather anisotropic
layered nature of these materiols. Structural changes that occur under pressure can
result in a subtle modification or the electronic structure, which in turn can modify
the carrier density in the two-dimensional CuO2 planes which govern the Tc of these
compounds. In this paper the results 'f our electronic structure calculations are
presented which shed some light on the charge redistribution that occurs under
pressure. These calculations show that it is difficult to correctly understand the
pressure dependence of Tc without properly taking into account this charge
redistribution.

2. Results

In Table I we have presented the change in the electronic charges that occurs under
pressure (GPa) at different atomic sites in the doped T-, T*-, and T'-phase
superconductors, the first two of which are hole-doped with 0.15 hole/formula while
the last one is electron-doped with 0.15 electron/formula. The changes in the
electronic charges are necessarily small since the changes in the atomic positions
and bond lengths under pressure are quite small. The crystal structure data for the T-
phase superconductor was taken from the work of Pei et al. [5] and for the T*-phase
superconductor from the work of Izumi et al. [6]. Since no detailed structural
measurements have been made for the T-phase superconductor under pressure, a
uniform compression of - 0.12% of all bond lengths was assumed at a pressure of
0.50 GPa which corresponds to the contraction observed in the T-phase
superconductor at an equivalent pressure.

Table I shows that under pressure there is a considerable charge redistribution,
and that in all three structures there is a reduction in the electronic charge of -
0.006-0.007/CuO2 in the two-dimensionad CuO2 planes. This charge flows directly
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Table I : Change in the electronic charges at different atomic sites at a given
pressure (GPa) relative to their corresponding values at the atmospheric pressure in
the hole-doped T-phase and T*-phase superconductors for a doping of 0.15 hole and
the electron-doped T-phase superconductor for a doping of 0.15 electron. Also shown
are the changes in the hole or the electron carrier density per CuO 2 in the two-
dimensional CuO 2 planes.

Atomic site T-phase T*-phase 'P-phase
P = 0.53 P = 0.637 P = 0.50

Cuo 2 plane
Copper - 0.006 - 0.021 - 0.006
Oxygen 0.000 + 0.007 0.000
Total CuO2 plane - 0.006 - 0.007 - 0.006
Hole change + 0.006 + 0.007
Electron change - 0.006
Apical oxygen - C.001 -0.002
Face oxygen - 0.002 - 0.001
Ln 1  + 0.004 + 0.006
Ln2  1+ 0.005 + 0.004

to the rare earth sites, where there is an increase of - 0.004-0.006 electron at each
site. In fact the apical or the face site oxygens do not accept additional electronic
charge under pressure, but instead transfer some charge towards the rare earth sites.
Because of this behaviour, the electronic charge transfer from the CuO2 planes is
less than what it would have been without these oxygens. The decrease in the
electronic charge at the Cu02 planes translates into an increase in the hole carrier
density in the T- and T*-phase hole-doped superconductors, but a decrease in the
electron carrier density in the TP-phase electron-doped superconductor. Using the Tc
versus the hole density relation [10], one obtains an increase in T, - 2 K in the T-
phase and - 1.5 K in the T*-phase superconductors, but a decrease of- I K in the
T-phase superconductor, in good agreement with experiment.

In Table II we have presented the changcs in the electronic charges that occur
under pressure (GPa) at different atomic sites in YBa 2Cu 3O7 and YBa 2Cu408
superconductors. The crystal structure data for YBa 2Cu 3O7 were taken from the
work of Jorgensen et al. [7], and for YBa 2Cu 4O8 from Yamada et al. [8] at
atmospheric pressure and P = 0.632 GPa and from Nelmes et al. [9] at atmosphcric
pressure and P = 4.65 GPa. Again one sees a considerable charge redistribution under
pressure. However, this charge rearrangement is such that it tends to increase
substantially the hole density in the CuO2 planes in YBa 2Cu4O8 at both pressures
while in YBa 2Cu 3O7 this increase is really very minor. With this change in the
hole density one expects a considerable increase in T, in YBa2Cu 40 8 but only
rather modest increase in YBa2Cu3O7 .

In these two superconductors one can think in terms of three separate
structural components which participate in the charge redistribution : CuO2 planes,
CuO chains and the apical oxygens, and the ionic elements Y, Ba. There is always
an increase in the electronic charge at the ionic sites under pressure, as in the case of
the doped Ln2CuO4 families of superconductors. This tends to increase the hole
density in the CuO2 planes. This effect is however compensated by an almost
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Table II : Change in the electronic charges at different atomic sites at a given
pressure (GPa) relative to their corresponding values at the atmospheric pressure in
YBa2Cu30 7 and YBa2Cu40 8. Also shown is the change in the hole carrier density
per CuO2 in the two-dimcnsional CuO2 planes.

YBa2Cu307 YBa2Cu408
Atomic site P = 0.578 P = 0.632 P = 4.65
CuO2 plane
Copper - 0.002 002 - 0.009
Oxygen (a-axis) + 0.002 - u.003 - 0.010
Oxygen (b-axis) - 0.001 0.000 0.000
Total CuO2 plane - 0.001 - 0.005 - 0.019
Hole change + 0.001 + 0.005 + 0.019

Chain unit
Apical oxygen -0.001 - 0.003 - 0.015
Chain copper + 0.003 + 0.002 + 0.007
Chain oxygen - 0.004 4 0.002 + 0.011
Total chain unit - 0.003 + 0.002 + 0.006

Ionic elements
y +0.003 +0.004 +0.014
Ba +0.001 +0.002 +0.009
Total Y, Ba + 0.005 ! 9.008 + 0.032

equivalent decrease in the electronic charge at the apical oxygen sites due to an
increased coupling. This compensation is however not complete. The difference in
behaviour under pressure in YBa2Cu30 7 and YBa2Cu4O 8 arises due to the chains.
While i:1 YBa 2Cu408 they further accept the electronic charge, and hence further
increase the hole density in the CuO 2 planes, their behaviour is quite the opposite
in YBa2Cu 30 7 where they transfer back the electronic charge. The final iesult is
that there is an extremely small increase in the hole density under pressure in
YBa2Cu 3O7. The origin of this difference in behaviour of the chains in the two
compounds is of structural origin, namely single chains versus double chains, which
affects the densities of states in the vicinity of the Fermi level. The increase in the
hole density of - 0.019/CuO 2 in YBa 2Cu408 at P = 4.65 GPa obtained in our
work is of the correct order of magnitude. Assuming a linear relationship between
Tc and the hole density in the region of interest this corresponds to an increase in Tc
of - 20 K, in good agreement with experiment.

3. Conclusions

We have shown that a considerable charge redistribution occurs under pressure, and
that the pressure-induced changes in the carrier density in the CuO2 planes can
account for the changes in T, that occur under pressure. The rare earth sites play an
important role in this charge redistribution, and that there is always an accumulation
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of the electronic charge at those sites. There is a reduction of the electron density at

the apical oxygen sites due to an increased coupling. Overall, there is a reduction in

the electronic charge in the CuO2 planes. This leads to an increase in the hole carrier

density in the T-, and T*-phase superconductors, but a decrease in the electron carrier

density in the T'-phase superconductors. In the YBa2Cu3O7 and YBa 2 Cu4O8

superconductors it is the nature of the single versus double chain structure that

contributes to the difference in the pressure dependence of Tc. The double chain

structure, due to the chain-chain interaction, helps to increase the hole density in the

CuO2 planes.
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Abstract : While it is well known that the critical temperature T, in the
YBa 2 Cu307.5 family of superconductors depends strongly on the stoichiometry 8
in oxygen, the role which the ordering of the oxygen atoms in the CuO planes plays
in controlling the T, is less well appreciated. Results of electronic structure
calculations arc presented in this paper which show that the electron transfer from
the two-dimensional CuO2 planes to the CuO plane, and hence the value of the hole
density, depends in a crucial manner on the crystallographic characteristics and
particularly on the local coordination geometry of the Cu(l) atom in the CuO plane.
Our calculations show that twofold, threefold, and the non-square fourfold
configurations of the Cu(1) atoms are not favourable for electron transfer from the
CuO 2 planes to the CuO plane, independent of the stoichiometry in oxygen while a
square planar fourfold configuration facilitates the creation of a significant hole
density. These results help explain the metal-insulator transitions and the radiation-
induced loss of superconductivity in these compounds. Finally, a tetragonal crystal
structure for YBa2 Cu 3O7 is proposed which, if it can be stabilized, should have the
same Tc as the orthorhombic one.

1. Introduction

The superconducting transition temperature Tc in the YBa2 Cu 3 0 7 .- family of
superconductors depends very strongly on the stoichiometry 6 in oxygen f I]. Some
experiments suggest, however, that the stoichiometry in oxygen is not a sufficient
condition for the occurrence of superconductivity in these compounds, and that the
local ordering of the oxygen atoms in the CuO planes plays a vital role. We discuss
two such experiments in this paper. The first one concerns the effect of ion
irradiation [2] on the superconducting properties of YBa2Cu3O7. Under low
temperature ion irradiation this compound transforms into an insulator at relatively
low doses - 0.04 displacement per atom. This degradation happens at much lower
doses than in the Sr doped La 2CuO 4 superconductor or in the conventional
superconductors. This change to the insulating state is accompanied by a
crystallographic phase transition from the orthorhombic to the tetragonal symmetry.
There is no loss of oxygen since the superconducting properties can be rapidly
recovered by annealing in air at room temperature or a slightly higher temperature
- 200°C.This indicates that there is simply a disordering of the oxygen atoms in the
CuO planes under irradiation, and that this disordering is responsible for the
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destiuction of superconductivity in this compound. It is true that all types of atoms
are displaced under irradiation, but this displacement depends upon the mass of an
atom and its location in the lattice. A lighter atom is easier to displace, and
furthermore if the atom is loosely bound in the lattice and has vacant lattice sites
nearby, it will be ejected rather easily from its lauice site. This makes the oxygen
atoms along the chains in the YBa2Cu 3O7 superconductor the dominant source of
atomic displacement under irradiation.

The second experiment we want to discuss is quite similar in nature and
concerns the work of Jorgensen et al [31 on YBa 2 Cu 3O6 .4 1. These authors show
that this compound quenched from 520°C into liquid nitrogen is not superconducting
down to 4.2 K. However, annealing it in air at room temperature for a few days
results in a material which is superconducting with a Tr - 20 K although there is no
change in the stoichiometry. This appearance from the non-superconducting to the
superconducting state was attributed by these authors, based on the evolution of
different bond lengths, to the local ordering of the oxygen atoms around the Cu(l)
sites in the CuO plane from an initially disordered state.

In this paper the results of our electronic structure calculations are presented
which shed some light on the role of ordering of the oxygen atoms around the Cu(l)
atoms. These calculations show that the charge transfer from the CuO 2 planes, and
hence the hole density, depends in a critical manner on the ordering of the oxygen
atoms in the CuO plane. We also propose a fully ordered tetragonal structure for
YBa2Cu307 which has the potential to be superconducting with the same Tc value
as the orthorhombic crystal structure.

2. Results

An important crystallographic property of the YBa2Cu3O7T. family of
superconductors is that the planar copper-apical oxygen bond length is - 25%
longer than the other Cu-O bond lengths in the crystal. This renders the interaction
of the planar Cu(2) atom with the apical oxygen atom much weaker relative to its
interaction with the oxygen atoms in its plane. Thus despite a square pyramidal
coordination, the Cu(2) atom in reality retains a square planar coordination. In fact
the chain Cu(1) atom forms a natural partner of the apical oxygen atom since the
Cu(I)-apical oxygen bond length is the snortest. Actually, in these compounds the
overall Cu-Q bond lengths are such that the Cu(I) atom has a natural square planar
coordination of its own in the bc-plane. This leads to the formation of two separate
sets of antibonding band complexes in the vicinity of the Fermi level : (a) planar
CuO2 bands formed between the planar Cu(2) dx2 _y2 orbital and the planar p. and
py oxygen orbitals, and (b) the chain unit bands formed between the chain Cu(1)
d 2 2 orbital and the apical oxygen pz orbital and the chain oxygen py orbital. Thez -y
charge transfer from the CuO2 planes depends in a rather delicate manner on the
relative position of the planar CuO2 bands with respect to the chain unit bands, and
the neglect of the hybridization between the two allows one to calculate this charge
transfer. In YBa 2Cu3O6 the chain bands are below the Fermi level so that the planar
CuO2 bands are exactly half-filled, while in YBa2Cu3O7 the presence of the oxygen
atoms in the chains makes them nearly, but not completely, empty so that the
planar CuO2 bands are less than half-filled. The hole concentration can be
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Table I : Effective charges (p at oxygen sites and d at other sites) at different atomic
sites in YBa 2 Cu 3 07 in o'thorhombic, irradiated, and ordered tetragonal crystal
structures. The hole density is obtained by taking the total charge on a CuO2 plane
in YBa2Cu306 corresponding to the half-filled band situation as a reference.

Site Orthorhombic Irradialed Ordered Tetragonal
CuO2 plane
Copper 9.371 9.453 9.363
Oxygen (a-axis) 5.496 5.582 5.523
Oxygen (b-axis) 5.539 5.582 5.523
Total CuO2 plane 20.406 20.617 20.409
Hole count 0.283 0.072 0.280
CuO 3 unit
Apical oxygen 5.658 5.631 5.699
Copper 9.430 9.271 9.419
Oxygen 5.613 5.381 5.537
Total CuO3 unit 26.359 25.914 26.354

Ionic Elements 0.425 0.425 0.425
Ba 0.202 0.214 0.202Total Y, Ba 0.829 0.853 0.829

determined by comparing the total charge [4] on a CuO2 plane with respect to its
value in YBa2 Cu306.

In Table I we have presented the effective charges (total number of valence
electrons) at different atomic sites in YBa2Cu307 calculated by integrating the
densities of states at these sites upto the Fermi level. The chain unit is labelled in
this table as the CuO3 unit which corresponds to the chemical formula of this
complex. Taking the calculated charge [4] on a CuO2 plane in YBa2Cu306 as a
reference we obtain a hole density of 0.283/CuO2 in YBa2Cu3O7, a result which is
in good agreement with the available experimental data [5].

In order to investigate the effect of disorder of the oxygen atoms in the CuO
plane caused by irradiation on the charge transfer from the CuO2 planes, two models
of the disordering of the oxygen atoms were considered [6]. The models differ
slightly in so for as the local environment of the oxygen atoms in the CuO planes
is concerned, but in each case an alternate oxygen atom from the chains along the b-
axis is missing and is found at the originally vacant oxygen sites along the a-axis.
This results in a complete destruction of the chains and an identical population of
the oxygen atoms along both a-and b-axes. This also results in the destruction of the
square planar fourfold coordination of the Cu(1) atom and its replacement by non-
square planar fourfold coordination. The electronic charge distributions in the two
models do not differ significantly from each other [6]. In Table I we have given the
average values, and we see that there is a drastic drop in the hole density in the
CuO2 planes due to a change in the coordination geometry of the Cu(l) atom. The
hole density of - 0.07/CuO2 falls in the limit where electron localization is
expected to occur, so that the irradiated compound loses metallicity and
superconductivity simultaneously.

There has been a considerable debate in the literature concerning the role of
crystal symmetry in the occurrence of superconductivity in the YBa2Cu3O7..&
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Table II : Effective charges (p at oxygen sites and d at other sites) at different atomic
sites in YBa2Cu30 6.5 in the three models of crystal structures. The hole density is
obtained by taking the total charge on a CuO2 plane in YBa 2Cu3O6 corresponding
to the half-filled band situation as a reference.

Site ACM IBCM Tetragonal

CuO 2 plane
Copper 9.424 9.501 9.501
Oxygen (a-axis) 5.542 5.587 5.594
Oxygen (b-axis) 5.562 5.603 5.594
Total CuO2 plane 20.528 20.691 20.689
Hole count 0.161 - 0.0 0.000
CuO 2.5 unit
Apical oxygen 5.795 5,712 5.735
Copper 9.749 9.603 9.591
Oxygen 5.616 5.528 5.483
Total CuO2.5 unit 24.147 23.791 23.802
Ionic Elements 0.421 0.423 0.422

a 0.188 0.202 0.199Total Y, Ba 0.797 0.827 0.820

family of superconductors. In fact, the crucial role is played by the coordination
geometry of the Cu(1) atom as discussed above and not the crystal symmetry. We
consider an ordered tetragonal crystal structure for YBa2Cu307 in which an alternate
chain along the b-axis in orthorhombic YBa 2Cu307 is removed and placed along
the a-axis. This leads to the twofold, fourfold square planar, and sixfold octahedral
configurations of the Cu(1) atom. The average charge distributions at different
atomic sites for this structure are given in Table 1. We obtain essentially the same
hole density as in the orthorhombic case, and thus this ordered tetragonal crystal
structure is a potential candidate for the high-T, superconductivity.

The effect of oxygen ordering was also investigated in YBa 2Cu3O6.5 which is
closest to the stoichiometry in oxygen used by Jorgensen et al [3]. Three models of
crystal structures were considered for this purpose : (a) an alternate chain model
(ACM), (b) an identical broken chain model (IBCM), and (c) a disordered pseudo
tetragonal structure with equal occupancy of oxygens along both a- and b- axes. The
detailed electronic charge distributions are given in Table II. We notice that only in
the ACM, which has intact fourfold square planar coordinations of Cu(1) atom, is
there a significant hole density in the CuO2 planes. This hole density - 0.16/CUO2
corresponds to a Tc - 55 K, in good agreement with the value of Tc in the plateau
region. The two other structures (IBCM and disordered tetragonal), which have
twofold, threefold, and non-square nlanar fourfold coordinations, are not
superconducting since the hole density in these structures is non-existent and the
CuO2 planes are insulating.

These results can qualitatively explain the results of Jorgensen et al [3]. Our
results suggest that in their sample the oxygen atoms are originally randomly
distributed so that the compound is non-metallic and non-superconducting due to the
absence of a hole density in the CuO2 planes. Annealing results in the formation of
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fourfold square planar coordinations around the Cu(l) atoms which allows
significant charge transfer to occur from the CuO 2 planes. This makes the
compound metallic and superconducting.

3. Conclusions

We have shown that the local coordination geometry around the Cu(1) atom plays a
vital role in controlling the charge transfer from the CuO2 planes, and that the
stoichiometry in oxygen alone is not of sufficient value in predicting this charge
transfer. The twofold, threefold, and non-square planar fourfold coordinations of the
Cu(1) inhibit this charge transfer while the square planar fourfold and octahedral
sixfold coordinations facilitate a significant amount of charge transfer.
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Anharmonic Effects in the Apex 0 Phonon
in Relation to the Background Continuum
in High-To Cuprates

D. Mihailovic
Jozef Stefan Institute, University of Ljubljana, 61111 Ljubljana, Slovenia

The observed temperature dependence of the apex 0 phonon self-energy has been found
to be described well by a static aharmonicity in the apex 0 vibrational potential in
YBa 2Cu 306.9, TlBa2 CaCu207 and TI2Ba2CaCu20 8. The anharmonicity (of apex Os)
thus appears to be present in all the cuprates investigated so far. The significant
contribution from three- and four-phonon vorteces in the phonon self energy suggest
that the asymmetric lineshape of the apex 0 lines, which is especially clearly visible in
TIBa 2CaCu2O7, arises due to anharmonic coupling, rather than coupling of the phonon
to an electronic continuum. Given that multi-phonon effects are strong, we can infer
that scattering "continuum" consists not only of electronic scattering, but contains also
a multi-phonon scattering background.

1. Introduction

The lattice properties in high-Tc superconductors and apex 0 ion's anharnhonicity in
particular are receiving significant attention partly because of the multitude of
structural anomalies present in the cuprates, and partly also as a possible driving force,
- or perhaps component - for the high-temperature superconductivity.

In this paper we focus on the anharmonicity of apex 0 phonons observed in Raman
scattering and the relation of the anharmonicity to the different possible components of
the Raman scattering "continuum", the origin of which has been (and possibly still is)
somewhat controversial.

2.Experimental observations.

Previously it was found in Paman measurements [1,2,3,4] that whereas the apex 0
modes show a significant temperature dependence of the self-energy, phonons
involving the motion of 0 ions in the planes as well as Cu and Ba vibrations show very
little T-dependence. Analogous T-dependence of apex 0 phonons is seen in 1212 and
2212 structure TI compounds as well as in La2CuO 4 [4]. Because of the problem of 0
mobility outside the CuO2 planes in metallic YBCO, we concentrate here in analyzing
Ti-1212, where significant 0 motion has not been reported. To give the reader
confidence that heating the material does not cause irreversible change in this material,
we compare the "before" and "after* Raman spectra in Figure 1. (No significant
changes with temperature cycling have also been shown in insulating YBa2 Cu3 06.2
[1]). The frequencies and linewidths for the apex 0 mode as a function of temperature
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Figure 1. Raman spectra of TI-1212 at room temperature before (dashed) and after
(solid) heating to 1000K.
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Figure 2. a) Temperature dependence of the apex 0 frequency for YBCO, T1-1212 and
TI-2212; b) Temperature dependence of the apex 0 linewidth for the same three
materials.
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Figure 3. Fano fit to the 5K and 783 K spectra of TI-1212 show significant change in

asymmetry with temperature.

in 123, 1212 and 2212 structure materials are shown in Figure 2. The solid lines are
fits to the data using a theoretical model for Raman scattering from anharmonic
phonons including 3- and 4-phonon vorteces. (The details of the model and the fitting
parameters used to fit the data are given elsewhere [5]). We note that the anharmonic
effects are largest in YBCO, where the crystal potential also seems to allow the largest
oxygen mobility - in the CuO chains. The fits show that the T-dependence apex 0
modes in the Raman spectra can be understood quite well in terms of simple
anharmonicity.

So far there has been no evidence in Raman scattering that the q=0 apex 0 phonons
are significantly coupled to electronic states in the cuprates, but lineshapes could not be
properly analysed because of other phonons nearby (especially in YBCO). In TI-1212,
however, the "440 cma'" mode is very weak and there is no observed feature above the
apex 0 line. A significant T-dependent asymmetry in the lineshape of the apex 0 of
1212 in the Raman spectra can now be observed and analysed in this material (Figure

3).

3.Discussion

From the anharmonicity of apical 0 phonons, we can infer the significant contribution
from 3- and 4-phonon diagrams in the self-energy of these modes. We can thus also
expect the presence of other multi-phonon processes (and especially 2-phonon
processes) in Raman scattering: and in particular, a multi-phonon background in the
range 0 - 1000 cm-1, for example. Indeed, multi-phonon scattering (overtones) of the
apex 0 vibration have been observed in insulating YBCO [6], independently confirm
the existence of higher-order multi-phonon processes in the material.

In order to try and determine the origin of the asymmetry of the apex 0 phonons, we
compare the behaviour of the in-plane 340 cm-' 02/03 asymmetric mode (visible well
in YBCO) and the apex 0 modes in all three materials.
1) The apex 0 modes show significant temperature dependence, while the 340 cmrt

mode does not - apparently not being strongly anharmonic.
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2) The 340 cm-" mode (which also has an asymmetric lineshape), has been reasonably
unambiguously shown to be coupled to an electronic background, especially
convincingly by the renormalization of its self-energy below Tc [71. Civen that the
linewidth of this mode is not strongly temperature-dependent, it is likely that the
origin of the asymmetry is different for the 340 and 500 cm"d modes.

3) The coupling between one and two-phonon processes is expected to be strongly T-
dependent [8], while no such simple temperature dependence is expected in the
coupling between one-phonon and electronic states.

The strong T-dependence of the asymmetry [5] thus suggests anharmonic coupling
between one and two-phonon processes to be the origin of the asymmetry in the apex 0
phonons.

The presence of 2-phonon scattering, as suggested by the analysis above can have
significant impact on the interpretation of the "continuum*, which was so far assumed
to be entirely electronic in origin. The Raman scattering from intra-gap states below
TC, has been a slight puzzle hitherto. Although the shape of the multi-phonon
scattering cannot be easily analyzed, the temperature dependence of 2-phonon
scattering is (n + 1)2, where n is the Bose factor, and so the present suggestion of the
existence of a multi-phonon continuum can be verified independently.

4.Conclusions

There are three conclusions on the basis of the T-dependence of the Raman spectra:
1. Temperature cycling is shown to be reproducible in the sense that a comparison of
Raman spectra in 1212 and 2212 before and after heating do not show significant
differences. (The behaviour of insulating YBa2 Cu3O6 is similar, [1]).
2. The anharmonicity should not be considered independent to the susceptibilty to 0
hopping, 0 rearrangement and resulting disorder in the cuprates. The cause for both is
presumably the form of the crystal potential.
3. Although the static anharmonicity of the apex 0 phonon as seen in Raman scattering
is probably unlikely in itself to account for high Tcs in the cuprates, non-adiabatic
behaviour appears to be a ubiquitous feature of the apex 0 vibrations in these
materials.
4. The origin of the "continuum" in Raman scattering needs to be examined in still
more detail. Importantly, since the multi-phonon scattering will remain visible even
below the superconducting transition, it could be the origin of the temperature-
dependent "remaining scattering below Te".
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Fullerenes and Fullerites: New Forms of Carbon

W. Kritschmer

Max-Planck Institut fur Kemphysik, P.O. Box 103980,
W-6900 Heidelberg, Fed. Rep. of Germany

When C60 and other fullerene molecules became available in bulk

quantities, a new and rapidly developing field of research was

opened. Here I describe the events leading to the discovery of our

fullerene/fullerite production method, and try to give an overview

of the most exciting developments in current fullerene/fullerite

research.

Fullerenes and Fullerites

Diamond and graphite are the known "classical" forms of

crystalline carbon. Theoretical chemists, probably challanged by

the flatness of the graphitic structure, have been speculating for

decades on the possibility of curved and closed cage carbon sp 2

arrangements. However, until quite recently, these ideas were

never taken very seriously. Then the "fullerenes", a new class of

carbon molecules, were discovered which have exactly these closed

cage sp2 carbon structures. Nowadays, the most stable fullerenes

can be synthesized in bulk quantities, and solids can be produced

consisting entirely of fullerene molecules. These are the

"fullerites" which represent new forms of carbon. In contrast to

diamond and graphite, which have dangling bonds at the crystal

boundaries and which must be saturated by foreign atoms, the

closed cage fullerene molecules have no such bonds. Fullerites are

thus the only pure forms of elemental carbon. The names

"fullerene" and "fullerite" are derived from Richard Buckminster

Fuller, the designer of large dome constructions. His domes
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Figure 1: The structure of the soccer-ball shaped C6 0 molecule,

consisting of 12 pentagonal and 20 hexagonal carbon rings. The

carbon cage has a diameter of about 0.7 nm, the outside and the

inside van der Waals diameter of the molecule is about I and 0.4

nm, respectively.

resemble in some respects the bond structure of fullerene

molecules.

The mnst prominent fullerene is the C6 0 molecule. It was

discovered by H.W. Kroto, R.E. Smalley, and co-workers in 1985 in

the mass spectra of carbon clusters, i.e. molecules [1]. The

clusters were produced by evaporating graphite with a powerful

laser beam and quenching the carbon vapour with a helium jet.

These researchers suggested the soccer ball-like cage structure

for C6 0 (as shown in Fig. 1) and named it Buckminsterfullerene (in

short Buckyball). They further assumed that the other molecules

formed along with C6 0 (e.g. C7 0 ) also exhibit closed cage

fullerene structures. Results obtained a few years later fully

confirmed their view.
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In an attempt to produce interstellar dust analogue carbon soot in

the laboratory, D.R. Huffman and the author evaporated graphite

rods by resistive heating in a quenching atmosphere of helium. At

elevated helium pressures, i.e. 100 torr and more, the UV and IR

spectra of the soot exhibited unexpected features which could not

be explained by graphitic soot particles alone. Together with K.

Fostiropoulos and L.D. Lamb we could show in 1990 that these

spectra] features originate from C6 0 (and C7 0 ) [2]. It turned out

that the fullerenc yield is surprising large: About 10% the soot

mass produced is C6 0 (about 1% is C7 0 , and 0.1% are larger

fullerenes). Such a high yield in such a chaotic formation process

very probably points towards very specific chemical pathways for

ful]erene production. In the nucleating carbon vapour, the cyclic

CI 0 cluster may play a key role as a precursor of C6 0 and C7 0 [3].

The lighter fullerenes, like e.g. C6 0 and C7 0 dissolve in non-

polar solvents (e.g. benzene, toluene, hexane, CS 2 ) and can be

extracted by flushing the soot with the solvent, e.g. by means of

a soxhlet extractor. The solution assumes a deep red color (which

is due to the small amounts of C7 0 ). Drying the solvent yields

crystals of fullerite material. Depending on crystallisation

conditions, thin yellow to red flakes (see SEM picture of Fig. 2),

or more metallic-looking rods are obtained. Such fullerites

consist of a mixture of C6 0 and C7 0 and contain traces of the

solvent as impurity. As an alternative to extraction by solvents,

extraction by heat is also possible. Because the fullerenes

sublime relatively easy, 500 to 600 0 C are sufficient. Solvent-

free crystals can be grown directly from the vapour phase [4).

In solution, C6 0 can be separated from C7 0 and the other

fullerenes by chromatography (e.g. n-hexane solutions on neutral

alumina). The benzene or toluene solution of pure C6 0 is purple

(while thin coatings or flakes of pure C6 0 -fullerite are of yellow

color), that of C7 0 is red (thin solid films of C7 0 -fullerite are

red-brown) [5).
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Figure 2: Scanning electron microscope picture of crystals of C6 0

ý'ontaining about 15% C7 0 ) as grown from a benzene solution.

Pictures of pure C6 0 crystals, where the buckyballs assume fcc

structure, look rather similar. At interstical positions, solvent

molecules are built into the lattice. The flat faces of the flake-

like crystals are probably (111). (Photo by H.-U. Nissen, ETH

ZUrich).

Recent Developements

Only a brief overview of some of the many results obtained by

numerous research groups can be given (for more details, see e.g.

[6]):

Studies of the structures (mainly deduced from 13C NMR spectra)

and the physical characterisation of the fullernes C7 6 , C7 8 , C8 2 ,

C8 4 , and larger are in progress [7]. Because of the low yields of

these species, such work is difficult to perform. In the mass

range up to C3 3 0 , the fullerenes seem to stay more or less

spherical [8]. Giant fullerenes have also been found in the soot.

They form large nested cylinders, i.e. needle-like structures of a

few micron length [9]. These "Buckytubes" may show interesting

electrical properties depending on diameter and the degree of

helical arrangement of the graphitic layers (10].

The chemistry of C6 0 and the other fullerenes can be naturally

devided into three domains: the outside, the surface, and the
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inside (see, e.g. (11]). Hydrogen, fluor, metal-organic and other

groups have been successfully attached onto the outside of the

fullerene. Polymers involving C6 0 have also been reported. On the

fullerene surface, a few of the carbon atoms can be replaced by

others (e.g. by boron). The chemistry of the inside is still in

its infancy. Some compounds, like e.g. He, Y, and La inside C6 0

and also Y, or La inside C8 2 have been reported, but have not yet

been well characterised. It is hoped that a large range of new

materials can be obtained by these so-called endohedral (inside)

fullerene compounds (see e.g. (12]).

The pure C6 0 solid has been studied in greater detail (13]. The

Buckyballs form a fcc lattice like that of closely packed spheres.

They interact only weakly by van der Waals forces. At room

temperature, the balls in the crystal rotate almost freely. At low

temperatures, several phase transitions occur and the rotations

freeze out [14). As expected for such a weakly bound solid, the

electronic and vibrational states are very much similar to that of

the free molecule. Similar studies on the rotation of C7 0

molecules and phase transitions of C7 0 -fullerite are in progress.

Solid C6 0 is an electrical insolator (bandgap about 1.5 eV). In

order to obtain a conductor, CGO can be doped with electron

donators, like e.g. K, Rb, or Cs. It was found that the doped

solid is not only electrically conducting, but even becomes

superconducting at surprisingly high temperatures (18 K for K3 C6 0

and 33 K for Cs 2 RbC 6 0 ) (15]. Attempts to dope C6 0 with electron

acceptors (e.g. iodine) have, so far, not been successful.

The alkali-doped C6 0 compounds are - e.g. due to their high

symmetry - comparatively simple systems which can be investigated

and probably also understood much more easily than other types of

superconductors. I thus feel that the real importance of these

compounds lies not so much in the domain of technical application.

They may better serve as materials from which more can be lparned

about superconductivity.
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M. Mattis, T. Pichler, M. Halu~ka, and H. Kuzinany

Institut ftir Festk6rperphysik, Universitiit Wien, and
Ludwig-Boltzmann Institut fur Festkirperphysik, A-1090 Vienna, Austria

Abstract. The Raman spectra of C60 were investigated as a function of temperature and
K-doping between 320 K and 10 K. Relationships between features in these spectra, the
first order rotational phase transition at 260 K, and the higher order phase transition at
90 K are shown. For the doped fullerenes a strict phase separation between C60. K3 C60 ,

and K 6C60 was found.

1 Introduction

One of the reasons for the dramatic increase from interest of material scientists to the
buckminsterfullerenes originates from the various kinds of phase transitions in the solid
state [I1. At room temperature C60 forms a crystal with free rotating C60 molecules on
an fcc Bravais lattice with space group Fm3w [2]. Below 260 K the crystal turnes to a sc
structure with space group Pal. Since Pa3 is not a direct subgroup of Frn3m the phase
transition is first-order. Between the two temperatures the molecules rotate uniaxially
around the [11] direction untill they finaly lock in completely below 90 K. Since the site
symmetry and hence the selection rules in the two structures change, one would expect
to observe the phase transition in vibrational spectra. We have performed temperature
dependent Raman spectroscopy on single crystals to elucidate this point.

Beside the pristine material, also the alkali metal doping shows interesting phase
transitions [3,41. Several phases of A.C6o have been identified by X-ray meawsurements [41:
for x=3 the structure is still fcc but with a modified lattice parameter and metallic state.
x=4 has a bct and x=6 a bcc structure with a narrow semiconducting gap.

Raman experiments have been reported for the pristine material thin film in some
detail [5]. From the M74 vibrational modes of the C60 molecule only the two A. and the
eight fivefold degenerated 1t, modes of the icosahedral factor group are Raman active.
The most characteristic Aq mode is the pinch mode. A resonance enhanc."ment of a
characteristic mode at 1467cm-' was reported recently [61. This mode was originally
identified with the pinch mode but recent investigations [7,8] showed that it is oxygen
induced. In oxygenfree Ct,0 it can be found at 1458cm-. In a previous work [8] we
suggested that, the line at 1467 cm- is from an ionic carbonoxide of the form [C0o]+2 0-2 .
Raman scattering proved to be very useful for monitoring the doping process [9] as was
demonstrated already in the initial work by Hladdon et al [101.

We report room temperature in situ Raman measurements during the potassium
doping of pure C60 films. Doping was carried out continuously in the range of 0 < x < 6
for K•r1,0 in order to check on any intermediate states between the empty, half filled and
completely filled conduction band.
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2 Experimental

Measurements were performed on thin films and on single crystals, respectively. Fullerene
filmes were prepared by evaporation of the purified material on silicon and quartz
substrates. Single crystals of pure C 0 with typical dimensions of 0.5-2 mm were grown
using the vapour phase technique [II].

The crystals were embedded in an indium block on the cold finger of a closed cycle
cryostat. A Dilor XY spectrometer was used for Raman measurements on the single
crystals. The line of an Ar+ laser at 514nm with an intensity of 200MW was used to
excite the sample and a liquid N2.cooled CCD detector was used to collect the spectrum.

The in situ doping measurements were carried out on fullerene films with typical
thickness of 0.2- 0 .8 gm in front of a Spex double monochromator with a Peltier cooled
photomultiplier. Simultaneously with the doping process the electrical resistance and the
optical transparency were determined.

3 Results

Fig.l shows Raman spectra of a C60 single crystal at 300 K and at 10 K, respectively. The
room temperature spectrum shows clearly the features of the oxygen contaminated C6o
material with the quasi pinch mode at 1467cm 1-. It is noteworthy that the H, modes
are considerably broader than the two A, lines. Besides the ten Raman alowed modes (in
the free molecule) one can observe some weaker lines. The spectrum at 10 K of the same
crystal shows more than 30 lines some of them obviously splitted. The pinch mode shows
no frequency shift or broadening in the temperature range between 320 K and 10 K. This
is in contrast to observations of other groups [12,13] which found an abrupt change of the
pinch mode frequency from 1460 cm-1 to 1468 cm-' around 250 K.

The temperature dependent peak heights of two Raman lines with different symmetries
can be seen in Fig.2. Between 320K and 260K the peak height of the Raman line

100

•' 300K

10

100

SI1OK10K

C

200 400 600 800 1000 1200 1400 1600

Raman shift [cm- II

Fig. 1: RIaman spectra of a (io single crystal at 300 K and at 10 K.
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Fig.2: Intensities (peak height) two Raman lines of a C60 single crystal versus temperature.
a: breathing mode at 495cm-', h: 753cm- 1 .
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Fig.3: a) Raman spectra of a C60 film during in situ potassium doping. b) Raman spectra
of C60 , of K3C60 with some addition of K6C6o, and of pure KsC 60 (from top to bottom).

at 495cm-1 with Ag symmetry (breathing mode) increases strong with decreasing
temperature. The intensity remains more or less unchanged until it drops abruptly at
100K. The line at 753cm-' can not be observed in the high temperature phase. The
intensity grows continuously below 260 K and stays constant below 100 K.

Raman spectra between 1400cm-1 and 1500cm-' for the potassium doping
experiment are shown in Fig.3a. The doping increases from top to bottom. The uppermost
spectrum corresponds to undoped C60 which has lost most of its oxygen during the laser
irradiation [8]. The spectrum at the bottomshows the pinch mode at 1430cm- 1 and an
Hg mode at 1475cm-1 which is characteristic for the KsC60 compound [9]. The solid
lines in Fig.3a are fits to the data with a linear superposition of the spectra for the C60,
K3C0 and the K6C60 material. No frequency shift of a Raman line could be observed. In
Fig.3b the spectra for the three phases are ploted between 1350 cm-' and 1600 cn-'. The
spectrum in the middle of the plot corresponds mainly to the metallic K3C60 with a little
addition of K6C60 . In contrast to the two other phases the pinch mode at 1444 cm-i is the
only visible feature in the Raman spectrum of K3C 60 . In the two nonmetallic compounds
two Hg lines can be observed besides the strong pinch mode.
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4 Discussion

The different number of Raman lines in the spectra above and below the fcc to sc phase
transition can be easily explained in terms of the different site symmetry in the two
structures. According to a factor group analysis [13] one would expect 37 Raman allowed
modes in the high temperature region and 145 lines in the low temperature region,
respectively. The lines common to both spectra do not shift with temperature so one
can conclude that the difference is mainly due to the symmetry change. It is tempting
to assign the 753 cm' Raman line of Fig.2b to a mode which is forbidden in the Fm'm
structure and is Raman active in the less symmetric low temperature phase.

The main result from Fig.3a is that independent of the overall doping concentration
and doping time the spectra can always be deconvoluted into the respective spectra of the
x=0,3,6 compounds. This result indicates a phase separation into this three phases at any
time of the doping experiment. No contribution from an x=4 phase could be observed
in the Raman experiments. The very fast increase of the Raman line for the pinch mode
of K6C60 towards the end of the doping process and the rapid decrease of the respective
mode of K3C60 is a consequence of the much higher absorption coefficient for the fully
doped compound [141. The absence of high frequency H, modes in the metallic K3Cso
(Fig.3b) fits niely into the picture of Varma et al. [151. According to his calculations the
high energy H, modes should become very broad (;u200 cm- 1 ) in the metallic state. This
would make them indistinguishable from the background.

Acknowledgement. This work was supported by the the Fond zur F6rderung der
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J. Fink, and E. Sohmen for the donation of fullerene samples.

References

[1] P.A. tteiney, I.E. Fischer, A.R. McGhie, W.J. Romanow, A.M. Denenstein, J.P.
McCauley Jr., and A.B. Smith Ill, Phys. Rev. Lett. 66 (1991), 2911.

[2] W.I.F David, R.M. Ibberson, T.J.S Dennis, J.P. Hare, and K. Prassides, Europhys.
Lett. 18 (1992), 219.

[31 A.F. Hebard, M..l. Rosseinsky, R.C. Haddon, D.W. Murphy, S.H. Glarum, T.T.M.

Palstra, A.P. Ramirez, and A.R. Kortan, Nature 3.50 (1991), 600.

[4] R.M. Fleming, T. Siegrist, P.M. March, B. Hessen, A.R. Kortan, D.W. Murphy, R.C.
Haddon, R. Tycko, G. Dabbagh, AM. Mujsce, M.L. Kaplan, and S.M. Zahurak,
Mater. Res. Soc. Symp. Proc. 206 (1991), 691.

[5] D.S. Bethune, G. Meijer, W.C. Tang, H.J. Rosen, W.G. Golden, H. Seki, C.A.
Brown, and M.S. de Vries, Chem. Phys. Lctt. 179 (1991), 181.

[6] M, Matus, H. Kuzmany, and W. Kr~tschmer, Solid State Commun. 80 (1991), 839.

[71 S.J. Duclos, R.C. Haddon, S.H. Glarurn, A.F. Ilebard, and K.B. Lyons, Solid State
Commun. 80 (1991), 481.

[8] T. Pichler, M. Matus, J. Kiirti, and H. Kuzmany, Phys. Rev. B, submitted.

[9] S.A. Duclos, R.C. Haddon, S.H. Glarum, A.F. Hlebard, and K.B. Lyons, Science 254
(1991), 1652.

469



[10] R.C. Haddon, A.F. Hebard, M.J. Rosseinsky, I).W. Murphy, S.J. Duclos, K.B.
Lyons, B. Miller, J.M. Rosamilia, R.M. Fleming, A.R. Kortan, S.I. Glarum, A.V.
Makhija, A.J. Muller, R.H. Eick, S.M. Zahurak, R. Tycko, G. Dabbagh, and F.A.
Thiel, Nature 350 (1991), 320.

[Il] M. Halu~ka, P. Rog], and H. Kuzmany, in this volume.

[12] S.H. Tolbert, A.P. Alivisatos, H.E. Lorenzana, M.B. Kruger, and R. Jeanloz, Chem.
Phys. Lett. 188 (1992), 163.

[131 P.ll.M. van i., -;drecht, P.J.M. van Benturn, and G. Meijer, Phys. Rev. Lett. 63

(1992), 1176.

[14] T. Pichler, M. Matus, J. Kiirti, and H. Kuzinany, Solid State Commun. 81 (1992),
859.

[151 C.M. Varma, J. Zaanen, and K. Raghavachari, Science 254 (1991), 989.

470



Preparation of Single-Crystal Buckminster Fullerenes
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Abstract. Crystals of buckminsterfullerene were prepared from super-
saturated solution in cyclohexane and by sublimation of powder. In both
cases we obtained crystals with well expressed smooth and shiny faces. X-ray
characterization showed that crystals prepared by sublimation were monocrys-
talline with long range order and crystals from solution were disordered. The
crystals were further characterized by IR and Raman spectroscopy.

1. Introduction

The development of preparation methods for macroscopic quantities of fullerenes
[1] allowed to stady the solid state phase of the materials, and led to a number of
interesting discoveries. Most of the studies were made sofar on polycrystalline
samples or on thin films obtained by vacuum deposition. Single crystals of C60

have been prepared from solution of fullerenes in suitable solvents by several
methods (2,3] and by sublimation of powder in a temperature gradient [4).
We prepared C60, C70 , C60 /C 70 (ratio 8.5:1.5 in powder) single crystals with
excellent facets by a sublimation method. X-ray, Ramaa and IR measurements
confirmed that single crystals are really pure C60 or C70 and that a certain
amount of C7 0 can be incorporated into the f.c.c. structure of C6 0 .

2. Experimental

Crystals of C6 0 were prepared by a thermo diffusion technique in solution
and crystals of C60 , C70 and C 60/C 70 by sublimation of powder. For crystal
production from solution, we used a glass tube with a supersaturated solution of
fullerene in cvclohexane. The bottom of the tube was heated to to T 1-35°C.
The other end was held at room temperature T 2-.-25"C. After several days,
shiny dark brown crystalline cubes with well expressed rectangular faces had
grown.
Since fullerenes sublimate at relative low temperature, they can be grown with
moderate technical effort by slow condensation from the vapor. Fullerene pow-
der was stored in the glass tube, evacuated to p-10-6mbar and purified from
solvents by heating to 250 0 C. Then, the temperature was increased to 600*C
and the powder was two times sublimated as a fulierene film to the colder part
of the glass tube. Finally the tube was scaled and deposited in a horizontal
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furnace with temperature gradient. The fullerene film was on the hot end at
Tl-(560-620)0 C. The end where the crystal was expected to grow was held a
temperature T2-(500-560)°C. The glass tube was 100-250 mm long with i.d.
3-8 mm.

3. Results and Discussion

From solution of C,6 /C7 o and from pure CQo in cyclohexane, we obtained cubes
with well expressed faces (Fig. Ia) with typical dimension of 0.3 mm. The
nice geometrical form indicates a highly crystalline structure of this material.
However, the X-ray characterization showed, that the cubes are not single
crystals. It is assumed that they contain solvent which is partially lost when
the crystals were taken out from solution. This effect may destroy crystalline
order. The cubes were very fragile and manipulation with them was difficult.
The crystals grown from sublimation were very compact and relative hard with
very smooth and shiny surfaces. They have sizes up to 3 mm, in the long axis
for C60 and up to 0.6 mm for CG0 . Fig. 1 b,c shows the photographs of crystals
of CGo and C70 . X-ray c,.aracterization confirmed that these crystals are really
monocrystalline. For the C0 o and C70 crystals X-ray diffraction showed reflec-
tion pattern out to a limit of sin(O)/A =3.1 nm-' which means a2 /d'=81 for an
f.c.c. lattice constant of 1.4 nm. This indicates well defined long range order.
The crystals from the Coo/C7o compound gave also well expressed diffraction
pattern, but the minimum observable d-values and a slight " arching' of the
reflections indicated a lesser degree of long range order.
The crystals were further characterized by spectroscopic investigation. Fig. 2
shows IR reflection and transmision spectra for the crystals and for sublimated
thin firls. Whereas the film still show structures around 3000 cm- 1 which
originate from organic solvents no such features are seen in the single crystals.
In Fig. 3 Raman spectra for the single crystals of C 6o (a), C 7o (b) and C6o/C70
compound (c) are shown. The last spectrum (d) is for a Ceo/C 7o film. The
strong line at 1467 cm-' for the C6o crystal indicates oxygen contamination
since the crystals were handled at ambient condition. A comparison between

Fig. I Photographs of C0/C7 o crystal obtained from supersoluted solvent (a);
C6 o (b) and C7 0 (c) single crystals obtained by sublimation of fullerene.
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Fig. 3 Raman spectrum of a C60 single crystal (a); a C7o single crystal (b); a
Co0/ C70 single crystal (c); and of a C6o/C7o film (d).

spectrum (c) and spectrum (d) indicates that about the same amount of C7 o is
incorporated into the crystal as it is abundant in the source material from which
the crystal was grown. The R,-man spectra of C70 showed no contamination
with C6o.

4. Conclusion

Single crystals of fullerenes can be grown from the vapor phase with a moderate
technical efford. After several steps of sublimation of the starting material the
crystals are free from organic solvents. In order to obtain origen free material
the vacuum for the sublimation must be at least better than 10-7 mbar.
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Abstract. C60 powder samples have been prepared by using binary TI-
containing alloys of various compositions. Measurements of the dc magne-
tization, the ac susceptibility in magnetic fields up to 8 Tesla and l'C NMR
investigations are presented. The existence of a ternary TI-containing C60 com-
pound is discussed. The upper critical field B, 2(T) shows a positive curvature
near T,.

1. Introduction

The recent discovery that doping of C60 with alkali metals like potassium or
rubidium leads to superconducting compounds with transition temperatures of
18-20 K (onset) (1-4] and 28-30 K [5,61, respectively, provides the challenge
to increase the number of superconducting C6 0 compounds and to enhance the
transition temperature T, to superconductivity by intercalating binary alloys.
Combinations of the C60 molecule with alkali metals and a third component
(e.g. KTlI1 , RbTly [7,8,4], CsTI2, CsBi and CsHglvi [9,10]) are reported to
show superconductivity. By the use of dopants with different ionic radii [11]
and by varying the pressure acting on the sample [12], the size of the A3 C60

(A = K, Rb, K,,Tl, Rb2Cs) unit cell can be changed. Both experiments show
a well defined relationship between an increased volume of the unit cell and a
rise in T,. These findings can be explained on the basis of a simple picture.
A larger unit-cell size corresponds to a narrower conduction band due to the
decreased overlap between molecular orbitals and results in a higher density
of states N(CF) since the number of states is not influenced in these experi-
ments. According to the BCS theory, in the weak coupling case an increase
of N(fF) finally results in a rise in T,. Depending on the degree of ionisation
thallium could be a suitable codopant to raise T, [4]. In contrast to our pre-
vious findings [7,8] and to those of Kelty et al. [9] where Te seems not to be
altered by the use of thallium as a codopant, lqbal et al. [4] claim the observa-
tion of T, values up to 48 K in C60 samples doped with a rubidium-thallium
alloy. The latter results, however, have not been reproduced yet independently.
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2. Preparation

As described earlier [14], 060 molecules were synthesized from the soot of evapo-
rated graphite. The C60 powder used for preparation of all samples investigated
in this work containes an amount of about 10% C70 .

Alloys of various compositions as given in Table 1 were prepared by heating
the respective amounts of metals sealed in pyrex glass tubes for typically 1 h.
Based on early ideas suggesting a similarity of doped fullerenes and intercalated
graphite we used KTI1 5- and RbTlt 5 -alloys in our first doping experiments.

According to the findings of lqbal et al. especially samples being doped
with alloys consisting of a lower relative amount of TI to Rb were more likely
to provide an enhancement of T,. Therefore, in the following preparations also
alloys with less than 55 atomic percent TI were prepared. The resulting alloys
consist of liquid rubidium and the intermetallic compound Rb4TI5 [15] and are
therefore of solid and viscous consistence and cannot be pulverized. Hence the
starting alloy compositions of the samples # 9, # 10 and # 13 (Table 1) are
less well defined than the KTII. 5- and RbTI1 .5-alloys.

The doping procedure was carried out as follows. Preweight amounts of
C60 powders were ammealed in close contact with the respective amount of the
alloy. The annealing temperatures and times are given in Table 1. During the
preparation the samples were either sealed in evacuated pyrex tubes or handled

Tab. 1. Nominal sample compositions, doping conditions and critical temper-
atures T, of K-, KTIl, Rb- and Rb.Tli doped C60.

Nominal Annealing Annealing T 1
# Sample Time(s) Temperature(s)

Coutposition [hours] [*C] [K]
1 K3 C60/70 3 300±5 19
2 Rb3 C6o/7o 24 450±5 27.5
3 Rb3 C60 /7 0  20 450±5 24
4 (KTI.5s) 3 C61o70 62 340±5 17.6
5 (KTlI. 5 )3 .6 0/70 16 400±5 18
6 (KTI1 .f) 3 C60/70 7 405±5

17 420±5 17
7 (RbTlI. 5 )3 C6 0 /7 0  18 450±5 27.5
8 (RbTIl.s) 3 C60/70 16 400±1

21 430-1 23.0
9 (Rb2 .7Tl 2 .2 ) C60170 18.5 415±5 26.2
10 (Rb 2.7 TI2 .2) C60/70 40 415±5 26.3
11 (RbTI1 .5 )3 C60 / 70  11.5 420±5

powder 11 410±5 26
12 (RbTl. 5 )3 C60/70 11.5 420±5

pellet 11 410±5 26
13 (Rbi. 2T1,'s) C60/70 16 400±5

20 430±5 28
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in an Ar atmosphere. The superconducting volume fractions as determined by
dc-magnetization (zero-field-cooled-curve ZFC) and ac susceptibility measure-
ments (Nb powder standard) are less or equal 10 % for most samples. The
amount of the superconducting phase could be increased up to 30 % by press-
ing the samples and thus enhancing the contact between the alloy and the C6 0
powder during the doping process.

3. Results and Discussion

In order to determine the dc magnetization as a function of temperature (c.f.
Fig. 1), a SQUID magnetometer (SHE) was employed in the way described
earlier [7,8]. The external fields applied ranged between 10 and 500 G. The
transition temperatures obtained are listed in Table 1.

Neither variing the annealing temperatures, the total metal concentration
nor the ratio of alkali metal to thallium did result in a significant change of the
T, values compared to binary compounds. From the dc magnetization inves-
tigations there is no evidence for a second, possibly filamentary phase with a
transition temperature above that of the binary non-TI-containing compounds.
In addition, by cooling the sample below 4.2 K, a second diamagnetic transition
is observed at 2.4 K (Fig. 2). Which coincides with the transition temperature
of metallic thallium [13]. An evaluation of the shielding fraction (Nb-powder
standard) shows that (90-10) % of the thallium used for preparation becomes
superconducting at this temperature.

Additionally, x-ray analysis of Rb.Tl, doped C60 reveales lattice constants
of both hexagonal and simple cubic thallium. In contrast, in the rubidium-

Fig --". g-.

-- C- (RbTlt) 3 C0 o /

S.: -.g
S-0.2'

• •4;.ZFC
E~ 0.3-

,u -0.4'••

• -. -(RbTI1, 5)3 C6o Fig.2 j
10 20 0 10 20 30

Temperature (K) temperature (K)

Fig. 1. DC magnetization of a (RbTl1 .5 )3 C6 0 sample (60 mg) (# 7 in Table 1)
as a function of temperature. Field-cooled (FC) and zero-field-cooled (ZFC)
curves are indicated. The value of the applied field was 8 G.

Fig. 2. Temperature dependence of the ac susceptibility (v = 107 Hz) of a
(RbTI1 .5 )3 C 60 powder sample (220 mg)(# 7 in Table 1).
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Fig. 3. Temperature dependence of the ac susceptibility in different external
magnetic fields of a (RbTI1 .5 )3C 60 powder sample (# 7 in Table 1).

thallium-alloys used for sample preparation no evidence for pure TI has been
found.

The a- !•,cp*W-ýihty X(T) and the uppei critical field B,2("') were measured
using a standard Hartshorn induction coil arrangement in external magnetic
fields up to 8 Tesla. Offsets and drift effects arising from the coils were taken
into account in order to obtain the true signal. The measurements were per-
formed in the frequency range up to 120 kHz. No frequency dependence of T,
has been observed. Fig. 3 shows the typical behavior of the ac susceptibility of
a (RbTl1 .5 )3 C6 0 powder sample in different external magnetic fields.

A comparison of the values for B, 2 (T) obtained for (RbTI1 .5 )3 C 60 , K3 C 60

[16] and Rb 3 C60 [17,12] samples is shown in Fig. 4. Powder samples [16,17] and
bulk samples [12] as well show a positive curvature of B, 2 (T) near To. This is
not expected for a BCS superconductor.

A positive curvature of B,2(T) is observed in anisotropic lower dimensional
superconductors like cuprate or organic superconductors. Here, this effect is
caused by decoupling of the superconducting layers (for example CuO 2 layers
in HTSC) at lower temperatures [18]. Theoretical calculations of B, 2 (T) for
strong coupling superconductors with strong lattice anhamonics also predict a
positive curvature near T, but with a change to negative curvature at lower
temperatures [19]. Griiner et al. [20] report a change in the sign of the curvature
at higher magnetic fields for K3 C60 and Rb3 C 60 samples.

A positive curvature of BI 2(T) near T, does not necessarily have to be
due to a structural anisotropy or strong lattice anharmonics. Also the pres-
ence of different phases (with different transition temperatures) or the granular
structure of the sample can cause this effect.

From the slope (OB] 2 /&T) near T, (dotted line in Fig. 4) we calculated
the B, 2 (0) value by application of the Werthamer-Helfand-Hohenberg theory
[21,16]

B, 2(0) = -0.69Tc(OB, 2 /OT)TTr. (1)

478



10 -b-- -

2ý

TI. a aTýl5 3~ K.3C 60
c4-

I- o' Rb3C6 .

2-* Rb3C60 (bulk)

o~o(RbTlj. 3 C3C60

18 20 22 24 26 28 30
temperature (K)

Fig. 4. Upper critical field B, 2(T) of fullerenes doped with alkali metals
[15,16,12] and a binary alloy as a function of temperature. The inset shows
a presentation with reduced temperature.

The obtained values for B, 2(0) are 46 T for K3 C60, 61 T [171, 78 T [12] for
Rb5O6o, and 52 T for (RbTI1 .5 )3 C60.

From B, 2(0) we determined 1he coherence length ýo using the relation [22)

B•2 (0) = Do/(2- 0). (2)

We find ýO = 26 A for K3 C6 0 , 23 A [171, 20 A (12] for Rb3 C60 and 25 A for
(RbTl.5)3 C60.

Furthermore, 13C NMR measurements have been performed on both KTIl. 5-
and RbT!1.5-doped samples using a BRUKER CXP 300 spectrometer at an
applied field of 7.04 T.

The undoped starting material shows the usual behavior as reported earlier
(Fig. 5) [23,24). Both, in (KTII. 5)3 C6 0 (Fig. 5) and in (RbTI1.5 )3 C6 0 we find
a single resonance line shifted by 34 ppm and 42 ppm, respectively, to higher
values. The line width in both samples is increased by a factor of about 3
compared to pristine C60. The narrowness of these lines indicates that the C60
molecules rotate rapidly on the NMR time scale in the undoped and as well in
the doped substances. Additionally, the appearence of a single, shifted narrow
line implies that the sample consists of a majority phase of doped C60 . There
is only a small amount (roughly 1%) of residual undoped C60 (c.f. Fig. 6). A
comparison with the results of 13C NMR measurements by Tycko and coworkers
[24] on potassium doped C60 shows that an identical chemical shift (186 ppm)
and the same linewith (15 ppm) is obtained for a sample attributed to K3 C6 0.
Apparently there is no influence of thallium on the '3C-NMR resonance line.
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Fig. 5 and 6. 13C NMR spectra of solid C06 (a) and of C60 doped with KTI1 .5
(b) at room temperature (left) and at 160 K (right). The line shifts are given
with respect to TMS.

Therefore, the results obtained by 1 3 C NMR, ac susceptibility, dc magne-
tization and x-ray analysis can be explained by a non-TI-containig majority
phase in the samples investigated in this work.
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Electronic Structure Studies of Fullerites and Fullerides
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Postfach 3640, W-7500 Karlsruhe, Fed. Rep. of Germany

Abstract: The electronic structure of fullerites and fullerides has been
investigated by high-resolution photoemission and by high-energy
electron energy-loss spectroscopy in transmission. Information on the
occupied n and a bands, on the unoccupied nr:: and a- bands, and on the
joint density of states has been obtained. In particular, we report on the
changes of the electronic structure of fullerides as a function of dopant
concentration.

1. Introduction

The discovery of fullerene molecules [1] has lead to a large number of
experimental and theoretical investigations of these new allotropes of
carbon. The synthesis of macroscopic amounts of fullerenes [21 has allowed
the preparation of solids, known as fullerites and the discovery of the
fullerite based compounds, AxC 6o, called fullerides. For certain
compositions the fullerides form synthetic metals [3] and
superconductivity has been discovered in A3 C60 compounds [4] (A= K, Rb)
with remarkably high transition temperatures, Tc, of up to 33 K. It is a
challenge to understand the electronic structure of these new and
fascinating materials. In particular, knowledge of the electronic structure
is a prerequisite for the understanding of the mechanism of high-T,
superconductivity. There have been numerous band structure calculations
carried out on undoped and doped solid C6 0 within the local-density
approximation (LDA) [5-7]. Using the same approximation, there have
also been calculations of the optical properties of fullerites [8-11]. The
question arises as to whether LDA calculations are adequate for this
system, or whether electron-phonon coupling or electron-electron
interactions are strong enough to cause serious deviations from the one-
electron picture. Consequently, it is imperative that these theoretical
calculations should be controlled by experimental studies. Previously,
studies have been performed using photoemission spectroscopy (PES) [11-
15], inverse photoemission (IPES) 112], X-ray absorption spectroscopy
(XAS) 114, 161, optical spectroscopy [171, and high-resolution electron
energy-loss spectroscopy (HREELS) [18). In this contribution we review
our own PES and electron energy-loss spectroscopy (EELS) studies on
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fullerites and fullerides. Part of the EELS data have been published
previously [19,201.

2. Experiment

A mixture of fullerenes was synthesized by the contact-arc method [2]
under 100 torr of He. After extraction with toluene, C60 , C70 , and higher
fullerenes were separated by column chromatography on neutral alumina
with 5% toluene in hexane as eluant. The photoemission data were
recorded with a commercial VSW spectrometer, using a helium discharge
lamp. The overall energy resolution was set to 25 meV for the present
measurements. Thin film samples were prepared in-situ on a freshly
deposited Au film by evaporation of C60 from a Knudsen cell and K from a
thoroughly degassed SAES getter source. The samples were subsequently
annealed at 150'C for -lh. The electron energy-loss data were recorded
with a 170 keV spectrometer [21] in transmission. The energy and
momentum resolution were set to 0.14eV and 0.04A', respectively. For
core excitation spectra, the momentum resolution was reduced to 0.2A-1.
For the EELS measurements, free-standing films with a thickness of
about 1000A were prepared by evaporation of fullerenes on NaC1 crystals.
The latter were dissolved in water and the fullerite films floated onto
standard electron microscopy grids. Subsequently, the films were
annealed under UHV conditions at 300°C and doping was achieved by
evaporation of various amounts of alkali metals onto the films.

3. Fullerites

In Fig.1 we show the photoemission spectrum of the valence-band region
of a C60 film recorded with a photon energy of hw= 21.2eV together with
the theoretical density of states (DOS) calculated in the LDA
approximation [7]. The band structure results have been broadened to
account for finite temperature and experimental resolution and shifted so
that the onset of the hl,-derived bands matches the experimental result.
The binding energy scale is referred to the Fermi level of a Au film. It can
be seen that the widths and relative spacings of the bands are generally in
good agreement between the calculation and experiment. The first two
maxima at 2.3 and 3.6eV can be assigned to a group of 5 bands derived
from the hl, molecular levels, and a group of 9 bands derived from hg and
g. states rocpoctively. Rnth have predominantly ii electron character.

The hl,-derived bands have a total measured width of about 1 eV
which is reproduced by the band structure calculation. However, the three
peaks of the hju bands of Fig. lb are not observed in the experiment,
although the splitting between the maxima is an order of magnitude
greater than the experimental resolution. It is interesting to compare the
spectrum in Fig. la with photoemission spectra of gas phase C60 [22]. In
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Fig. 1 a) Photoemission spectra of the valence-band region of solid C60 .
b) Theoretical DOS for solid C6o (fee, uni-directional) broadened
with a Lorentzian of FWHM 0.27eV. The effects of dimerization of
C60 have not been included.

the latter, the line due to the hl, state has a width of about 0.3 eV and a
shoulder on the high binding energy side. This shoulder has been
explained in terms of transitions within the vibrational manifold of the
positive ion. An explanation in terms of a Jahn-Teller splitting in the
positive ion has also been given, although the intensity of the shoulder
relative to the primary peak does not seem consistent with this
interpretation. The experimental width of the hlu line in solid C6o may
therefore be composed of a broadening due to band formation and due to
excitations of intramolecular vibrations. In addition, there is a broadening
due to lifetime effects, which can be estimated from the data on molecular
C60 to be less than -0.3 eV.

In the spectrum shown in Fig.la there are very narrow peaks at 5.4eV
and 7.1eV. These can probably be assigned to rather narrow a bands.
Since the overlap of the a orbitals of adjacent molecules is much smaller
than that of the n orbitals, the width of a bands should be correspondingly
reduced. The LDA calculation appears to underestimate the binding
energy of these a bands.

At 250K there is a phase transition from the fcc phase with free
rotating molecules to a sc phase with hindered rotations. At -90K the
hindered rotations appear to freeze out. Various band structure
calculations [6,71 predict considerable changes of the DOS due to
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Fig.2 a) Low-energy loss function of C50 for various momentum
transfers, q (in A") measured by EELS.
b) Optical conductivity, a = coozq2 , of C60 as a function of
momentum transfer, q.

structural changes at lower temperatures. Therefore, we have measured
high resolution photoemission spectra as a function of temperature
(9K!- T - 300K). Within experimental accuracy, no changes of tbh. spectra
have been observed indicating that spectral broadening due to phonons is
larger than changes of the DOS resulting from phase transitions.

In Fig. 2 we show the low-energy loss function, Im(-1/6), of a C 60 film
measured by EELS, and the optical conductivity, o = oCoc 2 , derived from a
Kramers-Kronig analysis of the loss function for various momentum
transfers, q. The low-energy loss function shows a q-independent onset at
1.7eV, with features at 2.2, 2.7 and 3.6eV. The peak at 2.2eV can probably
be assigned as a singlet exciton related to the dipole forbidden h1 ,-tlu
transition, which is enhanced at higher momentum transfer as a result of
increasing excitation of monopole transitions. Similarly, the features at
2.7 and 3.6eV can be attributed to n-n& transitions which may possess a
degree of excitonic character. The plasmon of all n electrons is observed at
-6eV. The q-dependent intensity variation of these features can clearly
be seen in the optical conductivity data of Fig. 2b, as well as some higher
lying n-n* transitions. Using parameters refined from the fitting of
photoemission data such as is ,hown in Fig. la, we have found that a
majority of the transitions observed in the EELS studies can be assigned
within an effective Su-Schrieffer-Heeger model. However, the validity of
such a model in a system where electronic correlation may play an
important role requires further consideration.

Next, in Fig. 3 we show the low energy-loss function for solid C70
measured by EELS with a small momentum transfer (q = 0,1A.1),
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Fig. 3 Low-energy loss function for solid C7 o measured by EELS. and the
derived optical conductivity

together with the optical conductivity obtained by a Kramers-Kronig
analysis of the loss function. The lower symmetry of the higher fullerite
results in the partial lifting of the degeneracy of the electronic levels. This
can be seen to result in a broadening of the spectral structure in
comparison to C60. However, in common with C6 0 , the onset of the loss
function occurs at 1.7eV and the plasmon of all n electrons is observed in
the loss function at -6eV. In the optical conductivity, the direct gap

transition (opti.ally forbidden) can be observed as a weak shoulder at
1.9eV, Transitions from three main groups of states give rise to structure

starting at 2.2, 3.1 and 4.3eV, with some fine structure observable due to
the individual transitions within each group.

4. Fullerides

In Fig. 4 we show photoemission spectra in the valence band region of

K,,C6o. Similar data have been published previously [13-151. With

increasing dopant concentration a new peak close to the Fermi level

appears due to the filling of the tj,-derived conduction bands. At

intermediate dopant concentrations there is a clear Fermi edge. Assuming
only 3 stable phases for x = 0, 3 and 6, the spectrum with the highest
Fermi edge should correspond to that of the metallic phase (x = 3). On the

other hand, assuming the highest doping concentration to be x=6, the
dopant concentration for each of the other spectra can be derived from the
intensity of the peak at lowest binding energy. The x values given in Fig. 4
have been determined using the latter approach, with the spectra

normalized to the area of.the HOMO-derived peak. This would imply that
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Fig. 4 Photoemission spectra of KxCio
/ KIC6o measured at room temperature.
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the metallic phase is at a maximum for x = 1.6 and that for x = 3 the
compound is insulating. Recently, an insulating phase due to correlation
effects has been predicted for x = 3 [23], and the existence of a pseudo-gap
has been derived from photoemission and inverse photoemission data [241.
However, the spectra shown in Fig. 4 may possibly result from the
existence of several phases at the surface and a metallic phase with x = 3.
Further studies of the surface structure and their relationship to bulk
properties in AxC 6o are necessary.

In the metallic, intermediate-doped sample there is a considerable
broadening of the HOMO (hl,)- and the (hg, gg)-derived bands compared to
the undoped case, The occupied part of the LUMO-derived bands is also
broad: assuming half-filing this yields a total LUMO width of -2 eV
which is considerably larger than expected from band structure
calculations. In the fully doped case, the widths of the LUMO- and HOMO-
derived bands are 1.2 ano 1.3 eV, respectively. These are similar to the
values expected from band structure calculations and very close to those of
the undoped case.

There are several possible explanations for the broadening of the
bands in the half-filled case. As a result of electron-phonon coupling, there
may be a Jahn-Teller-like distortion of the C atoms within the C6o
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Fig. 5 a) Low-energy loss function measured by EELS for Rb.C 6o.
b) C is absorption edges for RbxC 6o measured by EELS.

molecule, leading to a splitting of the molecular orbitals as a function of
the filling of the LUMO level [25]. Calculations have been performed in
the framework of a Su-Schrieffer-Heeger model leading to a maximal
splitting of the molecular levels by some tenths of an eV for x =3 and a
complete degeneracy for x = 0 and x = 6. In addition, the HOMO-LUMO
gap is considerably reduced for x = 6 in agreement with the experiment,
which gives a value for the separation of the HOMO-LUMO maxima of
1.6eV. On the other hand, the anomalous broadening of the bands for
intermediate x values could also be explained by correlation effects on the
C sites. These cannot be ruled out as a consequence of the narrow
bandwidth of the n bands and the large correlation energy, U, of 1.6 eV
[23]. Finally, although surface degradation or a mixing of different phases
at the surface seems unlikely, it cannot be dismissed at this stage.

Similar photoemission results have been obtained in this laboratory
for the doping of C60 with Rb. In contrast, preliminary investigations of
the Cs-C6 o system were unable to observe a clear Fermi edge, indicating
an absence of metallic behaviour at the surface at any doping level.

In Fig.5a we show the loss function of RbxC 6o for x = 0, 3 and 6, and in
Fig. 5b the C Is absorption edges of the same samples. In the loss function
for x=3, the gap is filled with two transitions at 0.5eV and 1.2eV. The
0.5eV peak is assigned to a plasmon caused by an intraband transition
within the LUMO-derived conduction bands. The second peak at 1.2eV is
assigned to a transition between the partially filled LUMO-derived bands
and the next group of n* bands derived from the molecular tjg level. Due
to the complete filling of the conduction bands, the lower energy peak has
disappeared for x= 6 and the peak at 1.2eV has increased in intensity. The
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Fig. 6. C is absorption edges measured by EELS for RbxC7o. The cu'rves
are labelled with x.

data shown in Fig. 5a are qualitatively in agreement with recent
calculations of the loss function [ 10]. It is interesting to note that on going
from x = 0 to x = 6 the peak at 3.6eV moves to 2.9eV. This again indicates a
shrinking of the energy difference between n and n:x bands. This may be a
result of a lowering of the dimerization in the doped case compared to the
undoped case (where n electrons are localized in the bonds connecting the
pentagons). This result is in agreement with theoretical calculations
[25,26].

Neglecting core hole effects, the C is absorption edges shown in Fig.
5b represent the density of unoccupied states of the Rb-doped Cro fulleride.
They clearly illustrate the progressive filling of the LUMO with doping.
This is manifest in the systematic reduction of the first peak, which
results from transitions from the C is level to unoccupied LUMO states.
The chemical shift of the C Is core level on doping results in the shift of
the spectra to lower energies with increasing doping. A considerable
broadening of the ls-nrl transitions is observed for x=3. This may be
explained in terms of Jahn-Teller-like distortions such as were mentioned
in the discussion of the photoemission data of Fig. 4.

Moving once again to the higher fulleride, Fig. 6 shows C is
absorption edges for RbxC7o for x= 0, 3, and 6. The results are similar to
those of Rb.C6o and once again indicate the gradual filling of the LUMO-
derived states on successive Rb doping. Similar C is chemical shifts are
observed as well as broadening of the spectral structure for the half-doped,
x = 3 fulleride.
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5. Summary

The main result of the present investigation is the observation that upon
n-type doping of both C6 0 and C 70 there is a filling of the conduction bands.
In C6 0 for x = 3, whilst the EELS data are consistent with half filling of the
conduction band and a metallic state, the photoemission results are more
difficult to interpret within such a simple picture. For x = 6, these bands
are completely filled leading again to an insulating state. However, for
both fullerites the changes of the electronic structure are not rigid-band
like. There is a reduction of the energy difference between n and n" bands
due to a reduction in the dimerization with increasing x. At half-filling
there may also be a Jahn-Teller-like splitting of the molecular n levels
leading to a broadening of n bands in the solid.
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X-Ray Absorption Study of Iodine-Doped C60
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Abstract: X-ray absorption spectroscopy at the iodine L.,III - thresholds was applied to
study the structural and chemical properties of iodine-dopcd C6o. The studies were
performed on a system of the chemical composition C60I3.66 prepared by gas-phase
reaction. Both the iodine ILl, - EXAFS and the I1 - XANES prove the molecular form of
the iodine as 12 , modified by an increase in the intramolecular bond length upon
intercalation. The derived chemical properties are similar to that of graphite intercalation
compounds formed with halogen molecules.

1. Introduction

The carbon molecule C6o, known as Buckminster-Fullerene, has been recognized as a
third form of carbon beside diamond and graphite [1]. Among the fascinating properties of
these molecules in their condensed form, when doped with alkali metals like K or Rb, is
the appearance of superconductivity. K3C60 and Rb3C6o exhibit T. values of 18 K and 28
K, respectively [21, In many repects the doped C60 systems have similarities with graphite
intercalation compounds, where donor systems (e.g. KC8, RbC8) with Tc values below 1 K
and acceptor systems (with acceptor molecules like SbF6 " and SbCI6" or halogen molecules
like Br 2, IBr, ICI) without superconducting properties exist. Interestingly, there were
reports of the occurance of superconductivity around 60 K in iodine-doped C60 [3]. This
prompted us to investigate the structural and chemical properties of iodine-doped C6.
applying x-ray absorption spectroscopy at the LI- and LInn-thresholds of iodine. We shall
discuss the results of this investigation in comparison with our previous studies of halogen-
intercalated graphites [4,5] and conducting polymers [6].

2. Sample Preparation and Experimental Details

The samples were prepared from highly purified C60 and elemental iodine at
temperatures between 510 K and 580 K. An elemental analysis yielded a chemical
composition of C6013.66. The system, named C60(I2)2 in the following, was also studied by
x-ray diffraction (XRD) and exhibits a single-phase diffractogramme with a crystal
symmetry lower than cubic [7]. The sample was encapsulated in a vacuum-tight absorber
holder equipped with Be windows and investigated at both the iodine L1 - and lI,-
thresholds in the temperature range 11 K - 300 K. As reference system served (BEDT-
T'rF)213 in its cs-phase (non-superconducting) and 6-phase (superconducting). It contains
linear 13" acceptor molecules whose intramolecular spacings are well known [8]. The
measurements were performed at the EXAFS-II beamline of HASYLAB (DESY,
Hamburg) employing a Si(111) double crystal monochromator and a focusing mirror.
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3. Results and Discussion

Fig. 1 shows a typical I-LIiw EXAFS spectrum and its Fourier transform. Only one
defined distance is observed, with a value typical for an intramolecular 1-1 distance. The
usual EXAFS analysis yielded a distance, dr.! , of 2.78(1) A, independent of temperature
(see Fig. 2). The temperature dependence of a?, i.e. the variance of di., is also shown.
This parameter is constant up to 60 K and shows then an increase with temperature. This
behaviour can be fitted with a model assuming one eigenfrequency for the iodine system
(Einstein model) [9]. The EXAFS analysis of the 13" anion in the reference system,
(BEDT-ITF)2 13 , yielded a value for d,-, of 2.94(1) A, which is typical for an 13" anion and
in agreement with known structural data [8]. The EXAFS analysis yielded also a
considerable lower nearest-neighbour number for iodine-doped C60 than for (BEDT-
TTF)2 13. Together with the above value of d,.,, this points to the existence of molecular 12
in the C60 lattice. The 12 molecules experience an increase of the intramolecular bond
length, The present value, d. 1 = 2.78 A, is larger than those of gaseous 12 and solid 12 with
2.666 A and 2.715 A, respectively.

These findings are confirmed by the near-edge structure (XANES) of the L.-
threshold. Fig. 3 shows spectra of C60(1 2)2 and of 13" in BEDT-TTF. Iodine Li-spectra of
halogen molecules exhibit a dominant pre-edge peak, which is called c*-resonance due to
the 2s-5p transitions into the unoccupied and antibonding molecular orbitals with 0-
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Fig.: I-Lill EXAFS (top) and Fourier transforms (bottom) of C60(I 2)2
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symmetry. It is known from our previous investigatlioai uf various h4logen systems that the
energy separation between the dominant pre-edge peak and the edge, labelled with A and

B in Fig. 3, is inversely proportional to the intramolecular bond length [101. Using this
correlation, one derives a bondlength of 2.75(5) A, in agreement with the (more precise)

EXAFS results. Beside the energy separation A-B, the height of the a'-resonance contains
information about the chemical properties of the halogen system, since it is (roughly)
proportional to the number of holes in the 5p shell. This number is I per iodine for an 12
molecule and, averaged, 0.66 for an 13 anion. From the analysis of the L,-spectra shown in
Fig. 3, we obtain r = 1.47(5) for the ratio of the (normalized) areas of the a*-resonances
of 12 in C6o and 13 in BEDT-TTF, in agreement with the expected value of r = 1.5.

The value of the intramolecular bond length of iodine in C6o, d1_1 = 2.78 A,
determined directly in this study, is in sharp contrast with the value d,., = 2.53 A, deduced
from an XRD study of C6013 [11]. The crystallographic space group reported in Ref. 11 is,
in our opinion, not compatible with the local symmetry of the intercalated 12 molecules.
These questions will be discussed in detail in a forthcoming paper [7].
The present finding that molecular iodine is present in the C60 matrix parallels with
previous investigations of the inter-halogen molecules ICI and IBr intercalated into
graphite. X-ray absorption and Mdssbauer studies prove that only molecular species are
present in these acceptor systems [4,5]. After intercalation the ICI and IBr molecules
exhibit an increase in molecular bond lengths of 0.05 to 0.10 A, respectively, in comparison
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with their solid phases, which compares well with the present observations. The iodine
positions were found to be in registry with the carbon hexagons, as reflected by defined I-C
distances in the Fourier transform of the iodine III-EXAFS [4,10]. The absence of such
well-defined I-C distances in the present system is easily explained by the multitude of
possible I-C distances in the C60(12)2 system. This "incommensurate" position of iodine
with respect to C neighbours leads to an averaging and thus extinction of the EXAFS
amplitude. Similar observations were made in previous EXAFS investigations of iodine
acceptor molecules (13", 15) inserted; o polyacetylene [61.

It is interesting to compare the ciiarge transfer in systems as different as conducting
polymers (with iodine-doped polyacetylene as best example) and radical-anion salts like
(BEDT-TTF) 213 on the one hand and halogen-graphites and iodine-doped C60 on the
other hand. In the first case the charge transfer is determined by the relative number of
acceptor anions. In the latter case, however, the charge transfer per halogen molecule is
much smaller than for an anion and, to our opinion, better described as a charge
redistribution within the overlapping ?r-orbital systems of the halogen molecules on the
one hand and and the carbon planes or C6O molecules on the other hand. The electronic
properties of the C60 molecules are much less modified by the intercalation of iodine
molecules than by the intercalation of alkali metals. This was also proven by a variety of
other spectroscopic investigations of the present sample [7]. C6,(I2)2 remains insulating
and in a chemically stable state.

One should finally comment on the superconducting properties. First of all, the
speculations reported in Ref. 3 have been withdrawn. Secondly, a susceptibility study of
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the sample down to 1.5 K did not give any evidence for such a behaviour [71, in agreement

with Refs. 11 and 12. Finally, since the charge transfer is very small and there are no hole
carriers, superconductivity is not expected to occur at all in C6,(12)2.

This work was supported by the BMFT (Project Nr. 05 5PPACB) and the DFG (Sfb-
337, TP B2).
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Abstract. In situ optical and infrared transmission measurements are reported for
K.Cw0 (0 _< z _< 6). From a fit of the absorption spectra for the three stable phases C60,
K3 CN0 and KBC6 0 to a Kramers-Heisenberg DF a definite assignment of the electronic
transitions was found, in excellent agreement with LHS and LDA calculations. In the
infrared region the electronic background and the shift of the 4 Txu modes with doping

were studied. The strongest shift was observed for the T 1. mode at 1428 cm-1

1 Introduction

In the doping process of CmG alkali metal atoms are accommodated on octahedral and
tetrahedral lattice sites which leeds to a metallic phase M3CG0 with fcc crystal structure
[1] and, for further doping, to a semiconducting phase MGCW0 with a bcc lattice [2]. The
electronic structure of the neutral compound was investigated in detail by spectroscopic
techniques like optical absorption, resonance Raman, photoemission, inverse photoemis-
sion, and electron energy-loss spectroscopy [3].

We report detailed measurements of optical absorption in the spectral range between
0.5 and 6 eV for KC.0 in a continuous doping range 0 < I < 6. The obtained spectra
were analysed using a Kramers-Heisenberg dielectric response function [4]. In addition we
performed in situ potassium doping experiments in the infrared region to get information
about the change of the electronic background and about the the 4 infrared active Tju
modes with increasing potassium concentration.

2 Experimental

Smooth films from purified C"0 with a thickness of 0.4 1 were sublimated on a quartz
slide for optical transmission measurements and films with a thickness of 0.5 IA were
sublimated on a Si wafer for infrared transmission spectroscopy. Four electrical contacts
were provided on the quartz for a van der Pauw conductivity measurement during the
doping process. Doping in the HITACHI UV-vis spectrometer was performed in situ in a

quartz tube by slowly evaporating metallic K in a dynamical vacuum of 2- 10- Pa. After
each doping step the heater current was switched off until quasiequilibrium for the van
der Pauw voltage was obtained. The doping process in the IR was done in situ in a home

made IR cell inserted in a BRUKER 66V spectrometer by evaporating K in a dynamical

vacuum of 1. 10-1 Pa. The transmission spectra of the Coo coated Si wafer was measured
in the range of 5000 to 400 cm-1 with a resolution of 0.5 cm-.

3 Results

Fig.1 shows the absorption spectra of a Co0 film in the neutral, K3CsO and KsC. 0 state.
The spectra were analysed by using a Kramers Heisenberg dielectric function. Since
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Fig. 1: Absorbance of a pure

- Measurement Cso film and C0 o doped to
.Fit, the stable phases KsCso and

KsCs0 compared to an oscil-

. lator fit.
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0 50 Fig. 2: Absorption spectra around 1.3 eV
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the exact value plotted from the spectrometer is -Ln(T), this was calculated for several
electronic oscillators of the DF. The oscillators were selected from the spectrum by visual
inspection. The dotted line is the result of this fit. No free carrier contribution was
considered for this spectral range. For e" a value of 4 was used.The interferences of the
quartz plate were corrected selfconsistently. Details for the change of the structures in the
absorption spectra can be directly correlated to results from band structure calculations.

Several characteristic and well expressed changes in the spectra can be observed with
increasing doping. Above 3.5 eV the characteristic features of the spectra for the doped
material are broadened and slightly shifted rather than that peaks disappear or new peaks
are created. The strong absorption peak at 3.5 eV is strongly bleached throughout the
full doping process. In the spectral range between 2 and 2.7 eV a general broad increase of
the absorption is observed and finally a strong peak at 2.7 eV appears. Most interesting
changes appear on the low energy end of the spectrum as shown in detail in Fig.2. Around
1.3 eV a strong line with a characteristic shoulder grows continuously with doping but
shifts discontinuously to lower energies at the transition from K3 to Ks. At still lower
energies the absorbance increases first with increasing doping until the K3 state is reached
and decreases for continuing doping.
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Below 0.5 eV the change of the spectra with doping was studied in the FTIR spec-

trometer. The background transmission of the coated Si waver decreased strongly as the

concentration of K3Cso is increased. This is shown in Fig.3 (a), (b). Finally, for doping
to KsCeo the background transmission increases again.

The response of the infrared active T 1. modes is remarkable. In Fig.3 (a) the change

of the T 1,, mode at 1428 cm-1 is shown. With increasing doping (decreasing resistance)

the oscillator strength of the mode decreases and a new mode at 1362 cm- 1 appears.
This mode is characteristic for the K3CGO phase. Finally, for the KsC.0 state the mode

arrives at 1342 cm-' . This behavior proves the phase separation between Coo, KsC.0
and KGCw0 because there is no continuous line shift for this mode. There is however, a

slight shift of the TI, mode of K3C6o between 1370cm- 1 and 1362cm-' . Interestingly, in

the pristine material we also observe the infraredactive part of the oxygen contaminated

A, pinch mode at 1462 cm-1 and the IR active part of the A, pinch mode in K3Cs0 at

1442 cm-i .
The T1., mode at 1182 cm- 1 is not shifted with doping. Fig.3 (b) shows the shift of

the two low energy T 1. modes. The line at 527 cm' is shifted very strongly between the

pristine Cs0 and KsCOO. The position of the mode in K3CGO can not be observed as the

oscillator strength is below the resulution limit. The second mode at 577 cm-1 shows a

simiar behavior as the A, pinch mode in the Raman spectra [51. It shifts linear with the
valency of the charged Ceo n.olecules as summarized in TaLl.

4 Discussion

The optical absorption spectrum for the neutral material and the doped material can be

easily identified by comparison with LDA bandstructure calculations. The discrepancy
for the assignment in the case of the neutral material concerns the position of the first
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allowed transition. Whereas originally the strong peak in the absorption at 3.5 eV was
considered as the first allowed (h., -- tl,) transition more recent experiments suggest
that this transition corresponds to the small peak around 2.7 eV. Since all features in
the spectra for the doped systems are straightforwardly explained for this assignment
the present results strongly support that the first allowed transition is at 2.7 eV. In this
notation the strong increase of the oscillator strength at 1.3 eV is due to the lowest energy
(ti. -- tl,) transition from the doping induced population in the tfl level 14).

The IR experiments clearly demonstrate a phase separation between the three stable
phases similar to observations by Raman spectroscopy 151. In Tab.I the observed positions
of the infrared active Ts, modes together with the linestift per charge are listed.

Tab.l: Positions of the T1, modes of the three stable phases C6o, K3 Cwo and KsCw0 .

Mode hr. CW K3Cw KeC 0  Anv/charge
M cm-[] [cm'] [cm-'] [cm-' /EQ]

1 527 - 467 10
2 577 571 565 2 (linear)
3 1182 1182 1182 0
4 1428 1362 1342 14 (not linear)

The observed modes for the KsC 0o are in very good agreement with results presentated
by H.J. Choi et. al. [6]. In various theoretical analyses [6,7] it is concluded that a strong
line shift of vibrational modes is correlated to a strong electron phonon coupling. Thus
these modes may contribute preferably to the pairing mechanism of superconductivity.
The slight shift of the T1. mode of K3 C6 o with the highest energy between 1370 cm-' and
1362cm-' with increasing K concentration may be explained by a cluster size effect of
the K3 CG0 phase or by small deviations from stochiometric conditions. The strength of
the IR active mode at 1462cm- 1 strongly depends on the preparation.

Acknowledgement. Work supported by the FFWF, project P8172.
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Abstract. The giant infrared activity observed in A6 C60 (A=K, Rb) by Fu et al. is interpreted as being

due to a classic charged-phonon effect in which the Tlu molecular vibration modes of C60 acquire

electronic oscillator strength via coupling to virtual tlu---tlg clectronic transitions. The theory we

introduce for the compounds AXC60 (x = 3, 4, and 6), describes the A6 C60 data extremely well and

enables values of the electron-molecular vibration coupling constants and the unsoftened Tlu frequencies

to be deduced directly from the IR spectra. We note that the Tlu vibrations participatc in the phonon

mechanism of superconductivity in the A3 C6 0 compounds.

Fu et al. [1] have recently measured the infrared (IR) spectrum of A6C60
(A=K, Rb) and find that several of the Tlu infrared-active modes that appear in the

spectrum [21 of undoped crystalline C60 have acquired in the fully doped material
anomalously large oscillator strengths and undergone softening. The oscillator
strength enhancement of two of the modes is of order 102. These giant activities
are associated with the appearance of a new low-lying electronic transition at 1.2
cV. In this paper, we interpret the giant IR activity as being due to a classic
charged-phonon effect [31 in which the Tlu vibrational modes of molecular CO
acquire electronic oscillator strength via coupling to virtual electronic transitions
between the C60 tlu and tlg molecular orbitals. t4] For weak electron-molecular-
vibration (EMV) coupling, the theory we introduce to describe this effect predicts
for the compounds A.C 60 (x = 3, 4, and 6) that the softening of the TIu modes is
proportional to x, but that the integrated oscillator strength of their absorption
bands is proportional to the square of x. The theory, which describes the A6C60
data extremely well, enables the values of the dimensionless EMV coupling
constants and the unsoftened tlu frequencies of C60 x to be deduced directly from

the IR spectra. The charged-phonon effect therefore yields key experimental data
for testing theoretical calculations of the electronic and vibrational structure of
ionic C50, as well as providing a monitor of the charge state of the C60 molecule in
doped fullerenes. [5] Since the Tt, vibrations enter the longitudinal dielectric

constant they participate in the phonon mechanism of superconductivity in the
A3C60 compounds.

The charged phonon effect, or the borrowing of electronic oscillator strength
by a vibrational mode from an electronic transition to which the mode has become
coupled, is well known in physical chemistry [6] and in the physics of low-
dimensional solids [7], where the conditions required to produce the coupling often
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arise from symmetry-breaking effects.[3, 81 In discussing its theory for the AC 60

compounds we will introduce, in the present paper, four simplifying assumptions.
First, we take the widths of the electronic bands in AXC6o to be zero. In this limit x

electrons occupy the three-fold degenerate ti, molecular orbitals of each C6o ion,

while the higher lying tlg orbitals remain empty in the ground state

configuration. (4] Electron energy loss and solution spectroscopy studies 191
indicate that the tlu-tlg transition energy l wOe - 1.2 eV for x = 3, x = 6, and x=l.

Second, we assume that the tju-- 4 tjg transition dipole moment couples only to C60

molecular vibrations whose displacements cause electronic polarization of the
molecule. The latter are the Ttu modes, the only IR active modes [101 of C60. We
note that in icosahedral symmetry, tIU X tjg = Au + Tu + Hu so that this coupling

is indeed a symmetry allowed coupling. Third, we will, for x * 0, assume that the
intrinsic IR activity of the uncoupled T1 , modes is very weak by comparison to
that which arises from the charged-phonon effect, and, consequently, will ignore it.
A Feynman diagram illustrating the basic effect is drawn in Fig. 1. Fourth, we will
work within the framework of a one-electron picture. Consequently, our theoretical
description ignores explicit effects of electron-electron interactions on the spectral
transitions. It will be interesting to see from future experiments the extent to which
such effects could alter the dependencies on x that we find in the one-electron
description.

Under these assumptions the frequency-dependent conductivity 0(w) due to
the t t--*tjg transition and the accompanying "charging" of the T1 u modes may be
immediately written down on the basis of a standard formula: [3]

o(wo) = -icoNIX (wo) + ,xX (a)) X(wo) D (0o)} ())
ph

where, in the present context, X(w)=xa(wo 2/(%oC 2-ýw2-il-jo), is the electronic

polarizability of the C6 0-x ion contributed by the tu,---tlg transitions,

'"((o)=X(co)/X(O), and Dph(co) is the composite phonon propagator

Dph-1(to)=D0-1(a)) - xXX(o) in which

D (0O) = I (Xn(o 2/k)/(on2 - (02 - icor) (2)

In Eq. (2) con denotes the frequency of the n-th T1 u molecular vibration

(n = 1, -- , 4) of the C6 0ox ion in the absence of the coupling of this mode to

tlu--)tlg transitions. X. is the dimensionless EMV coupling constant specifying the
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strength of the latter's coupling to the electronic transition, while X=EnXn is the
total EMV coupling constant. N denotes the number of C60 ions per unit volume

and ox is the static tl,-->t,, electronic polarizability per added electron. r. and 1n

are the widths of the uncoupled electronic and vibrational excitations, respectively.
It is readily seen from Eqs. (1) and (2) that the total static tlu---tlg polarizability of

the C60-x ion, Xtot(O), is enhanced by EMV coupling according to
Xtot( 0) = oax/(l-xX). Evidently, the C6 0-X cage is stable provided that xk< I.

The second term of Eq. (1) describes the IR absorption by the charged T1u

modes. For o, 2 << 0oe2, and in the limit that rn/0on-- 0, their frequencies !Q are
determined by the solutions of

1 -xX Do(QŽ) = 0, (3)

while the integrated oscillator strengths (1OS) of their absorption bands are given
by

S(O) = fn dox I (to) = (nNoW/2X) (1/(d 2D0(O/d 0o)2o ) (4)

For weak total EMV coupling, i.e., for xX, << 1, Eqs. (3) and (4) lead to
2_ 2 xn2(l-xn) and S(Q,) = (0r2)Nooan x2 3On2 . Thus, for weak EMV

coupling, the phonon softening On-O)n -xXnwO/2, is proportional to x, but the

integrated oscillator strength is proportional to x2. The latter result contrasts with

the x dependence of the IOS of the electronic transition S, = (7rt2)Nacxoe 2 which
is proportional to x. It also contrasts with the situation in doped conjugated

polymers where the IOS's of the charged phonon bands of solitons [8] and
polarons [ 111 Sn=(7d2)NaXXOn 2 are proportional to the dopant concentration x.
This different behavior reflects the property that for the doped fullerene problem

the effective electron-phonon coupling constant is xXA rather than Xn since x
electrons couple to the same phonon mode. For the soliton or polaron in a
conjugated polymer the phonon mode couples to the charge of a single electron.
We note that the charge, e*n, acquired by the mode On is proportional to x,

specifically, e*, = x(XnKna)1/ 2, where KY denotes the fo:ce constant of the
unperturbed Tl,1 mode.

More generally, for arbitrary xX, both f and S(Q) are functions of all the
values of X, and wo,. The latter quantities are fundamental physical constants of

C6o-x and their experimental values are desirable. In fact, their experimental values

may be obtained simply by solving Eqs. (3) and (4) for Xn and (on in terms of the

directly measured values of 92 and S(Q). The value of ot in Eq. (4) may be obtained
experimentally from the observed IOS of the tiu---tg transition. The charged-
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Fig. 2. Fit of Eq. (1) (full curve) to the converted conductivity data (circles) of Fu
et al.'
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Fig. 3. Fit of Eq. (1) (full curve) to the converted conductivity data (circles) of Fu

et aL 1 in the region of the Tiu frequencies.

phonon effect, therefore, offers the means of yielding key experimental data for
testing theoretical computations of the electronic and vibrational structure of ionic
C60 . The effect has, indeed, been similarly used in the past, in the development of

the low dimensional metals based on the organic charge transfer salts. [12] For the
present materials, the testing of theoretical calculations of {Xn] would be of
particular interest.

The IR spectrum of Fu et al., converted from absorbance A to
conductivity data via the relation A=(al/41rc)d, is shown in Figs. 2 and 3. A fit of

Eq. (1) to this spectrum is equivalent to an experimental determination of all the
unknown parameters in Eq. (1). The electronic band centered at 1.2 eV exhibits a

shoulder at hto( =0.7 eV, and we model this feature as an additional, weak,

electronic transition (with parameters a', wo,,, r'd in the electronic polarizability

X(o). A least squares fit of Eq. (1) to the data is shown in Figs. 2 and 3 as the
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Table 1. Values of the dimensionless EMV coupling constants Xn and unsoftened TlU vibrational

frequencies on of C6 0 -6 as deduced from the data of Fu et aL on the basis of Eq. (1). ilndenote the

observed T, u frequencies in K6C60.

n an (cm-1) (on (cm-') nx102

1 467 476 0.43
2 565 612 4.2
3 1182 1186 0.07
4 1342 1411 2.9

continuous curve. The determined electronic parameters are oa - (0.30/4itN),
toe=9500 cm-1, Fe=3600 cm-1, and oc'-- (0.07/4ntN), 'e= 5548 cm"1, r'e=2600 cm-
1. The values determined for Xn and on are tabulated in Table I together with the

corresponding observed values of fn" The widths Fn were found to be F, - 6 cmr-

for all n. It is seen that the theory provides an excellent fit of the data.
It is seen from Table I that while the individual coupling constants are

small, their sum, X, = 7.6x10-2, is sufficiently large to lead to a significant static
total EMV coupling xA = 0.46 for x = 6. Thus, EMV coupling le'ids to a
considerable enhancement of the static tlu,----tlg polarizability, Xtot(O)/X(O) = 1.85.

The two modes tJ2 = 612 cm"1 and o 4 = 1411 cm-1 are the strongest coupled
modes with the former more strongly coupled than the latter. The lOS of the higher
frequency mode is larger than that of the lower frequency mode, however, since
S(f2n)~Xn)On 2 . Since the modes (o1 and (02 lie close in frequency, the EMV

coupling induces significant repulsion between them. Thus Q, and L12 appear
more, and less softened, respectively, than the softening that their respective
coupling constants would imply were the modes isolated modes.

We note that since the charged Tlu vibrations enter the longitudinal dielectric
constant they will participate in the phonon mechanism of superconductivity in the
metallic x=3 compounds. In this respect the T1 u modes behave as optical phonons,
coupling to the conduction electrons via the long-range Coulomb interaction. Until
now, couplings of the conduction electrons to the C60 Raman-active H. and A
vibrations have been considered [13-16] to be the only C60 EMV couplings
relevant to superconductivity.

Finally, we mention that we have performed microscopic calculations of the
IR activity of the C60-6 ion employing a tight binding (SSH) model

Hamiltonian.1[171 These calculations confirm that although the tlu---) tig transitions

also couple to the Au and Hu vibrations, only the Tlu modes actually enter Y(o)).
The large enhancement of the Tlu IOS's are also confirmed but the two strongest

coupled modes are found to be wi3 and (o4 instead of (02 and (o4. Details of these
calculations will be reported elsewhere.
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Van der Waals Cohesion and Plasmon Excitations
in C60 Fullerite

Ph. Lambin and A.A. Lucas
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Abstract. The Van der Waals cohesive energy of C60 fullerite is evaluated from
the zero-point energy of multipole plasmons fluctuating on the highly-polarizable
Bucky balls. These hollow molecules are treated as dielectric shells. The shell
material is an isotropic continuum with a dielectric function designed to exhibit
the plasmon resonances observed in other forms of solid carbon in the ultraviolet.

1. Introduction

Since the development of a method for producing weighable quantities of C60
molecules [1], the question has been raised whether collective electronic
excitations in these giant, quasi-spherical hollow molecules could be detected by
experimental techniques (2]. There are now clear evidences from, e.g., photo-
ionization [3] and electron-energy-loss spectroscopy (EELS) 141 testifying to the
existence of plasma oscillations in C60. This is briefly discussed below.

In the solid phase, the fullerene molecules are packed together by Van der
Waals interactions, which have often been estimated by summing inter-cluster C-
C pair potentials [5]. In the present paper, by contrast, the Van der Waals
attraction in C60 fullerite is constructed from the more fundamental point of view
of fluctuating multipoles [61. The starting point in the present description of the
cohesion is a set of equations that we now derive giving the excitation energies of
collective electron oscillations in coupled C60 clusters.

2. Van der Waals Attraction and Coupled Plasmons in Fullerite

The basic ingredient in the following formulation of Van der Waals cohesion is
the collective response of the valence electrons of C60 to an external potential of
the form ALr/YL(r)e-iwt, with YL a usual spherical harmonics and L = (1,m).
The potential induced outside the polarized molecule satisfies Laplace's equation
and a spherical-harmonics component of it can be written as BLrIU- yL(hje-iwt.

A multipole plasmon excitation develops a macroscopic potential of this sort.
For a collection of N molecules, the potential around site I at r, set up by the
multipole plasmons fluctuating on the other molecules is

-I' I A
B Irr I YL,(r-rJ) e =

Ir-rI/YL(r-r) SL,L(rJ-rI)()
L Ir L( JA U 2(21+1) J,L'
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where the coefficients SL,L', which only depend on the geometrical vectors
rj-ri, come from an addition formula for the spherical harmonics [7]. The right-
hand side of e4. (1) identifies with a sum over L of excitation terms having the
form assumed above, AiLlr-rjllYL(rArI)e-iwt. In a linear-response theory, AI,L
= -BI,L/al(0), where al(o) is a dynamical multipole polarizability, and one is left
with a set of equations for the amplitudes B of the fluctuating multipole fields:

~21+1 BL + I SLL.(rj-rl)BjL'=0, I,J= 1, 2...N. (2)

at2(o) 2 JAl

The non-trivial solutions of these equations correspond to the coupled plasmons
of the system, whose frequencies are the roots of the secular equation. For an
isolated molecule (N=I), the eigenfrequencies coincide with the poles of the
polarizability functions al(o). The Van der Waals cohesion is the change in zero-
point energy 7 hAo/2N, where the Aw's are frequency shifts brought about by
coupling the plasmons fields, and the sum is over all the polarization modes of the
N molecules.

In a crystal, the amplitudes B of the fluctuating multipoles satisfy Bloch's
theorem. The solutions of eq. (2) obtained in this way are called polarization
waves, a concept that has first been applied to rare-gas solids [81 with the sole
dipole terms (1=1). For C60 fullerite, higher multipole contributions must be
included because of the large size of the molecules [9].

3. A Dielectric Shell Model

As a simple model of the electronic response of C60, we consider a spherical shell
(see Fig. 1) with inner and outer radii aI and a2. We take aI = 2.7 and a2 = 4.4 A,
which average to the radius of the carbon cage. By contrast with the
hydrodynamic model of ref. [2], where the electrons were confined on a two-
dimensional surface, the thickness of the shell is finite in the present approach
(1.7 A = half the interlayer spacing of graphite). We envision that the shell is
composed of a continuous medium characterized by the dielectric function

I 0)2 3 O
+ T + 4 Q )- (0 2 (3)

having two oscillators associated to collective n-n- and a-o* electronic transitions.
The resonant frequencies con and coo are taken from the dielectric properties of
graphite : 5 and 15 eV, respectively [10], and hop = 32 eV. In eq. (3), the -.- o
1:3 between the oscillator strengths of the n and a resonances reflects the same
ratio between the numbers of n and o electronic bands.

The polarizability of the dielectric shell is easily derived at any order [91:

1(1 -p)1(1+l )E+1] 21+1
cal(w) = (C-1) [(l+1)e+1][It+I+l I - 1(I+l)pj(E-l)2 a2  P1 = (aI/a2)21+1 . (4)
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Fig. 1, The UV absorption cross sections of C60 (full curve) and C70 (dashed
curve) have been computed for the spherical or spheroidal dielectric shells
represented above, where the dots visualize the positions of the carbon atoms.

The dipole polarizability is of particular interest since its imaginary part is
related to the light absorption coefficient. For this particular application, we have
generalized the 1=1 expression of eq. (4) to a hollow spheroid, having in mind the
shape of C70. The boundaries of the C70 dielectric shell are confocal ellipsoids of
revolution (see Fig. 1) with length 2ai and diameter 2bi, where i=1 or 2 refers to
the internal or the external surface, respectively. The dipole polarizability is

P-I nl+(l-nl)F - p n2+(l-n2)E1 2 alb2
Oal(o)=-T [n1+(l-nIj)r[--n2+n2:I - pn2("-n2)(E-1) 2 a21½ , - (5)

In this expression, ni and n2 are the depolarization coefficients of the inner and
outer spheroidal surfaces : for a field parallel or perpendicular to the axis of
revolution of a prolate ellipsoid with eccentricity e, n//= (1-e2 )(tanh-le-e)/e3

or n-L = (1-nh')/2. For a spherical shell, nI = n2 = 1/3 in any direction.
The same dielectric function (eq. 3) has been used to describe the dipolar

activity of C60 and C70 in the UV, assuming that the volume of the dielectric shell
for C70 represents 70/60 of that of C60 . Another geometrical constraint for the
model C70 molecule is that the focal points of the inner and outer surfaces
coincide with the ones of the ellipsoid that best fit the carbon frame I ll). Taking
finally for b2-bl the thickness of the spherical shell used for C60, the following
parameters were obtained: al = 3.69, bI = 2.86, a2 = 5.12 and b2 = 4.56 A.

The static polarizability of C60 deduced from the geometrical and dielectric
parameters of the model is 64.8 A3, reproducing a quantum-mechanical result
1121. For C70 , eq. (5) yields ct&/(0) = 85.8 and t(0) = 76.1 A3. The UV absorp-
tion cross sections aa(W) = 4nto/c Im[Trai(wo)/3j of C60 and C70 are compared in
Fig. 1. The peak at 7 eV is due to the nt plasmon and could possibly correspond to
the absorption line observed experimer,:ally at 5.8 eV [13]. The broad structure
around 20 eV well reproduces the giant Mie resonance recorded in the photo-
ionization spectra of both molecules [31 and predicted by quantum-mechanical
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calculations [14). There is in Fig. 1 a secondary a absorption peak at 32 eV. This
mode as a direct consequence of the hollow structure and the sharp discontinuities
of the electron density at the boundaries of the molecular shell models [9].

4. Polarization Waves in C6 0 Fullerite

Using the expression (4) of the polarizability, the eigenfrequencies of coupled
plasma oscillations in fullerite can be determined by solving eq. (2) for Bloch
wave amplitudes B. Fig. 2 illustrates the dispersion curves of polarization waves
in a fcc crystal of C60 molecules. The dashed lines have been obtained at the
dipole level (1=1) : there are six modes per molecule (three dipole components
for each of the inner and outer surface polarizations) and twice as many
frequency branches arising from the two poles in the dielectric function.
Collective t-nt- excitations yield narrow polarization bands around 7 eV. The
dashed curves at higher frequencies derive from the slow and fast a dipole modes
that led to the absorption peaks at 21 and 32 eV in Fig. 1. Including higher
multipoles markedly affects the polarization band structure, as shown by the full
curves in Fig. 2 that represent coupled a plasmon waves developed at the octopole
level (1=3). Signatures of coupled it and o plasmons have been detected by EELS
in the form of a narrow peak at 6.3 eV and a broad structure around 28 eV [4].

Van der Waals attraction is the consequence of lowering the zero-point energy
of the (quantized) plasma oscillations on the interacting molecules. The zero-
point energy shift AE has been computed from the polarization-wave band
structure of C60 . For both the fcc and hcp structures with the nearest-neighbor
center-to-center distance fixed at 10.04 A, the dielectric model of Sect. 3 yields
AE = -2.1 eV/molecule. This value, to which a repulsive potential should be
added, is consistent with the observed heat of sublimation of about 1.7 eV per C60
molecule. In the Van der Waals attraction, the dipole plasmons alone contribute
-0.3 eV/molecule. With 1=3, AE = -1.3 and values of I as high as 7 are required
to reach -2.0 eV/molecule. Higher multipole terms contribute little to the

313

25

20

r X W L r K,U X

Fig. 2. Dispersion curves of dipole (dashed curves) and multipole (1!3, full
curves) polarization waves in a fcc crystal (afcc = 14.2 A) of C60 molecules.
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cohesion. This is fortunate for the present approach since rapid variations of the
polarization charges, such as realized with I = 10 or more (the number of atom
along a circumference), require a fully microscopic description.
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Fullerene Field-Effect Transistors
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Abstract. Undoped Cso and Cao/f o fullerenes have been used as the active material
in thin-film field-effect transistors (FET). All FETs turned out to be n-channel devices
operating in the accumulation mode with a field-effect mobility around 10' cm 2/Vs. The
conductance-activation energy is a function of the gate voltage. Like in amorphous silicon
localized states have a strong influence on the transport properties. These localized states
can either originate from disorder or from a self-trapping of the induced carriers in the
fullerene.

1. Introduction

The crystalline form of Coo covers conductivity ranges from semiconducting to metallic
and even superconducting [i]. Undoped Cao is a semiconductor with a direct energy gap,
E,. Calculations [2], measurements of conductivity [3] and UV-visible absorption [2] give
values around 2 eV for E,. This paper presents a field-effect transistor utilizing fullcrencs.
FET structures can be used to study the basic transport properties [4,5]. In systems like
amorphous semiconductors the density of states around the Fermi energy can be investi-
gated [61. The field-effect mobility p can be obtained from the initial linear region of the
current-voltage characteristics. The drain current for VDS < (VG-VT) is typically written
in the form [4]

ID (W . C / L) [(VG-VT) VDsJ

W and L are the channel width and length, C the gate oxide capacitancc, VG, VDs and
Vr are the gate, drain and threshold voltages, respectively.
In addition to the described basic information obtainable from FETs these systems may
be intercsting from a technological point of view as a possible application of fullerenes in
sensor technology.

2. Experimental

A schematic cross-section of the FET is shown in Fig.l. The insulator is 300 nm sili-
con dioxide thermally grown on a highly doped n-type silicon wafer. The drain and source
electrodes were made by evaporation of chromium (20 nm) and gold (30 nrm) using photo-
lithographic techniques. The electrodes were fingershaped with a seperation L of 5 pm and
an effective channel width W ýj, 8 c-u. TUe ful•eren, iidma were prepared by evaporating
chromatographically purified Cao or a mixture of C6o and CTo at 400raC in dynamical vac-
uum of 2x10- Pa for several hours. The film thicknesses were 80 nm and 120 nm. The
current-voltage characteristics were measured using a HP4142B parameter analyzer.
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Source Drain Fig. : Cross section of the fullcrene

"FET structure.

~72 iuUercoc Au
Cr

13+.si (Gate)

3. Results and Discussion

The Current-voltage characteristics of a C6o/C7 o transistor at various gate voltages (0,
30, 40, 50, 60 V) is shown in Fig.2. The conductivity without applying a gate voltage is
vcry low. When an appropriate positive voltage V9 is applied, the current ID increases
which indicates that an accumulation layer is formed near the fullerene/insulator interface.
The drain current turned out to be a function of time for nonzero gatcvoltages. At 295 K
it decreases in 50 s towards a value, which is about one sixth of the initial current. The
measurement time v.as optimized to minimize the effect of this phenomenon.
A change of ID with the time has been observed earlier in Poly(alkylthiophene) transistors
[7]. It is even larger in fullerene films and can be related to diffusion of charged molecules
in the strong electric field or trapping phenomena at the fullerene-oxide interface.
Even with high negative voltages no signs for an inversion mode operation could be found.
FETs with a film of pure Ceo have qualitatively similar ID-VDS characteristics. The drain
current is also increasing by applying a positive voltage.
Since ID is increasing by applying a positive VC, all transistors are n-channel devices. The
field-effect mobility obtained from the linear region of the 10-VNs-characteristics is not a
constant, but a function of Va. It decreases from ;: 5x10- cm 2/Vs to -_ 5x10- 4 cm 2/Vs
when Vc is varied from 0 V to 100 V. This behavior shows that the electrons accumulated
in the fullerene film have, in contrast to normal crystalline semiconductors, more than one
possible state having different charge transport properties.
A is of the same order of magnitude as in conjugated polymers like polyacetylene or poly-
(alkylthiophene) [5], but considerably lower than in a-Si:f (I cm 2/Vs) 161 or crystalline
semiconductors (103 cm 2/Vs) [4]. The low mobility could originate from a self trapping of
the induced carriers, as it is well known from conducting polymers. The main caxriers in
slightly doped Cw0 might be localized polarons and bipolarons, as it was recently proposed

[8].

60 V

-4

'2.5

E3 +/40 V

30 V
o J0 n. .. .. .. .. .. .. .. 0 V

0 1 2 3 4 5 6 7 8 9 10
V.5z) (V)

Fig.2: The Gurrent-voltage characteristics of a Cew/CGr transistor with a 120 nm COi/C70
film at various gate voltages (0, 30, 40, 50, 60 V) measured at 295 K.
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Fig.3: Drain current versus l/T for different. gate voltages (VG=0,20,30,..., 90, 100 V) and
a constant VDS= 2 V for a COO/Cr0 film of 120 um.

Fig.4: Activation energy versus gate voltage obtained from Fig.3.

An estimation for the carrier concentration for zero gate voltage gives -_ 5x1OlS cm- 3 ,
when a p of 5x10-7 cm 2 /Vs is used. The n-type character of the pristine fullerene may

originate from structural defects or residual solvents. Undoped conducting polymers arc

normally p-type [5,7], whereas undoped amorphous silicon or germanium is n-type [6]. In

this rcspect fullcrenes resemble to amorphous semiconductors.

The drain current turned out to be strongly temperature dependent. Experimental results
are shown in Fig. 3. From the nearly linear behavior in the logarithmic plot an activation

energy E. can be obtained:

G=Go exp (-E./kT) G=ID/VDs

G is the conductance and Go the conductance prefactor. E. turned out to be a func-

tion of the gate voltage as one can see in Fig.4. It is decreasing with increasing VG and

saturates towards a minimum value of ;, 0.14 eV. This behaviour can be attributed to the

existence of band tail states, as it is known from a-Si [9]. The saturation value of E. can be

interpreted as the penetration depth of the conduction band states into the gap. Another

possible interpretation is a relation to the polaron hopping energy, if electronic transport
is dominated by polarons.

The Meyer-Nelddl rule for the conductance prefactor was checked and found to be obeyed.

This rule has been observed in all kinds of disordered materials (a-Si or a-Ge) for different

properties (conductivity, thermoelectric power etc.) and is generally regarded as an intrin

sic property [6,9]. This shows again the strong resemblance of fullerencs to amorphous Si.

4. Conclusions

Fullerenes can be used as the active material in field-effect transistors. The electrical

properties show a strong resemblance to a-Si. The carriers are found to be n-type. Lo-

calizcd states play an important role in the electronic conduction. The performances of
fullerene FETs may be improved by epitaxial growth or Langmuir-I3lodgett techniques.
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High-Resolution Electron Energy Loss Spectroscopy
of Thin C60 Films

G. Gensterblum, J.J. Pireaux, P.A. Thiry, R. Caudano, Ph. Laiubi,
and A.A. Lucas
LISE-LPS, FUNDP, 61 rue de Bruxelles, B-5'0O Namur, Belgium

Abstract. The elementary excitations of C60 thin films deposited on Si(100) have
been studied by high resolution electron energy loss spectroscopy. The spectrum
extending from the far IR to the far VUV has been investigated. Many spectral
features are comparable to earlier observations by photon, photoelectron, and
neutron spectroscopies but several new molecular excitations are revealed.

1. Introduction.

The fullerene discovery [1] and the development of a technique for producing
sizeable quantities of the C60 prototype have stimulated intense experimental and
theoretical works. The excitement became even bigger after the discovery of
superconductivity in alkali-metal doped C60 films [3]. The explanation of the origin
of superconductivity in these systems necessitates a thorough understanding of the
vibational and electronic structure of the undoped system.

In this study we report on spectroscopic results on C60 obtained by high
resolution electron energy loss spectroscopy (HREELS). We have detected 10 of
the 46 vibrational modes in the infrared and 19 bound-bound and bound-free
electronic resonances from 1.5 to 30 eV. In particular, we have observed two new
features at energies lower than any features ever observed by other electron
spectroscopies. They can be attributed to excitons and polarons. We further argue
that a single molecule can support collective electron oscillations, similar to those
of graphite, whose quanta occur at 6.3 eV for the n electrons (X-plasmons) and
around 28 eV for the complete valence shell (cr-plasmons).

2. Experimental.

The fullerene powder was provided by W. Kr~tschmer. The powder which
contained approximately 85% C60 and 15% C70 was then sublimed in UHV at
about 3000C onto a clean surface of Si(100) at room temperature. The deposition
rate was about 4, per minute. The thickness of the deposited film was estimated
with a quartz crystal oscillator to be about 60A. The HREELS spectra were recorded
with a commercial electron energy loss spectrometer (ISA-Riber).

3. Experimental Results.

3.1 Infrared.

Fig. I shows the energy losses in the infrared range. There are four outstanding
peaks at 66, 94, 156 and 194 meV and six weaker bands or shoulders. The 66 meV
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band correlates very well with two of the four Tju dipole active modes at 526 and
576 cm-1 [4] which are to close to be resolved here. The other three strong bands
correlate better with dipole inactive, Raman [4] or Neutron lines [5].

One should expect that the dipole active modes make a larger contribution to
the loss spectrum than the impact modes. However due to the high symmetry of the
C60 molecule, the dipoles induced by the vibrational modes are very weak. The
strongest dipole mode at 526 cm 1 responsible for the band at 66 meV has an
oscillator strength of only 0.07 compared to normal values of about unity [6). The
strength of the two weakest Tiu modes at 1183 and 1430 cm- 1 is even 20 times
smaller. Under such circumstances the cross section for impact scattering becomes
comparable to the dipole scattering one and it is not astonishing that the spectrum
is mainly composed of impact scattering events. Furthermore this effect is
enhanced by the observation that the surface is disordered: the dipole scattered
electrons are no longer confined in a narrow lobe around the specular direction but
are scattered nearly isotropically in all directions by the surface roughness. The
disordered structure of the films is in fact demonstrated by different observations.
First, there is no LEED pattern. Second, the off-specular elastic and inelastic
intensities were not very different from the specular ones. If the film were ordered
the off-specular spectrum would exclude the dipole scattering intensities and at
least the 66 meV peak intensity should strongly decrease, which it did not.

3.2 Visible-Ultraviolet.

Fig.2 shows a spectrum taken with a primary energy of 10 eV and a resolution of
0.04 eV. The electronic gap in the excitation spectrum is followed by a clear peak at
1.55 eV and a weaker structure at 1.72 eV, which had never been observed by any
other electron [7] or photoelectron [8] spectroscopy. The assignment of these two
structures to the fullerenes (and not to residual solvent) was confirmed by repeating
the experiment on chromatographically purified C60. Only recently similar
structures were reported in the photoluminescence spectra of C60 [9] and were
assigned to excitons or polarons. The first strong peak at 2.2 eV corresponds to a
transition across the fundamental gap between HOMO- and LUMO derived states.

The HREELS visible-UV spectrum shown in Fig. 3 comprises several further
peaks or shoulders up to 7 eV. The strong peaks of nearly constant intensity (with
respect to the primary energy) at 3.7 eV and 4.8 eV as well as the nearby weaker
structures represent impact excited single electron x-n" transitions. The strong peak
at 4.8 eV together with the 6.3 eV shouldered band form the familiar "camel
back" structure so characteristic of the C60 absorption spectrum [10]. The energy
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dependance of the intensity of the peak at 6.3 eV indicates the dipole nature of the

excitation mechanism. In fact, in the case of dipole interaction the width of the
dipole lobe increases with decreasing energy, so that at low primary energy most of
the inelastically scattered electrons miss the narrow spectrometer aperture. When
the energy increases the dipole lobe shrinks down into the spectrometer aperture
and the intensity increases. By comparison with the value of the X-plasmon in
crystalline graphite (7 eV) the peak at 6.3 eV can then be interpreted as the
quantum of the collective excitation in the molecular n-electron subsystem. A more
detailed discussion is given in reference [11].

3.3 Vacuum Ultraviolet.

Moving to the VUV region, two spectra taken with primary electron energies of 70
and 150 eV are shown in Fig. 4, Following the "camel back" structure, the first peak
at 7.6 eV correlates very well with the lowest ionization energy of the C60 molecule
[12]. The next five peaks reflect x-oo and a-a" one-electron transitions of the
N-electron system. They compare to similar structures in the UPS spectra, but do
not exactly coincide with the UPS lines which measure the occupied density of
states of the N-I electron system.

The broad peak around 28 eV is identified as a collective excitation by the
sensitivity of its intensity to the primary energy. A similar feature appears as a strong
shake up satellite of the XPS Cls core line [81 and has also been observed in
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transmission EELS [71. It is interpreted as due to the excitation of multipolar
".. -plasmons" (essentially the 1=1 modes), the quanta of collective motions of the
entire 240 electrons of the molecular valence shell. The molecular character of the
collective excitation was further confirmed by the detection of a giant optical
resonance around 21 eV in the photoionization spectra of C60 [13]. In the fullerite,
this resonance is blue shifted by solid state effects and appears at 28 eV in EELS.

References

(11 H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F. Curl, and R.E. Smalley, Nature 318,
162 (1985).
[2] W. KrAtschmer, LOD. Lamb, K. Fostiropoulos, and D.R. Huffman, Nature 347, 354
(1990).
[3] A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, Q.W. Murphy, S.H. Glarum, T.T.M.
Palstra, A.P. Ramirez, and A.R. Kortan, Nature 350, 600 (1991).
[4] D.S. Bethune, G. Meijer, W.C. Tang, H.J. Rosen, W.G. Golden, H. Seki, C.A.
Brown, and M.S. Devries, Chem. Phys. Let., 179, 183 (1991).
[5] R.L. Cappelletti, J.R.D. Copley, W.A. Kamitakahara, Fand Li, J.S. Lannin, and D.
Ramage, Phys. Rev. Lett. 66, 3261 (1991).
[61 G. Gensterblum, Li-Ming Yu, J.J. Pireaux, P.A. Thiry, R. Caudano, Ph. Lambin,
A.A. Lucas, W. Kratschmer, and J.E. Fischer, J. Phys. Chem. Solid Surf. (in press).
[7] E. Sohmen, J. Fink, and W. Kr~tschmer, Europhys. Lett. 17, 51 (1992).
[8] J.H. Weaver, J.L. Martins, T. Komeda, Y. Chen, T.R. Ohno, G.H. Kroll, N. Troullier,
R.E. Haufler, and R.E. Smalley, Phys. Rev. Letters 66, 1741 (1991).
[9] P.A. Lane, L.S. Swanson, Q.-X. Ni, J. Shinar, J.P. Engel, T.J. Barton, and L.
Jones, Phys. Rev. Lett. 68, 887 (1992).
[101 W. Kr~tschmer, K. Fostiropoulos and D.R. Huffman, Chem. Phys. Lett. 170,
167 (1990).
[11) G. Gensterblum, J.J. Pireaux, P.A. Thiry, R. Caudano, J.P. Vigneron, Ph.
Lambin, A.A. Lucas, and W. Kr~tschmer, Phys. Rev. Lett. 67, 2171 (1991).
[12] D.L. Lichtenberger, K.W. Nebesny, Ch.D. Ray, D.R. Huffman and L.D. Lamb,
Chem. Phys. Lett. 176, 203 (1991).
[-13] I.V. Vertel, H. Steger, J. de Vries, B. Weisser, C. Menizel, B. Kamke, and W.
Kamnke, Phys. Rev. Lett. 68, 784 (1992).

519



Electronic Structure of Alkali-Metal Doped C60 :
Dependence of the Fermi-Level Densities
of States on the Lattice Parameter

R.P. Gupta1 and M. Gupta 2

1Section de Recherches de Mdtallurgie Physique, Centre d'Etudes
de Saclay, F-91191 Gif-sur-Yvette Cedex, France

2 1nstitut des Sciences des Matdriaux, UA 446 du CNRS,
Bit. 415, Universit6 de Paris-Sud, F-91405 Orsay, France

Abstract : Since the discovery of superconductivity in the alkali metal doped
Fullerenes A3 C60 (where A is an alkali atom), it is known that the critical
temperature Tc depends strongly on the size of the alkali atom. Tc increases with the
increasing size of the atom. There is simultaneously an increase in the lattice
parameter. It has generally been assumed that this increase in the lattice parameter
results in an increase in the densities of states at the Fermi level which in turn leads
to an increase in Tc. We present the results of our electronic structure calculations
for A3 C60 as a function of lattice parameter. Our calculations show that the
densities of states in this compound are highly structured in the vicinity of the
Fermi level, and vary strongly as a function of lattice parameter. As a result the
value of N(EF) cannot be scaled in a simple manner with the lattice parameter. This
result casts a serious doubt on the assumed direct relationship between T, and the
densities of states in these compounds.

The recent discovery [11 of superconductivity in the alkali-doped C60 has generated
an intense interest in understanding the mechanisms responsible for
superconductivity in these molecular crystals. The crystal structure of these
compounds is established to be face-centered-cubic (fcc) in which the alkali metal
atoms occupy the interstitial sites (see Fig. 1). The maximum Tc is obtained when
both octahedral and tetrahedral sites are fully occupied. In fact the compounds are
superconducting only when large alkali atoms K, Rb, Cs (or their combinations) are
used and efforts to induce superconductivity by Li or Na dol ing have not been
successful so far.

It has been observed [2] that the Tc increases monotonically with the
increasing size of the alkali atom which also results in an increase in the lattice
parameter of the unit cell. Within the BCS theory of superconductivity, where Tc is
directly related to the value of the densities of states N(EF) at the Fermi level, this
increase in Tc has been interpreted [21 as resulting directly from an increase in the
N(EF) due to a narrowing of the bands at the Fermi level with the increase in the
lattice parameter. In this paper the results of our electronic structure calculations are
presented where we have studied the dependence of N(EF) on the lattice parameter.
Our calculations show that the densities of states in the vicinity of the Fermi level
are highly structured and this renders the simple scaling of the N(EF) with the lattice
parameter hazardous.

A C60 cluster is formed of a truncated icosahedron and consists of twenty
hexagons and twelve pentagons as in a football. There are two different types of
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Fig. 1: Crystal structure of K3C60
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Fig. 2 : Densities of states (states/eV-molecule) of K3C60 with the lattice parameter
a = 14.20 A.

bonds within this cluster ; one constituting the pentagons, and the other shared by
two hexagons. These bonds differ only slightly in length in an actual crystal. In this
paper we have assumed them to be identical in length (1.42 A) which gives us a
cluster with an ideal icosahedral symmetry. The C60 clusters are placed on the fcc
lattice in a manner so that each cluster has twelve equivalent nearest neighbours. In
this case each crystal axis of the fcc lattice bisects a bond shared by two hexagons.
With this choice two orientations of the C60 clusters are possible due to their
icosahedral symmetry. Recent experiments [3] have suggested that the C60 clusters
are rotating rapidly at room temperature, and that there is an orientational disorder in
the fcc lattice. This disorder has been ignored in the present calculations.

Our electronic structure calculations were performed using the linear
combination of atomic orbitals (LCAO) method. The parameters for these
calculations were taken from the work of Tomanek and Schluter [4] on carbon
clusters. The densities of states (DOS) were calculated using the accurate tetrahedron
method from - 6000 tetrahedrons in the Brillouin zone, and are shown in Fig. 2 for
the lattice parameter a = 14.20 Awhich corresponds to the lattice parameter for
K3C60. These DOS are in excellent agreement with those reported earlier by several
authors [5, 61. The band gap between the highest occupied valence band and the
conduction band is found to be direct at the point X in the Brillouin zone with a
value Eg = 1.318 eV. We have assumed in our calculations that the alkali atom acts
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Table I : Variation of the band gap Eg and the densities of states N(EF) (in
states/eV-molecule) at the Fermi level EF as a function of lattice parameter a in
A3C60 (A = an alkali atom). The last column shows the Gaussian broadened
densities of states at EF with the broadening parameter a = 0.05 eV.

a (A) Eg (eV) N(EF) Gaussian
broadened N(EF)

14.00 1.467 38.6 31.2
14.10 1.452 25.1 23.8
14.20 1.318 15.1 13.9
14.30 1 A24 12.3 14.2
14.40 1.456 13.5 14.9
14.50 1,485 14.7 15.9

essentially as an electron donor which simply pushes the Fermi level EF in the
conduction band. The Fermi level so obtained for K3C60 is also shown in Fig. 2;
all energies in this Figure are measured relative to the Fermi energy.

Fig. 2 shows that there is substantial structure in the densities of states in the
vicinity of the Fermi level. The Fermi level for this value of the lattice parameter
falls in a rapidly varying portion of the densities of states. The structure found in
this calculation is similar to the one which was found by Erwin and Pickett [5]. We
obtain a value of N(EF) = 15.1 states/eV-molccule at a = 14.2 A, which is also in
good agreement with the value obtained by these authors. Similar calculations were
performed for several lattice parameters in order to find the variation of N(EF) as a
function of the lattice parameter a. These results are summarized in Table I. This
Table shows that N(EF) does not increase monotically as a function of the lattice
parameter. A minimum in N(EF) occurs at a = 14.3 A and away from this value the
DOS increases. The increase in N(EF) away from this lattice parameter as one
increases the lattice parameter would apparently be in agreement with the increase in
Tc. It is, however, known [71 that under pressure there is a considerable decrease in
T.. Zhou et al. [8] found that at a pressure of 28 kbar the Tc in K3C60 decreases to
6 K while the lattice parameter decreases to 13.9 A. They interpreted this result in
terms of a decrease in N(EF) due to a decrease in the lattice parameter. Table I
shows that this assumption is not correct, since N(EF) increases as the lattice
parameter a decreases.

Of course, the value cf N(EF) can be very sensitive to the structure of the
peaks and the position of EF. This structure can be affected by orientational disorder
which exists in these compounds. We have included this effect approximately by
broadening the DOS with a Gaussian with a broadening parameter a = 0.05 eV. The
values of N(EF) are somewhat affected and the minimum in N(EF) now occurs at
a = 14.2 A. However, the general conclusions remain unchanged.

In summary, our calculations have shown that N(EF) is not a monotonically
varying function of the lattice parameter a. The change in a affects the
intermolecular interaction which in turn affect all molecular orbitals. The structure
in the DOS in the vicinity of the Fermi level is determined by this cooperative
interaction and cannot be a priori predicted without a detailed calculation of the
electronic structure.
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