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Preface

The [nternational 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
meeungs were dedicated 6 issucs 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-T¢ 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-T¢
superconductivity, have taken on a new significance in the light of the discovery
of superconducting C¢ 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-T¢ 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-T¢ superconductors and the prepa-
ration of thin-film high-T¢ cuprates. The discussion session was devoted to the
topic of spin and charge separation in high-T¢ 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-Army 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, Herrn J.R. Jurgeit, and
his staff for their continuous support and for their patience with the many special
arrangements required during the meeting.

Vienna H. Nuzmany
Stuttgart M. Mehring
Karlsruhe J. Fiuk

October 1992
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High-Temperature Superconductors in 1992
Welcome Address

K.A. Miiller

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

Much to my regret, a serious illness prevented me from attending the 1990
Kirchberg workshop. ‘Thercfore I am all the more gratcful to the organizers,
Profs. H. Kuzmany, M. Mechring and Dr. J. Fink for renewing their
invitation to attend this promising workshop on “LClectronic Properties of
High Temperature Superconductors,” thc scopc of which is described as
follows:

The winterschool will be focused on clectronic propertics of high
temperature  supcrconductors and their  potential  applications.
Particular attention will be paid 1o the anisotropy of the electronic
system, to the influence of defccts and to the clectronic structure in
chains, planes and 3D clusters. The relevance to conductivity,
magnetic and optical propertics including IR, magnetic rcsonance,
Raman scattering, high cnergy spcctroscopy, and in particular to 7
and to supcrconducting fluctuations will be discussed. Oxidic and
carbon superconductors {Cgp) in the ncutral and doped state will be
covered and the status of our present theorctical understanding of the
corresponding systcms will be reviewed.

At the Kanazawa Confcrence in Japan in July of 1991, and more recently
in greater detail at the Nobel Symposium in Géteborg, Sweden, in December
of 1991, I summarized the first five years of the development of the high-77,
superconductors since their discovery. Thercfore, 1 shall not reiterate it here,
as quite a number of you werc present at one or the other of thesc 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 yct understood.
Nevertheless, applications are becoming realizable, as will be presented in the
coursc 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 cssential progress has been made in the past two
years in identifying the nature of these interactions, both on the experimental
as well as the theorctical sidc. In a way, the high-T, situation reminds me of
the critical phenomena ficld in 1970, where the universality hypothesis as
exemplificd by the liquid-to-gas and paramagnetic-to-antiferromagnetic 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 Schncider.
On the theorctical side, the notion of scif-similarity, espccially with the
famous Kadanoff construction in real space, was presented.  Less than two
years clapscd until Wilson’s formulatton of the renormalization thcory and
the diagrams for the evolution of a system towards a fixed point becamc
available, thus determining the cntical propertics ncar a transition. With this
my cxperiments 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. Scicntifically this interplay of experiment and theory was onc
of the most gratifying periods in my scicntific carcer. To this remark 1 attach
the hope that somc of you may in the future cxpericnce similar satisfaction
in the ficld of high- 7, supcrconductivity.

Where have we made progress? Certainly in preparation processes, with
respect to the cpitaxial growth of multilayers. Also, the kind of layers we
generate is becoming increasingly better understood. We arc now in a
position where the morc demanding molecular-beam  chemical  vapor
deposition (MOCVD) and chemical-becam cpitaxy (CBL) techniques arc
mastcrec.  Atomic layer-by-layer growth is now {casible, at lcast in our
laboratory. The influence of the substrates is being actively investigated. In
characterizing the structurcs, we have attained a substantially higher degree of
proficiency. An cxamplc of this will be presented to you in the next lecture.

Our understanding of the electronic propertics, the main scopc of this
winterschool, is much better, both cxperimentally and theorctically. A partial
description of the intcractions occurring in the CuO, plancs has bcen
achicved and morc convergence in understanding thesc cssential mechanisins
appcars to bc imminent. The coupling between the CuO, plancs is also
substantial, both on the supcrconducting multilayers by 2D-to-3D crossover
scaling as well as magnetically by thc presence of antiferromagnetic
correlations along the c-axial direction. On the other hand, a systematic
investigation of the anharmonicity and the isotope cffcct has not yet been
undertaken. This is also the case for experiments on cxcitonic excitations.
The characterization of flux creep and its rclation to high current transport is,
as you will sce, umportant for applications. The use of cupratc
superconductors in microelcctronics and microwave technology is also
making good progress.

Last ycar, the fullerene-bascd high-7, supcrconductors were discovered. It
is amazing how fast they could be characterized  structurally and
clectronically. In this workshop thosc of you who have not been so close to
this ficld will find themselves in a position to obtain comprchensive and
cxpert information. 1 am surc you will greatly cnjoy this workshop and
contribute to its success.
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Charge Dynamics in Metallic CuO; 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, p.,(T)
and the scattering rate I'*(w) increase nearly linearly over wide temperature and
frequency ranges, respectively. The corresponding slopes dp.,/dT and dT'*/dw are
essentially the same for the different compound families even when the optimized T, '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 p,, (T) and
*(w) has been studied in detail recently. A novel power-law dependence
pap = TH%%! was observed from 4K to ~1000K in overdoped La, g4 Srg 34 CuOQy.

1. Intreduction

Understanding the normal state charge and spin dynamics of cuprates is closely tied 10
an explanation of high temperature superconductivity!!! 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.[?~7! This may not
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, planes as the carrier concentration is systematically
vhanged by chemical means. We shall demonstrate, using up-to-date results, the great
quantitative similarity among the various structural families despite the much different
T.’s, and highlight the most unusual charge dynamics in the metallic "overdoped,” but
not superconducting composition range.

2. In-Plane Resistivity p,, (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. ¥/ Now
that crystals of good quality exist for several compounds, a quantitative comparison of
the in-plane resistivity p,, is revealing. In Fig. 1, p, is shown for Bi2201,
YBa,; Cu3; 07 (123 O7), La; gsSrg.15 CuQy4 214 LSCO), and Bi2212. (See €.g. Refs, [9-
13]). Besides the remarkably similar magnitude and T-dependence of py,, one also
observes deviations from linearity, albeit on a fine scale, mainly close to T, duc to
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Fig. 1 Temperature dependence of the in-plane resistivity pap measurcd on crystals of various
cupraie supcrconductors.

superconducting fluctuation effects, and at highest temperaturcs. When these py,
curves are converted to py, 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 Laj g5 Srg.35 CuO4.113! In good quality samples, there is no indication of flattening of
P (T) at low temperatures, which is particularly well expressed in Bi2201 with T, s
below 10K. These nearly-linear p,,(T) curves are only obscrved 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 lincar over an extended T
range and change in a characteristic way. A recent result witl be discussed below. We
should add that p,, (T) vill not follow the near-lincar T dependence when structural
elements other than the CuO; layers also contribute metallic conduction. This is most
cleurly visible in compounds with metallic double-chains, such as YBa; Cus Og (124 or
248) or Y;BayCuy0p5 (247), where p,, (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.[14:13]

A point of further research will be the in-plane anisotropy, i.c. p, vs. pp. It
will be interesting to separate the effects of orthorhombicity from the contributions due
to the chains, particularly in the best crystals of 123.U6:171 Systematic studics 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,{14-18-191

The near-lincar in-plane resistivities are conveniently parameterized by the
slope of dp,,/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)uQcm/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
T.. The close similarity is striking considering the different phonon spectra in these
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compounds and also the greatly varying degree of crystal imperfections, suggesting
that scattering by phonons and defects is not dominating p,;, (T).

Also included in Fig. 2 arc 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 T.’s. The squares are results from optically determined p(w,T),
extrapolated to w=0. (In the same set of data, the agreement between the optical and
dc measurements was confirmed for the samples with T, near 90K).1%%] At this point,
the higher valucs of p(T) in non-optimized samples can be interpreted as either duc 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 6(,T) and pyc (T).

3. Relationship Between Temperature and Frequency Dependence of 6(w,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 o(®,T) at optical
frequencies. Instead of following a simple Drude model with a constant scattering rate
1o that leads to o(w@)~1/w?, the conductivity decreases much more slowly with o,
actually very close to 1/w in the photon energy range up to a fraction of 1eV, Thus, a
generalized Drude model with a frequency dependent t*(w) (or scattering rate I'*(w))
has been widely used to parameterize the measurements.?°-27! Fig. 3 is a summary of
the resulting scattering rate *(w) calculated from o(w), for a sclection of compounds,
including compositions with optimized and non-optimized transition temperaturcs

7
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of them follow a power law " and T" with n=1.5. (See text for refs.)

SCATTERING RATE I'*(eV)
[}
N
{

(T.’s are given next to the curves).[?~2"] After recognizing the strong frequency
dependence of I'*(w) in all compositions, we point to the three nearly linear curves for
Bi2212, 123 O,(T.=93K) and 214 LSCO. Noteworthy is the large energy range over
which this nearly linear increase of I'*(w) is observed, and it is reminiscent of the p(T)
data in Fig. 1. The photon energy scale of 0.4-0.5¢V compares well with the
temperature scale of ~1000K since resistivity measurements probe electronic states in
an energy window around Eg 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 I'*(w, T) that is given either by =kT
(for iw<<kT) or by Bhiw with p=0.5-0.7 for iw>>kT.

For samples with reduced T,, the scattering rate is higher and grows sub-
lincarly with energy. In Y, BagCu;Oy5-,,I*(@) 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.!?’! 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,[20:21.24]

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)
I'*(w) increases nearly linearly with frequency (if T, is optimized); (2) The slope
dT*(w)/dw is 0.5-0.7 and seems to be independent of T, (as long as T, is optimized)
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in analogy to the dp,,/dT values. (3) In both "under” and "overdoped™ crystals, I'*(w)
deviates in a characteristic way from the nearly linear I'* (o).

Fig. 4 summarizes the frequency dependence of I'* in a simplified way by
plotting the slopes in the low cnergy range (0.1-0.2¢V) for the various compounds, as
function of T.. 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 CuO; 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 parily due to increased scattering, in addition to
reduction of carrier concentration.

4. Variation of p,, (T) with Carricr Concentration

While the previous discussions were focused mainlv 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 Lay.,Sr,CuQy4 the
subetitution 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.!">! 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,,(T) with indication of resistivity saturation at the highest
temperatures, and an upturn of p,;, at low temperatures reminiscent of localization. For
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T*((0) o ol 0301

the optimal composition (x=0.15), the near-lincar 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 TS0 over a wide temperature range from 4K to nearly 800K (1000K in
poiycrystals). Even at these high temperatures dp,,/dT keeps 1ncreasing.

In an independent study on different samples, the optical properties of a crvstal
with the same composition (x=0.34) revealed the frequency dependent scattering rate
I'*(w) shown in Fig. 3.1 Up to 0.4eV T*(w) is proportional 10 ©” with n=1.60.1.
The close link between p(T) and T*(w) is thus also demonstrated in the overdoped
range. This T3 power law in overdoped Lay_, S, CuQy 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

TI22011%¥! with different amounts of oxygen excess and on thin films of

Nd; ., Ce, Cu03 %) also show a super-linear p(T)=T" with n approaching ~2, which
was interpreted as a continuous fransition to a Fermi liquid behavior. Those
resistivities, however, were up to an order of magnitude higher than the ones on the
{La,Sr); CuOy film. Tt would be very interesting to measure I'*(w) 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. Summary

Through advances in nuerials preparation and systematic optical and de trunsport
measurements, signiticant progress has been made in clucidating the charge dynamics
in metallic CuQx layers. What had been recognized early as typical tansport
properties of cuprate superconductors is now being put on solid gquantitative footing,
Among the outstunding features is the close correspondeace between the temperiure
dependent in-plane resistivity and the frequency dependent scattering rate over wide
frequency and temperature ranges. This holds true not only for optimal compositions,
but also in the "overdoped” range, where unusual power laws have heen found for
p=T" and M~ @™
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Superconductivity in the Infinite-Layer Phase
Stabilized Under High Pressure

M. Takano, Z. Hirol. and M. Azuma

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

Cupric-oxide superconductors are complex oxides involving counter cations
like rarc-carth and alkaline-carth ions. Counter cations and cupric ions
compromise with each othcr to coexist in a crystal by adjusting their
coordination numbers, bond lengths, and bond angles. Pressure and
temperature evidently influcnce these parameters, and so, depending upon
pressurce 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-carth-copper-oxygen system a new
supcrconductor family with the highest T, of 110K has been found.

1. High Pressure, Why?

All the known cupric oxide superconductors are made of negatively charged
two-dimensional (2D) CuO, sheets and positively charged counter layers
which are stacked alternatively along a crystallographic axis.
Experimentally alkaline-ecarth (A) and rare-carth (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
cocfficients, the lattice matching between the CuQO, sheets and the counter
layers and, therefore, the structural stability would by strongly influenced
by pressure and temperature.

We have studied high-pressure cffects upon complex cupric oxides for
the purpose of finding new compositions and new structures [1]. As a part of
this study we rcport here a new superconductor found in the A-Cu-O system.

2. Infinite-Layer Structure

The ‘infinite-layer’ structureillustrated in Fig. 1a is the simplest structure
containing the CuQO, sheets {2]. At ambient pressure only Ca, Sr,CuO, with
x ~ 0.1 can be stabilized in this structure [2,3], but we found that the
composition range could be widencd at high pressures so that it covered
from Ba, ;Sr,,,CuO, to Ca,,Sr, ,Cu0O, through SrCuQ, [4]. The lattice
constants are plotted against the average A-ion radius (r,) in Fig. 1b. Both
a and c increase as r, increases, while the rate for the ¢ axis is almost three
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Fig. 1 Infinite-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 r,>r; the @ 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 BaCuO,.

There is a chance to inject carriers into the CuQ), sheets where there is
a structural instability. One way to relax the structural instability caused
by large A-ions is to inject excess clectrons into, or reduce, the CuQ, sheets
cnd, thereby, make the Cu-O bond longer. Another way is to partially
remove the large A-ions, or introduce A-ion vacancies, and, thereby, make
r, smailler. These two ways might lead us to finding n-type and p-type
superconductors.

Smith et al. [5] and Er et al. [6] succeeded in preparing an n-type
superconductor Sr;, R CuQ, with R=Nd, La and T_<43K. We recently obtained
(Ca,,Sr), CuO,(y~0.1) with T _up to 110K [7]. Previously we had repaorted
supcrconcfuctivity with T=40~100K in the Ba-Sr-Cu-O system [8,9] 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 [1,10] and it was not possible to
isolate the superconducting phasc. Substitution of Ca®* for Sr** as above
has proved to make it easy.

3. Experimental

Samples were prepared starting from metallic compositions of Ca, Sr:
Cu=1-y : 1 with 04 < x<0.7and 0 < y £ 0.1. Starting oxide powder was
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filled in a gold capsule, pressed almost isostatically up to 6 GPa using a
classical cubic-anvil-typc apparatus, and hcated at 1273 K with a graphite-
sleeve heater under the pressure for 30 min. KCIO, that relcases 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 clectron microscope (SEM) equipped with
an energy-dispersive X-ray analyzer to be free from potassium and chlerine
within experimental error. [t was also confirmed that the Ca : 5r: Cu ratio
was in agreement with the mixing ratio. Magnetic susceptibility was
mceasured for crushed sample powder on cooling in an applied ficld of 10
Oec, and resistance was measured by a usual four terminal method. X-ray
diffraction (XRD), clectron diffraction (ED), and transmission clectron
microscopy (TEM) werc used for a structural characterization.

4. Results and Discussion

Superconductivity was found for the wide Ca : Sr ratio mentioned above, if
the samples were treated with KCIO,. 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, onc 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 < Tum 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 @ = 3.902 A
and ¢ = 3.350 A. Small amounts of CuO (marked with stars) and unknown
phases (marked with open circles) which probably formed as a result of

_ 00+t
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2 n... ﬁ ’1"..’ .....
2 ’ @ !
x . = 3
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T A4 ~ !
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-00‘.. i
0 20 40 60 80 100 120 140 OO 100 200 300

Temperature (K) Temperature (K)

Fig. 2 Temperature dependence of susceptibility (M/H, H=10 Oc) mcasured
for a powdcred sample of (Cay,S1,,);,CuO, on cooling (a) and the
temperature dependence of resistance of the same composition (b).
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Fig. 3 XRD pattern of (Cag,5r,),,CuO, (a) and an ED pattern and the
corresponding HREM image for A = Ca,,Sr,, y = 0.1 (b).

slight veaction 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=0) sample. The broadening is index-dependent, quite
light for (h k 0)'s but serious for (001)'s.
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Typically shown in Fig. 3b arc an ED pattern and the corresponding
high-resolution electron microscopic (HREM) image for a sample with
(x, ¥)=(04, 0.1). The ED pattern is streaked along the ¢* axis, and in the
HREM image “defect” layers occur rather randomly. The randomness
explains both the broadening of the (00/) 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,, 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 ¥=0 is slightly dcfective, because
the temperature of the high-pressure treatment was high enough to drive
the system towards a slightly A-deficient composition {9, 10].

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 clongated intersheet distance of about 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, 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-CuQO,-shect distance is elongated if the
A-ion vacancies are concentrated in the defect layer : The deficiency enhances
the electrostatic repulsion between the negatively charged CuQO, sheets.
We can formulate the defect layer as CuO,/A, ,/CuO, /A, ,/CuO, (y<z),
where & (20) is variable depending upon the atmosphere. The
superconductivity appearing at 6~0 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, R,CuO, and (Ca, Sr), CuO, 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 [1,10].
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Crystal Chemistry and Superconductivity
in M(BalﬁySry)zRECusz

X.Z. Wang and B. Hellebrand

Angcwandte Physik, Johannes-Kepler Universitiit Linz,
A-4040 Linz, Austria

The crystal chemistry and superconductivity have been investigated for
compounds of the type of REBaSrCu:sOx (RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,

Dy, Y, Ho, Er, Tm, Lu) and MAzREC“an-y (M = Nb or Ta, A = Ba or 5r and RE
= Pr or Sm). The powder X-ray diffraction analysis of REBaSrCuaox revealed

a structural phase Lransitiog from tetragonal to orthorhombic, when the
ionic radius of the RE decreases. The MSrZRECuzoa_y compounds

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 [1]. The layers of these structural components are intergrown
with oxide layers such as Ba(Sr}-0, #E-O, Bi-0, and T1-0. 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 REBaSrCuaox(RE =

lLa, Pr, Nd, Sm, Eu, Gd, Dy,Y, Ho, Er, Tm) and MAZRECUZOB-y (M = Nb or Ta, A
Z Ba or Sr and RE = Pr or Sm).

Experimental
The preparation of REBaSrCuaox and MAZRECuZOB_y compounds by solid-state

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

radiation. The instrument was calibrated with silicon powder. The XRD
intensity was measured from 6° to 100° (26) 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 ilodometric
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 1 shows the unit cell volume of different REBaSrCuaox compounds as a

function of ionic radius of the RE°' jon. lonic radil for RE®’ considered
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Fig. 1. Dependence of the unit cell veolume agg the phase formation region
of REBaSrCuaox on the ionic radius of the RE™ 1ion {5]. The abbreviations

denote QO = orthoroh-bic, T = tetragonal, and 2115 = REQBaCuOS .

in this paper were taken from [S5]. The different REBaSrCuaox compounds are
isostructural with YBaZCu307 or similar to it [6]. For RE = Ce and Tb, no

Y-123 phase was formed. For RE = 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, L. = re. o contain the so-called green phase,
REZZBaCuosS , and Ba(Sr)Cu02 as impurities. Samples with ionic radius Fee <

r'Dy show orthorhombic structure, while those with rm: > rDy are tetragonal.

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

ortherhombic phase were obtained, depending on the particular thermal
treatment [7). For single-phase REBaSrCuaox 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 Tc between 54K and 86K, except of RE = Pr, which Iis

semiconducting. Further details on this system have been reported

previously {2, 7, 8). When \’Banzc%o7 is heated to above 1000°C, it

decomposes into YzBaCuo5 and other phases (9]. In the Y-123 structure the

RE® lon is coordinated by 8 oxygen ions, while in REIzBaLCuOs it is

coordinated by only 73‘oxygen ions {10). Thus, 8-fold and 7-fold oxygen
coordination of the RE™ ions competes in these systems. The results shown
in Fig.1, in particular the occurrence of the REzBaCuOs phase observed with
Tep = Te, o may be interpreted along these lines. For the smallest
rare-earth ion, Lua’, 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 formatlion of
REzBaCuO5 , In particular for the compounds with the small radius of the

RE™* ion. It has been reported that in YBaz_xerCu307 the substitution of
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Fig. 2. Crystal structure of MAzRECuZOa ., M= Nbor Ta, A = Ba or Sr and RE

= rare earth.

Ba by Sr is possible only up to about 50 % by standard solid-state
reactions (11]. This cannot be wunderstood 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—Cg planes are buckled {6]. It has been

demonstrated that pulsed-laser deposition permits to fabricate both single
phase LuBaSrCu307 and YBaZ_xerCuBO7 with Sr-content u4p to x = 1.8 in the

form of thin films [12, 13]. These results prove ‘hat it is possible to
stabilize RESPZCU307 at room temperature by special preparation methods. A

mixed valence of Pr has already been discussed for PrBa,ZCu307 {14). The

deviation in the data shown in Fig.a for the.case of Pr are tentatively
ascribed to the presence of both Pr” and Pr ions. We denote algp that
the ionic radius of Sp (rSr 2 1.26 A) is smaller than that of Ba (r‘Ba =

1.42 A) and it is thus closer to the ionic radius of the RE™ ions. Sr has
an electronegativity closer to that of RE ions as well. These
circumstances may cause site mixing between Srz* and lager RE * ions, as
already reported in [2]. This has still to be clarified .

The MSr2RECu208_y and NbBazPrCuZOa’y compounds investigated are single

phase, The oxygen content for MSr SmCu O and NbBa FrCu O as estimated
2 2 8-y 2 2 8~y

from the TG analysis is about y = 0.05., These compounds turn out to have
the same crystal structure as TaBazLaCuzo8 reported in {15, 16]. This

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 M-ions with 6~fold oxygen coordination occupy Cu(1)
sites. Thus, the Cu02-RE-Cu02 layers are retained. The detailed structural
investigation by XRD will be reported in [3]. Fabrication of single-phase
MBazRECuzos-y , except for NbBazPrCUZO8 , was not successful. The XRD

spectra revealed a mixed phase consisting of BazREMO6 and CuO. The
situation is similar to that reported for NbBaZNdCuzo8 (17). The room

temperature resistivities of the different compounds are given in Table 1,
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Table 1
Structural parameters and vresistivities for MAZREC"aoe-y at room

temperature

Compound ah cth placm)
NbSr SmCuO_ 3.877(1) 11.638(1) o8
TasrsmCu0  3.8720)  ilewea) 479
NbSrPrcuo  3.892(1)  iesi@) | o1
Tasrprcug 380 wLtas) o
NbBaPrCuQ  3.950(2)  1Lear(a) saa

All of these compounds show a semiconducting behavior from room temperature
down to 10K. Preliminary results from Hall effect measurements for
MSraRECuzoa_y give a positive hall coefficient which indicates that the

materials are hole conductors. Thus the charge carriers seems to locate in
the double Cu02 layers.
In summary, we have shown that the REBaSrCusox compounds show a

structural phase transition from tetragonal to ortliorhombic when the radius
of the rare-earth lon decreases. These compounds were found to be
superconductoers with T; between 54K and 88K, except of RE = Pr, which is

semiconductor. The MSr RECu O and NbBa PrCu O compounds investigated
2 2 8-y 2 2 8-y

are non-superconductors from room temperature to 10K,
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Superconducting Mixed-Metal Oxide Compounds
of the Type Sr;Lny 5Cep.sMCus0y¢9_5, Ln = Sm,
Eu, M = Mb, Ta

N. Brnicevicl, I. Basicl, P. Planinic!, M. Paljovic!, M. Pozek!,
B. Ravkinl. A. Dulcic!, U. Desnical, D. Desnical, M. Reissner?,
W. Steiner2, M. Forsthuber3, G. Hilscher3, and H. Kirchmayr3

IRudjer Boscovic Institute, Bijenicka 54, 41000 Zagreb, Croatia

2Institut fiir Angewandte und Technische Physik, TU Wien,
A-1040 Wien, Austria

3Institut fiir 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)2MCu2010-,
Ln = Sm, Eu; M = Nb, Ta. Structural, microwave absorption, magnetic and
superconducting properties are reported.

1. Introduction

During the course of our investigations concemning the superconducting
properties in the Sr-(Ln,Ce)-Ta-Cu-O systems, the preparation procedure and
crystal structure of the compound Sr2Ndi1.5Ce0.5TaCu2010-8 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 (CuOS5)
pyramidal planes. Very recently the procedure for the preparation of bulk
superconductivity samples was discovered for Sr2Nd1.5Ce0.sNbCu2010-8 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)2MCu2010-§, Ln = Sm, Eu;
M = Nb, Ta. Their structural and physical properties arc compared with
those of the SraNd1.5Ceo.sSNbCu2010-8 analog.

2. Materials and Methods

The samples were prepared from stoichiometric amounts of SrCO3, Ln203,
(previously fired at 800° C) and freshly dried CeO2, Nb20s (Ta20s) and CuO.
Mixed powders were pelletized and heated to 1000° 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 1100° C for 24
hours, slowly cooled (100°Mh) to 800° C and left at this temperature for 6
hours. Subsequently the specimens were cooled to 630° C and kept in oxygen
atmosphere for 10 hours before fumace cooling to room temperature.
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The X-ray powder diffraction patterns were recorded with a Philips
counter diffraction using Cu Ka radiation whercby the powdered samples
contained Mo powder as an extcrnal 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)2MCu2010-8 superconducting samples. A minor
fraction of supcrconducting phasc was often formed but the superconducting
samples rclated in  their  propertics to  the recently  reported
supcrconducting Sr2Nd1.5Cco.sSNbCu2010-6 were obtained only by the thermal
treatments described above.

A typical X-ray powder diffraction pattern of Sr2Smi.5Ce0.5TaCu2010-8
is presented in Fig. 1. The position of all diffraction lincs is related to
the bodycentercd tctragonal phase found for SraNdi.s5CeosTaCu2010-8 {1]. A
minor fraction of impurity phase with thc main diffraction line located at
20 = 30.05° is duc to the presence of SrmTaOss [3]. The unit cell
parameters are: a = 3.873 R , c = 28.831 & and a = 3868 A, c = 28.828 R
for Sr2Sm1.5Ce0.5TaCu2010-8 and Sr2Eu1.5Ce0.5TaCu2010-§ respectively.

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

¢
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Fig.l: X-ray diffraction pattern of Sr2Sm1.5Cc0.5TaCu2010-6 at room
temperature; reflections labeled with x correspond to the impurity phase.
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Fig.2: AC susceptibility of Sr2Lni1.5Ce05NbCu2010-8, Ln = Eu, Sm as a
function of temperature; the signal is nor- malized to the maximal value at

low temperatures.

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

From the AC susceptibility mcasurements, displayed in figs. 2 and 3, we
estimate the superconducting fraction by comparing the density deduced from
the normalised signal with an assumecd density of 6g/cm™: For both the Ta
and the Nb compounds the Eu samplcs systematically exhibit a larger
superconducting fraction (17 - 25 %) than the Sm samples (7 - 14 %). This
results are in good agreement with DC susceptibility mecasurements where no
saturation of the diamagnctic shiclding signal down to 4.2K was achieved in
a measuring field of 0.16 mT. Furthcrmore thc diamagnetic signal of the Ta
compounds is approximatcly by a factor of two larger than those of the
Nb-compounds. Within a scrics of Nb or Ta compounds the Eu-containing
sample systematically cxhibits a significantly larger diamagnctic signal
than the corresponding Sm sample which is in accordance with the AC
measurements. The superconducting shielding seems mainly to be caused by
intragranular cumrents since the AC susceptibility shows hardly a
dependence upon the AC field amplitude except for Sr2Smi.5Ce0.5TaCu2010.
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Fig.3: Normalized AC susceptibility as a function of tcmpcraturc for
Sr2Ln1.5Ce0.sTaCu2010-§, Ln = Eu, Sm.

This is also in accordance with resistivity measurements which show above
Te a weak semiconducting behaviour with resistivities up to 80 mQcm 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-bascd system at 27 ard 28K
for the Eu and Sm sample, respectively. AC hysteresis measurements at 1kHz
and field amplitudes up to 1500 A/m (1.8 mT) indicate that the
superconducting  fraction is rather homogeneous and that Hel of
Sr2Eut.5Ce0.sNbCu2010 at SK is larger than the field amplitude used.

The hysteresis loops in DC fields up to 7T demonstrate that above 1T the
magnetisation becomes reversible and minor loops on the other hand, point
to very low Het values (fig. 4). For the Nb-containing series the width of
the loops at comparable fields is larger for the Fu 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 hystercsis 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 .
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High-T. Superconductivity: Present Status of Applications
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Abstract: This lecture reviews the present status of applications of high-
T, superconductivity (HTSC). Rather than discussing selecled 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-T. cuprate superconductors are
restricted Lo 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 [1}

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, §, 2A <§ <20A.
In polycrystalline samples, this lcads to weak-link behaviour at the grain
boundaries, with J strongly reduced in compariscn 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 AJem? | and in magnetic
ficlds, is reduced even further. Thus for most applications, ceramic (or
"granular”) HTSCs 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 CuQ; -planes in the most
favourable direction, i.c., parallel to the transport currents.

Epitaxial films are grown on singie-crystalline substrates like Sr'TiOg3
LaAlO3 or Alg03 with matching cuts. Currently, the growth and pro-
cessing procedures for YBCO-films arc the furthest advanced. Various
techniques such as laser ablation, sputtering or MOCVD allow the repro-
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Formula Short hand MaximumT,

REBa,Cus07
(RE ="Rarc Earth” "RE BCO” or "123”
= Y,Eu,Gd,...) 92K (YBCO)

i,Sr+C: ‘ 90K (Bi-2212)
Bi2SryCan 1002014 1 ups000m or Bigzin-n | 122K (Bi-2223)
(+ Pb doping) 90K (Bi-2234)

110K (TI-2212)
TlaBayCa, 1Cun02q,4 | "TBCCO” or "T1-22(n-1)n” | 127 K (T1-2223)
HI9K (T1-2234)

90K (Tl-1212)
11 AsC
ThA2Ca01C0O0 3 oy 150 o 122K (T1-1223)
(A=Sr,Ba) 122K (TI-1234)

110K (T1-1245)

ducible preparation of films with T, > 90 K and J. (77 K, OT) > 10°A/cm?
[2). Meanwhile, high-J; films based on of TI- and Bi-lI'TSCs have been
prepared, but their J.-values are much more sensitive to applied magnetic
fields.

Texturing of HTSC bulk-samples, wires or tapes can be achieved by a
number of methods: for cxample, 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 becn
achieved for YBCO bulk samples, while for future applications in
conductors, tapes or wires containing textured Bi-2212 or Bi-2223
material seem Lo be particularly promising.

2. Applications of Films

Passive microwave devices (filters, delay lines) designed in stripline
technology based on YBCO and T1-2223 thin-films (d < 3000 A) will form
the first HTSC applications [3]. As a result of their clectronic energy gap,
HTSCs exhibit much lower rf-losses than normal conductors, at least in
the frequency range below about 100 GHz. 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 pul up 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 losscs considerably reduced in comparison to
normal conducting modcls of equal size [4]. This is particularly advan-
tageous if highly dircctional antenna arrays are considered. Only
recently, a group antenna consisting of 64 TI-1ITSC 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
applicalions, e.g., as the interconneetls between semiconducting chips in
ultra high-specd 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 H'TSC multi-chip modules.

HTSC thin-films can also form the basis of highly sensitive IR sensors.
Making use of the stcep R(T)-characteristic at the superconducting
transition temperature, T, II'TSC bolometers are the most sensitive IR
detectors in the far infrared, where semiconductors with sufficiently small
encrgy gap are not available. Work on integration of many of such pixels
into position sensitive IR detectlors has already been initiated [5].

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

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

3. Textured Current Leads and Bulk Samples

Regarding the development of 1ITSC current leads, present interest is
focused on Bi-HTSC wires or tapes. lere, the Bi-2212 phase offers
extraordinarily favourable conditions for its use in helium-cooled high-
field magnet coils: with d. (4.2 K, 25 T) = 140,000 A/cm?2, its criticial
current-densily in high magnetic fields surpasses thal of any classical
superconductor (c¢.g., NbTi or Nb3Sn). 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 [7).
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To manufacture such wires or tapes, silver tubes filled with HTSC
powder or silver tapes spread with HTSC 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 magnct coils based on H'TSC materials have
only been "demonstrators” and are without practical use. There is onc
major hurdle which must yet be overcome, and this is the phenomenon of
flux creep. Even in low magnetic ficlds (e.g., self ficld 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-HTSC
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 T1-1223 phase,
magnetic flux can be pinned much more cifectively than in the Bi-based
HTSC so that flux creep sets in only above B ~ 10 1'|9]. In fact, short T1-
1223 wires with J, (77K, 1,5 T) = 8000 A/fecm? huve alrcady been produced
by similar techniques as were developed for the Bi-11TSCs.

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, 1'T) = 30000
A/em2 and J. (717 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/em2) 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
particularly interesting application of superconducting  magnetic
bearings could be their use with energy storing {lywheels.

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 cnergy technology like superconducting
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transformers, gencrators or magnetic energy storage devices, HTSC
materials are presently far from being worth discussing.

4. Josephson Contacts

A number of potential applications for superconductivity results from the
Josephson cffects which occur at two weakly coupled superconductors (the
Josephson contact). The high sensitivity of the de Josephson-current to
magnetic ficlds is exploited in SQUIDs, which are presently by far the
most sensitive delectors 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 Lo prepare Josephson
contacts based on HTSC thin-filins. These are reviewed elsewhere in these
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 [10]. Although not yet
oplimized in sensitivily and noise figure, with its 15 different HTSC and
buffer layers this device represents the state-of-the-art of HTSC 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
clectronics bascd 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 HTSC! 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[11].
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5. Conclusions

Within a remarkably short time, HTSCs 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 turred out to be
unrealizable, at leasl in the near future (this regards in particular energy
technology), the already realized ideas such as SQUIDs, microwave
components or magnetic bearings demonstrate that HTSCs will find wide
applications in future technologies.
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Recent High-T.-SQUID Developments

C. Heiden

Institut fiir Schicht- und lonentechnik, Forschungszentrum Jiilich GmbH,
W-5170 Jiilich, Fed. Rep. of Germany

Abstract. Progress in the preparation of cpitaxial high-T . perovskite films on suitable substrates, their
patterning into microstsuctures, and recent progress in Josephson junction technology v.ing grain boundary
engineering resulted in SQUID magnetometers with attractive noise performance for operation at Liquid
nitrogen temperature. DC- as well as RF-SQUIDs using Josephsen juactions made on artificial step edges
in the substrate surface exhibit a rather low Y/f excess noise. Values well below 10°% ¢ _/MHzY* for the
spectral flux noise at frequencies down to a fraction of 1 Hz, and of the order of several 10~ 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 {T. MH22 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 1) and the feasibility of high-T -SQUIDs {2-7]. The
carly SOUIDs 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 rather pronounced low frequency excess noise.
Equivalent spectral flux noise densities of the order of 10™ ~ 10 (bo fHz at a signat 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. Epitaxiaf film growth on suitable substrates [9,10] as well as
the developement of appropriate micro-patterning methods were necessary steps towards improved
SQUID:s.

2, Grain boundary engineering

Up to now, grain boundaries are the most widely used kind of weak links, whose current-voltage-
characteristics cxhibit 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 [12], and C) the step edge
method [13,14). In method A), the film is deposited epitaxially on a substrate that is madc 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 {11} ted to a significant improvement in noise performance. In method B)
a template (seed fitm) 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 epitaxally 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 {15). Finally, by depositing a
YBa,Cuy05_, -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 90° grain boundaries in the YbCo-film.

3. Fabrication of step edge junctions

Fig. 2 shows a method used to create step edge j ]unctnons [16]. First a metat mask (Nb) is prepared on top of
the substrate. Using Ar Y 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 o a certain extent the surface damage caused by the ion bombardmeat The following epitaxial
deposition of the high-T, film usually is done by laser ablation, the film thickaess being of the orde: of the
step height. In the final procedurc lateral pattemmg is accomplished using low energy {500 ¢V) 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-like behavior, High resolution micrographs show a difference
in the fine structure of the two grain boundaries at the step [17]. It is now established that the critical
currents 1) and 1 5 of the two grain boundaries usually differ significantly i.e. I <<t
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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. {18]. The hole of the washer ranged between 1()0x100;.Lm2 and 3007600;'.:::2 corresponding to a
grometrical SQUID inductance L, between 120 pH and 400 pH. In order to bave a well localized weak link
structure in the superconducting ring produced by the hole, 1wo step edge junctions were created in close
vicinily to each other using a few wm wide trench in the substrate near the rim of the hole. The width of
these step edge junctions usually was 2.0-2.5 um. The outer dimensions of the washer varied between 1,4x1,4
mm” and 8x8mm*. The cpitaxial YBayCuy0, -films were pulsed-laser deposited on 10x10mm? (100)
SrTiO; <ubstrates.

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-toop operation of the SQUIDs. One spectrum is measured at a tank circuit frequency of 20
MHz whercas the other noise spectrum was obtained at a resonance frequency of the tank circuit of 160
MHz. As predicted by theory {19}, the SQUID noise is reduced significantly when usiag the higher
frequency. This is not only true for the white aoise, but also for the low frequency excess noise that becomes
visible only well below 1 Haz.

Due to the flux focussing cffect of the washer geometry, the field sensitivity ca.. assume attractive values
tlow 1 pT/Hz” - In fig. 5, the spectral flux noise is given for different SQUID with L -values between 25
pil and 380 ;EH. Also the spectral field sensitivity for the 190 pH SQUID is shown with a white noise value
of 170 fT/Hz 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 be expected by raising the bias frequency to even higher valucs.
This has been demonstrated by planar microwave biased SQUIDs made of niobium film [20]. 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 achicve adequate coupling. Fig. 6 shows such a structure designed

39




1,4 mm

.
f—
i<
CLd
} 100 u I
s
1
[N LR
k3 S
+
IF
r
. o
27 77

Fig. 3: Washer type of-SQUID using a double step edge junction as weak link. Quter dimensions of up to
8x8 mm” for the flux focussing washer have been used for the most sensitive SQUIDs,

1x1073 5

) 17K

Sx107 :
2200 \\h“wq“%Wf“AﬂNw

1x107% 4
]

Flux noise SZZKDOI Hz)

01 1 10 100
Frequency[Hz]

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 {requency near 3 GHz. It is made of epitaxial YBa,Cuqy0y -film deposited on a 0.5 mm
LaAlO5 substrate on top of a copper ground plane. The resonator is capacitively coupled to a S0 Ohm
coaxial cable leading to the room temperature electronics. The coupling could be varied in order to obtain
the highesy signal output from the SQUID,

in ig. 7, the white flux noise (7il)x10‘S d)O/Hz”2 is shown for the best device, made so far [21}. The low
frequency cxcess 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-SQUID. However the white noise level is still
comparable Lo that for the 160 MHz washer type SQU?DS of similar inductance L _. This result was traced
down to the transfer function dV/d¢, whose value at 77 K was by an order o? magnitude lower than
expected. It ig hoped that this situation can be improved in the near future, such that a white flux noise in
the lower 107 (P /Hz”2 range, or even smaller, will be achicved.

o
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43 DC-SQUIDs

DC—S()l IDs employing step edge junctions also were made recently. Record low values ncar ox10°0
¢0/Hz have been reported for the white flux noise {22] with a crossover to low frequency excess noise of
the order of 1 Hz. With an inductance of the device (5x5 p.mz hole) of 20 pH this correspounds to a speciral
energy resolution of the order of 4x10°7 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 ficld scositivity is
less than that of the aforementioned washer type rf-SQUID, despite its better flux sensitivity.

5. Magnetometers

In order o create magnetometers with high field sensitivity a good ficld 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 (23] This
may already be sufficient to register stronger biomagnetic signals ..xe 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 clectronically 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 shiclded room using the 380 pH RF-SQUID of fig. S.

In principle, higher flux concentration ralios can be achieved using flux transformers with
superconducting coils. These flux transformers have to be well designed in order not to deteriorate the
overall noise performance. The combination of thin film low noise high-’I‘c SQUIDs with fow noise high-Tc
flux transformers undoubtedly will lead to magnetometers, that at 77 K have a field sensitivity coming within
onc order of nmagnitude close to that of conventional helium cooled 1inagnetometers.
Magnetoencephalography therefore should be feasible with high-T " SQUID magnetometers. Acoustically
stimulated brain signals receatly could be made visible with a washer type f-SQUID at 77 K (fig 9) using
signal averaging over 80 individual recordings.

a)
=4
= N\\/‘/\N\J
b) QRS T
p
gl
&
02 sec
_

Fig. 8: Real-time magnetic signal of one male subject’s heart recorded a) using a first order f-SQUID
gradiometer in normal laboratory environment without any magnetic shielding, b) using one channel of the
gradiometer inside a magnetically shielded room (measurement done onc day later at the Institute of
experimental Audiology of the University of Minster, Germany
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Fig. 9: Averaged signal (xB0) of acoustically evoked brain signal. Upper trace: raw data, lower trace: filtered
data.

6. Conclusion

The noise performance obtained with SQUIDs using step edge junctions justifies cxpectations, that
SQUID-magnetometers operated at liquid nitrogen temperatures soon - if not for the most demanding
applications - can replace those made of conventional superconductors which nced lLiquid helium for
cooling. This does not mean however that step edge junctions, or, more gencral, by grain boundaries, will be
the final answer to the quest for low noise high-T . Joscphson juactions. Also the issue of reproducibility
with narrow tolerances for instance may favor a differsat type of junction, e.g. those of the SNS-type (see

[24]).
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Epitaxial YBCO Films on MgO, SrTiO;, Si, and GaAs
by Thermal Coevaporation
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Abstra~*. The technique of thermal coevaporation for the preparation of thin YBa;Cu304
films y.elds excellent superconducting properties and, at the same time, very smooth
surfaces. Scanning tunnelling microscopy (STM) reveals tiny growth spirals with
extremely high density on MgO, and layer-by-layer growth on SrTiOj;. On SrTiO; we
also obscrve very pronounced RHEED-oscillations. The relatively low substrate
temperatures of 600 to 650° C for optimum epitaxial growth allow f:lm preparation also
on semiconductor substrates. On silicon with buffer layers of ytiria stabilized zirconia
{YSZ), we have grown epitaxial films with T¢= 87..89K, j(77K)} = 2.5.106A/cm?,
p(100K) = 4042, and a high degrec of smoothness. Recently we have also succeeded to
grow epitaxial films on GaAs with buffer layers of MgO, with T = 86.8K, j.(77K) =
7:10%A/cm?, and p(100K) = 100uQ2 cm. These values are markedly better than thosc
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 (MTSC) is the materials science. Thin films of HTSC are used in basic rescarch,
e.g. in tunnelling cxperiments and for studies of flux pinning. Applications of thin film
HTSC 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 siandard
substrates like SrTiO;, MgO, Al;03, or LaAlQj, but also on semiconductors. Substrates
such as Si and GaAs allow "super-semi” technology, i.e. a irue 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 cocvaporation technique

At present there are basically four different techniques for the preparation of HTSC films,
namely pulsed laser ablation, sputtering, chemical vapour deposition, and reactive
coevaporation. Among thesc, 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 clectron 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] [2] We are controlling the evaporation rates by a cross-beam quadru-
pole mass spectrometer or, in another system, by quariz crystal monitors. Both methods
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wark 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 encrgy electron diffraction system to study the film growth in situ.[2]

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 !80 ions.[3] The spectra of all three metals are then well separated and can
be directly integrated without fitting. This yiclds an accuracy of about 1% for the content
of each metal.

3. Smooth YBa,Cuj3O; 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.{3] 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 '80-RBS measurement. Therefore we
looked on this flm by STM.P] 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;Cu30; 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 ef al. This would provide
pinning centers for fields up to abouct 1 Tesla. Jo{B) measurements are under way.

On MgQO substrates we obtain always spirals, however small. In contrast, we observe
on S:rTi0Oj3 under suitable conditions layer-by layer growth. This is demonstrated in

i fam

Fig. 1. STM image of a YBa;Cu307 film with ideal stoichiometry on MgO

4%




Y
—

B 2] 240G 1000
“ [r‘m‘] :

Fig. 2. Growth or SrTiOj substrate is layer-by-layer rather than in spirals.
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Fig. 3. RHEED-oscillations confirming layer-by layer-growth on SrTiOj;.
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Fig. 2, again by an STM image. The islands on the dominant surface planc are one unit
ccll high. So this film is ecven 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 urit .l ‘h~ (u.fre is smoothest, cou w.al periodic
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 cbserved 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,;CuO7 films on semiconductor substratcs

Early on we have evaporated YBCO directly onto bare silicon wafers[1]. These films had
fairly high T¢’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 jo = 2.5-106A/cm? 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,. This must have formed after the epitaxy of the YSZ had becn 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 100nm by
treating the YSZ-film with atomic oxygen. The SiO; 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 incvitably 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 beeing 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 SrTiOj;. 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 the arsenic problem. As a conmsequence, the electronic
properties, p{100K) = 500 Qcm and jg = 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 86.8K, and the
maximum j; was 7-105A/cm? We are confident that we can optimize the process further
to obtain the full performance of YBCO known from the standard substrates.

YBa;Cu307

Y20,

—— 20nm

YSZ

a- SiOQ

Si substrate
Fig. 4. TEM image of YBa,Cu;070n Si with YSZ/Y703 bulfer

48




400

= 300 |-

4

200

2

R

Sl

0|||§l|n|||||1lllx|1Jl|x!lll||
0 50 100 150 200 250 300
Temperature (K)
Fig. 5. Resistive transition of epitaxial YBCO on GaAs (a) without and (b)with encasing

5. Conclusion

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; and have high performance also on Si and GaAs substrates.
This work was supported by the Budesminister fiir Forschung und Technologie.
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Abstract. Epitaxial YBaCuO films with (110) orientation (c-axis in plane)
were made by laser depesition and magnetron sputtering and characterized by
X-ray and optical methods. Problems associated with patterning of these
films are discussed and solutions to these probleams 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 45° to the film surface (Fig. 1). 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 properties.

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
(Eabzl.s nm, while §c=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 90° symmetry of the substrate surface.

Many of the experiments to study c-axis vs. ab-plane anisotropy of
¥BaCuO 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 um). First works
to study the optical [1-3] and electrical [3] anisotropy on the (110)
¥BaCuO 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) “surtace

Fig. 1. Possible epitaxi-
al orientations of YBaCuO
on (1'0) oriented sub-

<
. (110) oriented substrate 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 photolithographic process, giving excellent results for
c-axis films, was applied to the (110) films, tremendous degradation of the
Tc occurred (this was observed also in [4] for (103) films}. Also, we found

that the patterned films tend to crack after thermncycling. 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
SrTiO3) 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 Td' films with low

TC are obtained, while high Td promotes (103) vs. (110) growth. The later

is thought [3] to be due to the Iact 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 ¢ the process are given elsewhere [1, 51. Eximer KrF laser
(248 nm) is used, the deposition is performed in the O2 atmosphere at 1

mbar. In our setup, the 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 Td5660°C, and after deposition of

about 50 nm YBaCuO the temperature is increased to 720°C without interrupt-
ing the deposition. The low initial temperature is favorable for (110) epi-
taxy of YBaCuO on SrTi0O., and then this crystalline orientation is retained

at the higher T
at 83 - 87 K).

4 resulting in a {110) film with a high Tc (zero resistance

Magnetron sputtering. Hollow cathode DC magnetron {3] as well as pla-
nar DC magnetron [2] 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 absorpticn
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
TC below 78 K, while for 200 nm and thicker films the TC (R=0) was 82 - 90

K.

Diagnostics. The standard tool to characterize film crystal orienta-
tion is X-ray 6-28 scan. However, this technique does not discriminate be-
tween (110) and (103} orientations. In (3], the ¢ scan was used for this
purpose.
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. . Fig. 2. Raman spectra of
e .eqli(N10] (110) YBaCuO film [{1].
Lower spectrum: the inci-
dent and scattered light
polarized along the
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 YBaCuC films is Raman scattering [1, 2]}. 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
proving.the (110) orientation of the film are: anisotropy cf the peak at
500 cm (it changes bgla 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 scatgqring 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 TC occurred after the litho-

graphy. It was found, that the step, where the degradation happened, was
the application of a photoresist. The tentatlive 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, BaF2 layer gave good results. BaF2 is known to be inert in respect to

¥BaCuO even at elevated temperatures. Ban is soluble in the photoresist

developer and thus removed together with the exposed resist, thereby making

possible wet etch of YBaCuO. If necessary, the Ban 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.%, 1°c,
2.5 min) gave reasonably good results. However, when thicker films were
etched, some undercutting of the ¢.!3es was observed. Moreover, the etch of
thicker fllms was anlisotropic, resulting in poorly defined edges. If better
resolution was necessary, ion milling was successfully applied (500v, 0.2

mA/cmz. 5 miic etch 7 10 min pause cycle}.

An alternative, “"chemical free" process was developed, to obtain pat-
terned film in situ. Flrst, 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,), + 25 wt.% NH/F . 38°C. 1.5 - 3 min.).

After that, YBaCuO film was depo-ited by the laser ablation. On the spots
free from silicon, an epitaxially _rown superconductirg film was obtained;
in the other places, YBaCuO reacted with the silicon to form an insulator.
he lateral resolution of this technique is at least several um (Fig. 3).
If the deposition is performed at the low 670/730°C temperature, an addi-
tional anneal in situ (750°C, 1 hour, 1 mbar 02) is needed for completing

the reaction between Si and YEACuO to obtain a perfect insulation.

Another serious problem ot the (110) film patterning is film cracking.
For YBaCuO, the thermal expansion coefficient « in the ab-plane is 11
ppm/K, while along the c-axis it is 15 ppm/K. For SrTiOa. «=10. 4ppm. "
Therefore, the film tends to crack upon cooling and thermocycling. Only
patterned films crack, because saarp edges serve as stress concentrators to
initiate a crack. Films patternedt 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 .emperatures).
The problem can be alleviated by a.:lJdi.g 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 um) film of MgFZ was deposited on the top of

a lithographed film. The idea was that the MgF., has lower expansion cocifi-

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

2
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-0
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 directlions (lic and tc} on the same spot - on
the central section of the cross. A pair ot contacts 1s made to the each
branch of the cross, so that 4-point measurements are possible for both di-
rections.

Our preliminary results {on unpatterned fiims), as well as literature
data [6, 7], indicated appreciable {1.5 - 10 K) anisotropy of T.. which ap-

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

Fig. 3, we never found any difference in TC fo. different current direc-
tions. Authors of [3] have also found that the TC is independent of the di-

rection of the current. The aforementioned anisotropy is apparentiy an
artifact due to measuring the Tc on different parts of an inhomogeneous

film.
The anisotropy of the resistivity pc/pab and of the critical current

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 [3]. As Wu et al.
{31 argue, 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.
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YBa,Cu304/PrBa;Cu;0; Superlattices:
Properties of Ulirathin YBa,Cu3z0; Layers

J.-A. Triscone, O. Brunner. L. Antognazza, L. Micville, and O Fischel

Département de Physique de la Mati¢re Condensée, Université de Genueve,
24, Quai E. Ansermet, CH-1211 Genéve 4, Switzerland

The growth of high T, superlattices such as YBayCuz07/DyBayCu30O4{1] or
YBayCu307/PrBayCuz04{2] (YBCO/PrBCO) superlattices allows systematic
studics of certain propertics of this class of materials. With the YBCO/PrBCO
system (PrBCO bcing isostructural to YBLUO but not superconducting), it is for
instancc possiblc to modify thc anisotropy in a controlled maancr and thus
investigate the role of the reduced dimensionality of the high tcmperature
superconductors on the superconducting propertics.

Using the YBCO/PrBCO systcm wc have studied thc propertics of
ultrathin YBCO laycrs as a function of the thickness of the superconductor and,
as a function of the degree of decoupling (simply by varying the PrBCO
insulating scparation layer thickncss). For the critical temperaturc we find that
when onc layer composed of onc or few unit cells of YBCO is separated from the
next layer by PrBCO T decrcascs markedly until 2 Pr8CO thickness of about
70A and then saturate[2,3]. This bchavior has been confirmed by different
groups[4-6] and has gencrated a strong theorctical cffort to clucidate this T
reduction. Particularly interesting is whether or not this reduction is duc to a
Kosterlitz-Thouless transition in these almost 2D layers. Although there is no
firmed proof that such a transition occurs, many cxperiments suggest that it is so.
Unfortunately this problem is complicated by the cffcct of PrBCO on YBCO and
by the microstructure of such multilayers. It requires additional work to clarify
this issuc.

Another important problem of the high T, materials, cspccially for
applications, is thc strong dissipation obscrved when a magnetic ficld is not
applied perpendicular to the c-axis{7]. This dissipation is rclated to the motion of
vortices which can be thermally activated over potcntial wells of typical encrgics
U. This activation energy U is particularly low in these high T, matcrials becausc
of the strong anisotropy. To further understand the nature of the dissipative
behavior it is nccessary to have a model system where the anisotropy can be
varicd at will. YBCO/PrBCO supcrlattices is the idcal model systcm and we
systematically investigated the behavior of the activation cnergy as a function of
the YBCO thickness[8]. For magnctic ficlds parallel to the c-axis, and for thick
PrBCO scparations, we find that U scalcs with the YBCO thickness up to laycr
thickncsses of morce than 200A. Since this characteristic length is a measure of
the vortex stiffncss, it mcans that the coupling between the CuQy planes of
diffcrent unit cclls in purc YBCO is strong and that the vortices arc rclatively
rigid in this material. As a consequence the vortex lattice is (wo dimensional in
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the individual thin YBCO layers. We observe in these superlattices that the
dependence of the activation encrgy on the magpetic field is U~InB, as
measurement on bulk materials give U~B®. This behavior may be typical of a
2D vortex lattice for which, close to the melting tcmperature, 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 LuBaZCu307 and

LuBaSrCu307 have been synthesized by means of pulsed-laser deposition
(PLD). Lu832Cu307 and LuBaSrCu307 films show zero resistance at 80 K and
54 K, respectively. The critical current density found with LuBaZCuao,,
films at 83 K is in excess of iOGA/cmZ. For YBaZ_xerCuao,l PLD permits to
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 S7K 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 [(1-4], intense
efforts in the in situ fabrication of high quality thin films have been
made. Among the various techniques being presently under investligation,
pulsed-laser deposition (PLD) is distinguished by a number of unique
properties which were reviewed in [5].

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-0Q, Lu-Ba-Sr-Cu-Q
and Y-Ba-Sr-Cu-C.

It was shown in Refs. [6,7] that LuBaZCu:!O?‘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 YBaZ_xerCu307_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 Y203. Lu203, BaCOa, Sr'CO3 and Cu0 using the
standard solid-state reaction. The starting materials had a purity of

better than 89.9%. Stoichiometric compositions of LuBaZCu307, LuBaSrCu307

and YBaZ—xSFxCUBO’I—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 900°C for 24
hours. After regrinding and repressing, pellets were subjected to a second

calcination step at 920°C for 24 hours, followed by slow cooling in 02

atmosphere. In samples of LuBaSSrCu‘?O7 and YBaz_xSr'xCuso with % > 1

7
prepared in this way, no 123-phase could be identified.
Pulsed-laser deposition was erformed by means of 248nm KrF

excimer-laser radiation (¢ = 4 J/cm”, T, = 20 ns, 10 pulses per second)

and a gaseous atmosphere of 2ither 02 or NZO (p(02) = p(NZO) = 0.4 mbar).

A schematic of the experimental setup used was shown in ([5]. The
substrates employed were {100) MgO and {100) SrTlOs.
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Fig. 1: X-ray diffraction spectra of YBaZ_xerCu:,O7 films on (100) Sr‘TiOa
a) x = 1.6, T_= 718°C. The c-axis derived is 11.48 A.

b) x = 1.8, T_ = 720°C, ¢ = 11.45 A.

LuBaZCuao,l films,and YBaZ_.xerCu:;O., films containing Sr up to x =

1.8, were successfully prepared in oxygen atmosphere at substrate holder

temperatures between B680°C < T < 750°C. LuBaSrCu,0, could only be

synthesized at lower temperatures, namely at Ts= 600°C. Because of the low

oxidation force of molecular oxygen at this temperature, N_O gas was

2
employed (11,12). Within the temperature range 580°C < TS < 750°C it was
not possible to stablilize \’Sr'ZCu:;O7 in considerable amounts neither in 02

nor in NZO atmosphere,
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Fig. 2: Length of c-axis in single-phase YBaZ_xerCu
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307 films on (100)

LuBaZCu307 films deposited onto (100) MgO or (100) SI-HO3 substrates

show only the c-oriented 123-phase and all peaks can be indexed by (001)
reflections with ¢ = 11.66 A. From the XRD spectra of single phase

LuBaSrCu307, with the c-axis perpendicular to the substrate surface, we

derive ¢ = 11.61 A [13].

Figure 1 shows XRD spectra of YBaz_xerCuao.? films for two

compositions and (100) Sr'TiO3 substrates. The c-~axis 1is oriented

perpendicular to the substrate surface. With x = 1.6 the spectrum shows
only the 123-phase, while with x = 1.8 (Fig.1b) small amounts of an
impurity phase can be detected. Figure 2 shows the concentration

dependence of the c-axis of YBa, Sr_Cu.0 films on (100) SrTiO
2-x x 317 3

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, Tco' of YBaz_xerCuso_, films as a function of x. In samples

with the chemical composition YSr Cuao7 only very small amounts of the

2
123-phase were detected. These sampler. were semiconducting without any
onset to superconductivity.

With (100) ‘.5:'1'103 substrates LuBaZCu307 and LuBaSrCu307 show zero

resistance at temperatures of 390 K and 54 K, respectively (Fig.4). The
critical current density of the LuBa,Cu,0, film at zero magnetic field,

6 2 27377
jC(BJK). exceeds 10 A/cm (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.
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Epitaxial Growth of Thin-Film Bi,Sr,CaCu,0g, ,
on LaAl0;(001), NdGaO;(001) and MgO(001)
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IDepartment of Solid State Physics, Ris¢ National Laboratory,
DK-4000 Roskilde, Denmark

211, Institut fiir Experimentalphysik, Universitit Hamburg,
Luruper Chaussee 149, W-2000 Hamburg, Fed. Rep. of Germany

Abstract. Thin-film BiySryCaCuy03.4, was deposited onto LaAlO3(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 LaAlQ3(001) and NdGaO3(001) substrates, although ap-
proximately 50% and 65%. respectively, of the film is randomnly 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
45° 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 1x10° A/cm® In a recent publica-
tion [1] it was shown that small amounts (less than 5%) of misaligned
grains in epitaxial YBasCu3Qg,, on MgO(001) and SrTiO;(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 epituxial
growth of BigSryCaCuyOs,, (BSCCO) on LaAlQ3(001). NdGaO3(001),
and MgO(001).

Laser ablation was used to deposit BSCCO from a stoichiometric tar-
get. The deposition took place in 0.2 mbar O, at a substrate temperature
of 470 °C. Immediately after deposition air was let into the system and
the samples were annealed for 5 min at 832 °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,y > 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 50 kV and 150 mA and a four-circle diffrac-
tometer. A graphite monochromator was used to select the Cu-K, line.

Since high quality epitaxial filins are expected to grow on substrates
with a small lattice mismatch, we investigated the epitaxial growth
of BSCCO on three different types of substrates: LaAlO3(001) (cubic,
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Figure 1: (a) a -y scan of the BSCCO(115) reflection of a BSCCO fitm deposited on
NdGa03{001). The oceurrence of two sharp peaks at ¢ = —15° and +15° indicates full
epitaxial growth. However. a blowup (b) reveals a homageneous distribution of the (115)
reflection along p. corresponding to randomly in-plane oriented BSCCO,

a =3.778 A), NdGa03(001) (pseudocnbic, @ = 3.851 A), and MgO(001)
(cubic, a = 4.213 A). Describing BiySryCaCuy0Oy4, by an orthorhombic
unit cell with a = 5.4095, 5 = 5.4202, and ¢ = 30.9297 A, a 45° rotation
of the ab-plane would give an average mismatch of —1.33.40.58. and
+10.0% for LaAlOs, NdGaQs, and MgQO, respectively.

Conventional # — 26 scans in the specular reflection geometry only
show (0.0.2]) reflections of BSCCO, indicating c-axis growth on all types
of substrates. In some cases small amounts of impurity phases were de-
tected due to loss of Bi during the preparation.

To examine the in-plane structure, x — ¢ scans of several reflections
were performed. In Fig. 1 such a scan of the BSCCO(115) reflection of a
sample on NdGaQyj is shown, v is defined as the angle between the [110]
plane of the filin and the scattering plane and the angle ¢ as the rotation
of the crystal around the {001] zone axis of the filin. 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 v = —135°, —45°, +45°,
and +135° are expected. Indeed, these peaks are observed (see Fig. 1a).
From these data it is clear that epitaxial BSCCO on NdGa(4(001) is
present. However, on an expanded scale, as shown in Fig. 1b, the pres-
ence of the BSCCO(115) reflection is revealed for all values of . The
intensity of this additional signal is independent of ¢, 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 alizned material, an integration
over the full range y=[54,62] and ©=[0,360] shows that as much as 65%
of the total amount of BSCCO is randomly in-plane oriented.

For the BSCCO films grown on LaAlO3(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 11.5° and 45.0° are observed. By performing glancing inci-
dence XRD it was confirmed that the oriented parts of the BSCCO filin
were located at the interface with the MgO substrate.

Our observations show that BSCCO can be grown epitaxially on
LaAlO3(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-0O 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 (¢ > a = b) favor c-axis growth. Assuming perfect epi-
taxial growth of BSCCO on LaAlO3 and NdGaQj, 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; and NdGaQj 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 LaAlO3(001) and NdGaOj3(001) 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 MgQO(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 wiil
be published elsewhere [3].
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Aspects of Quantum Coherence in Superconducting Rings:
Flux Quantisation in 2 Heavy Fermion/Niobium Hybrid Ring
and the Origin of Noise in a HTC DC SQUID
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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 UPdgAlg (T; ™ 2K providing an unambiguous
demonstration of quantum coherence of the superconducting wave
function between the heavy fermion and the conventional BCS super-
conductor. 1/V characteristics of the edge-contacts formed across the
UPdsAlg/Nb contact regions suggest a relatively weak coupling of the
heavy fermion/niobium superconducting wave functions. In the second
experiment, a novel method fcr measuring noise in superconducting
circuits is illustrated by measurements on a Conductus dc 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 witk thermally induced motion of flux trapped
within the device on cooling.

1. Introduction

In keeping with focus of this Winterschool, I have sclected two recent
Birmingham experiments which relaie to the electronic properties of
superconductors and their applications. The presentation will be
intentionally tutorial, as detailed accounts of thcse measurement have
already been or will soon be published elsewhere(1,3).
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The first experiment provides the first cvidence f{or quantum
coherence in a superconducting circuit involving a heavy {ermion
superconductor (1). Flux quantsation and voliage-current character-
istics are reported {or a hybrid ring of niobium bridged by the heavy
fermion supecrconductor UPdoAly recently discovered by Geibel et
al(2). The sccond experiment involves a novel method for identifying the
likely oigin of noise in superconducting junctions and de SQUIDs. The
method is illustrated by mcasurements on de 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 heavy fermion/
niobium hybrid ring

The quantisation of flux within a superconductling ring provides an
unambiguous demonstration of the quantum mechanical nature of the
superconducting statc. The magnitude of the flux quantum 4= h/q is
determined by the cffective 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/2¢ was first demon-
stirated for conventional superconductors by Deaver and Fairbrother(5)
and Doll and Nabaucr(6), conlirming the pairing of clectrons predicted
by the BCS theory(7).

Soon afler the discovery of HTC superconductors, we were able to
demonstrate the quantisation of {lux in a ccramic YBCO sample(8)
proving that HTC superconductivity also involved the pairing of
electrons. In a subscquent experiment, {lux quantisation was confirmed
in a composite ring formed from a HTC superconducting ring bridged
by a short section of niohium (9). This demonstrated quantum coher-
ence of the superconducting wave functions  across the interface
between the two  superconductors, cven though the microscopic
mechanism for pairing in cach supcrconductor may be completely
different.

It might be thought that the existence of such coupling implies
identical symnmetry for the conventional and HTC superconducting wave
functions. Unfortunatcly, 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 cleetronic sales by spin-orbit coupling (10). The
strength of coupling across the interlace, and hence the eritical current
is, however, expected to be significantly reduced if the wave functions of
the coupled superconductors are differemi(11).

The question of quantum symmetry and the strength of coupling
across an interface is of particular interest for heavy fermion super-
conductors, a number of which are candidates for non-conventional p-
or d-state clectron pairing, such as UP1g and Uy (Th Bepy (12,13),
and the newly discovered superconductor UPdgAl3(2).  Characteristic
signatures for p- or d-staic pairing include low temperature  power law
dependences of superconducting properties| 14]. Additional evidence for
non-conventional pairing has been inferred from the apparent existence
of morc than onc superconducting phase of UP1y deduced 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 B phases of
superfluid 3He (sce the discussien of superfluid 3H¢ in reference 17),
which are believed 1o involve a superfluid p-state.

The discovery ol superconductivity of the "123- high T." hecavy
fermion supcrconductor UAlpPdy, with a transition temperawre ~2K,
provides an additional candidate for possible unconventional pairing in
the superconducting  state(18). The cvidence for non-conventional
pairing is suggested by the weak dependence of T, on magnetic doping
for UPd2Aly in contrast 1o the precipitate dependence observed for the
related UNigAly compound.  Because the transition temperature of
UPdoAlg s in the casily accessible temperature range above 1.2K, we
were able to repeat our carlier experiment on quantum coherence in
hybrid rings using this material as one of the superconductors.

The UPdpAly sample was prepared as deseribed by Geibel et al (2).
A 459 cone of maximum diameter 1.Omm was spark-machined from a
bulk sample and was mounted in a brass holder. The cone was
mecchanically positioned, 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 geometry, similar 1o that of the 2-hole rf
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A B
Niobium
U Pd,Al,

Figure 1. Schematic of the experiment. 'The UPdoAly pin is lowered into the slot in the
niobium to form supcrconducting weak links at the contact points.

SQUID, provides a high degrec 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 zevo,
il cooled through T, in zero external ficld). These currents induce a
signal in the pickup coil of a superconducting dc flux-transformer
inserted into the sccond 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 UPdgAlg /
niobium junctions is cxceeded. Flux then passes between the two holes
in quanta of @ 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 Li,~ 5%, , corresponding to a crilical current of a few pA.
However, the critical current decrcases rapidly with increasing temp-
crature. By 1.28K, for this parucular seuting of the contacts, the
magnctic propertics 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

|

Flux applied to circuit
Figure 2. Flux detected by SQUID versus ftux applicd 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 are at intervals of one flux quantum.

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

Figurc 3 illustrates transitions induced between the quantised states
of the ring by periodic bursts of clectromagnetic noise (a hair dryer)
from outside the cryostatl. The quantised flux stales are scparated by
h/2e to within the absolute accuracy of the measurements (7 +/-2%).
The observation of flux quantsation provides an unambiguous confirm-
ation of the phase-coherence of the supecrconducting wave function
across the niobium/ heavy-fermion interface.

The 1/V characieristics {or onc particular point selting are shown in
Figure 4 and were mcasured using a standard 4-point method. The
current flows from the heavy fermion superconductor into the niobium
block through the two contact-junctions in parallel. The characteristics
are therefore dominated by the strongest of the two junctions. The inset
in Figure 4 shows the temperavire variation of the mcasured critical
current. For this particular setting, J. extrapolates to zcro at around
1.8K, close to the transition temperature determined from magnetic and
bulk supercurrent measurements(2). It is important 1o recognis:: that
thermal fluctuations always result in "measured" critical currents,
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Flux in
cireuit n fl

time
Figure 3. Flux jumps stimulated by deliberately applied electromagnetic interference
when the applied flux was at point X on figure 2. The separation between the grid lines
is 0.99 ®a. The two large jumps arc duc o unlocking of the measuring SQUID.

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

A measure of the quality of a conventional superconducting junction
is the I, product, where R is the junction resistance in the normal
state. For an ideal Josephson junction well below T, this product is
equal to %A , where A is  the superconducting cnergy gap in eV(21).
Taking A = 1.76 kT, we would expeet a product~ 2 mV, whereas
measured values never excceded 5uV.  Morcover, despite many
attempts, we were never able to confirm quantum coherence, nor even
to ohserve a supercurrent, in a hcavy fermion/HTC system with the
niobium block replaced by a geometrically equivalent sintered block of
YBagCu307_4.

A present it is not possible to determine whether the weakness of
coupling across the UPd9Alg/Nb interfacc  and the lack of any
evidence for coherence across the UPdgAla/YBCO intcrface arises
from non-conventional symmectry of the heavy fermion superconducling
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Figurc 4. Voltage/current characicristics of a weak link formed between the Heavy
Fermion and niobium specimens. These curves were measured at temperatures of 1.31,
1.36, 1.43 1.50, 1.58, 1.68 and 1.8K. The insct shows the Critical Current versus
tcmperature characteristics deduced from this data.

state wave function. The difficulty of cstablishing a large IR product
may simply be a materials science problem. Further experiments on
UPdgAlg and on UPt3 below 1K will hopefully clarify the experimental
situation.

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

dc SQUIDs.

A dc SQUID consists of a supcerconducting ring formed by two weak-link
junctions in parallel, as shown in the insct of Figurc 5. We consider an
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Figure 5. Voltage/ficld characteristics of a dc SQUID for a scries of bias currents (Ipiaq
increasing towards the top of the [ligure). The inset shows a schematic of a de SQUID.

idealised situation with identical junclions with critical current I, and
initially neglect the inlluence 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 2I.]cos (w ®/®)| ( see, for
example (22)), where ® is the flux passing through the ring.

A dc SQUID is operated by biasing the current slightly above 21,
and observing the periodicity in voliage 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 ficld
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 imporiant 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 sccond arises (rom {fluctuations in critical current 8l..  Such
fluctuations could arise, for example, {rom aperiodic changes in the
occupancy of localised clectron 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 {lux-noise Lo, where
L is the ring induclance.

The ultimate sensitivity of a SQUID is dctermined by the overall
noise in the sysicm, 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 achicved for the best HTC SQUIDs at 77K
already exceeds 104 éq /v Hz down to frequencies well below 1 Hz
(23) . At low frequencics 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 beea made on a number of Conductus de
SQUIDs, which contain weak-link junctions pauerned across 45¢ bi-
epitaxial grain boundarics(24). Thesc commercially available SQUIDs
incorporate 17 epitaxial superconductor, insulalor and bulfer layers on a
single chip(3). The superconducting flux transformer necessary to couple
magnetic liclds eflcctively 1o the SQUID itself is included in the
integrated chip package. The [icld sensitivity at 77K is typically around
10’4T/\/I—-I; above 100Hz, more than sufficient to record a magneto-
cardiagram(25).  Our noise mcasurcments were made on partially
fabricated SQUIDs before incorporation of the flux transformer.

It was initially belicved 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 measurcments on
bulk films (27) have suggested that the former source of magnelic noise
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Figure 6. IV characteristics of a de SQUID at 20K (crossed squares) and the
corresponding noise vollage at 10 Hz (open circles). The solid lines are theorctical
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 stll 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 junctons 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 swilched between & ipy;,4 at @ modulation frequency of 1 kHz.
Any fluctuations in the V(1) characieristics 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 noisc obtained by this means is the same, within
experimental error as that measured when biasing the junction with the
same dc current, ipjas- This conlirms 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. Noisc voltage versus current at 10 Hz and 20K, Open squares are for zero
applicd field. Open circles arc for cooling in 250 T and adjusting the applied ficld 1o
the same point on the [./B characteristics.

current, 1,(0) can be deduced from this fit and the effect of any fluctua-
tions in [;(0) calculated. By using & 15(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 scts of measurements, which
superimpose almost exactly on top of cach other. The first was obtained
after cooling the device in nominally zero field, while the second set was
obtained after cooling in a ficld of 250uT, trapping appreciable flux
within the device.  In both cases 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 latier measurcments, a small external ficld was
thereforc superimposed so that the V(1) characleristics coincided exactly
with the "zero- field cooled" characteristics. Despite the significant
amount of trapped flux, there was no cvidence for any increase in
noise. Thermally activated motion of wrapped flux in the junctlion
regions or within the ring 'sclf is thereflore unlikely to be a major source
of noise for this particular device.
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Figure 8. Noise in a compleic 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 1o noise in the critical
current of the individual junction.

As yet very litde is known aboul tiie 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 almosl certainly expect
major advances on both fronts, as is clear from the remarkably low noise
figures already being achieved, with cited scnsitivities already exceeding
10’4‘I>0/\/Hz down 10 frequencies as low as only 20mHz (sec 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 cooied SQUIDs may well yet be
achieved.
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Effect of Thermodynamic Fluctuations
on the Transport Properties in YBaCuO Thin Fiims

W. Lang!, G. Heinel, H. Jodlbauer!, P. Schwab?, X.Z. Wang?,
and D. Bauerle?

ILudwig Boltzmann Institut fiir Festkérperphysik,
Kopernikusgasse 15, A-1060 Wien, Austria and
Institut fiir Festkorperphysik der Universitit Wien, Austria
2Institut fiir Angewandte Physik, Universitit Linz, A-4040 Linz, Austria

Abstract. Measurements of the electrical resisiivity and the Hall effect in thin films
of YBaCuO are reporied. The films have been fabricated by pulsed laser deposition in
oxygen atmosphere on MgO substrates. The rounding of the resistivity curve above T was
attributed to thermodynamic fluctuations of the superconducting order parameter and
analyzed in terms of Aslamazov-Larkin and Maki-Thompson theorics 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 gc«»: 1.5 A and a phaserelaxation time T = 8.6 x 107 s at
100 K, indicating 2-dimensional transport and moderate strong pair-breaking in YBaCuO,
respectively.

1. Intreduction

In early investigations of the transport properties of high temperature superconductors,
a remarkable rounding of the superconducling 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 7 ..

2. Experimental Techniques

Thin films of YBazCu3OM (thickness = 0.5 um) were fabricated on (100) MgO subtrates by
reactive pulsed-laser deposition using 248 am KrF-excimer laser radiation and stoichio-
metric ceramic targets. The critical current density of these films was around
jC > 4 x 10° Afcm’. The magnetotransport measurements were performed in a closed cycle
refrigerator using lock-in technique with low current density j = 80 Afem’ and a
magnetic field B = 0.69 Tesla.

In order to enhance the signal to noise ratio, the Hall effect measurementis 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 T; the conductivity 6 = 01: tAg s given by the sum of normal state
and fluctuation contributions. Hence it is necessary for the determination of the para-
conductivity Ac 1o substract the exirapolated normal state contribution. Allough the
mechanism responsible for the normal state transport is still controversial, we found an
excellenl agreement of the p, vs T curve with the model of Anderson and Zou [1] 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) [2] 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) [6]. 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, gcm)’ remains the only fit parameter in the LD expression. The HL term
additionally contains the pair-breaking parameter 8 = (T_ -T_)/T., reflecting the shift
of the transition temperature from a hypothetic intrinsic value without any pair-
breaking effects T, the lower actual value T;.

The paraconductivity Ao is plotted in Fig.2 together with the calculaied contribu-
tions from the LD and HL processes using § o 13 A and 8 = 0.35 as fit parameters.
Deviations from the theory above 94 K can be related to a cutoff of the fuctuation
spectrum at high energies, where the slow variation approximation of the Ginzburg-Landau
theory is no longer valid {7].
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Fig.1: Temperature variation of the resistivity p _ of an YBaCuO film.
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Fig.2: Paraconductivity Ac  in YBaCuO as a function of the reduced temperature
(T—T;)/T ; The solid lines represent the results from the fit.

4. Hall effect in the fluctuation regime

The Hall resistivity p,, a2 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 o,= 0':',+ Ao‘y in analogy to the paraconductivity. The
normal state Hall effect was subtracted using a recent theory of Andeison (8], where he
proposed an additional relaxation mechanism for the Hall angle BH. yielding the tempera-
ture dependence cot BH = aT %+ C. This theorem is in good agreement with our data in the
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Fig.3: Hall resistivity Py in YBaCuO as a function of temperature.

85




g

o -y
c ]
>
fo— R —

& AL i
o)
<

90 92 94 96 98
T [K]
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temperature range from 120 to 220 K and was also observed to hold in various
cuprates [9].

The first calculation of ony by Fukuyama et al. [10] including both the AL and the
MT contributions was recently extended for layered superconductors by Ullah and Dorsey
[11} and Rice et al. [12]. Like the paraconductivity, Aaxy is a function of §C(0)‘ & and
in addition, of the parameter o, reflecting details of the band structure at the Fernii-
energy [10]. The excess Hall conductivi.y Ao“ 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 Py 0 below 88.7 K) can be obtained using the values for

gcm) 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 with
a consistent set of parameters. The c-axis coherence length §Cw)= 1.5 A indicates thut
the two Cqu-planes within an elementary cell are tightly coupled, acting as one super
conducting layer. From the magnitude of the pair-breaking parameter 8, a Tco of 120 K
and a phase-relaxation time [6] t‘P =86 x 10" 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 staie resis-
tivity, disfavouring any conventiona! 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

R. Nicolsky

Instituto de Fisica, Universidade Federal do Rio de }aneiro,
C.P 68528, Rio de Janeiro 21945, Brazil

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 responsibie for
the presence of intrinsic normal electrons in the superconducting state of
high-Te¢ 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 piesence 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 Miiller [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 [2]. 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 inhomogeneity 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 (3]
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 refiection (AR) mechanism [3}. All these
inhomogeneities belong to superconductor-normal metal~superconductor {SNS)
systems. In the literature, these systems are calied weak links as well.
In this paper these systems 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 MIJJ
ones by potential wells. As expected, the involved physics are
consequently different: tunnelling conductance in TJJ against metallic
conductance in MJJ systems. Thus, the identification of whether the
dominant charge transport prcress 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 [4-6] and even on the Josephson
coupling between unit cells {71

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 lJe,
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 Je in TJJ and M}IJ 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
appropriatc property, because it satisfies this ccadition, is the CVC of
each type of junction [8,9], since they are entirely distinct in TJJ and
MIJJ systems, avoiding any ambiguity in almost all cases. These criteria,
explained elsewhere {8,9], can be summarized as follows

TJ) systems: I =GV <I =V /R
Q J N I

i

MJI systems: I =1 + 1 > IN = VJ/R_,

N AR

for V} < 28, where I is the total current across the junction averaged in
a cycle, GQ is tue quasiparticle tunnelling ccmduc:tzn’xce,l/J is the junction
voltage, IN is the normal (ohmic) current, RJ is the junction resistance,
Im is the additional conductance due to the Andreev reflection mechanism,

which is voltage dependent [3] and non negative [8], and A is the pair
potential or gap. Figure 1 shows the typical CVC of TJJ and MIJJ 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 (chmic)
curve for the same resistance. Note that the critical current of a MJJ is
iarger 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
voitage range, the CVCs of a TJJ and a MJJ are separated unambiguously by
the normal (or ohmic) current. The TJJ exhibits a deficient 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 [3], is the signature of the AR mechanism,
since AR is the only charge transport process which exceeds the ochmic
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. Ii 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 [4-6], we must
consider first that at ¥ = 0O the normal (chinic) current 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 (237%) 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. [10}).

metallic junctions, avoiding any discrepancy, even when the authors state
in contrast that the GB form SIS junctions {6].

In the case of samples with a 3-dimensional network of GB it is
convenient to compare {10] the CVC of pure ceramic YBCO with the CVC of
another one which has nonrandom silver-coated grains [1l1}. 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 Te. It is
remarkable that at Te¢ both CVC are linear (ohmic) and cross the origin,
which is the typical normal metal behaviour. For temperatures below Tc 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 metailic kind, the
normal state of the YBCO, and the dominant charge transport process is
definitely the metallic conductarce.

The comparison of the critical currents or the current values at the
same voltage between both samples shows that the respoases 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 [12], 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 reasonable for high Tec¢ materials, which have a very short
coherence length [1]. The raise of the critical current density and the
current response tc 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 [12]. 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 [10]. Thus, the enhancement of
the critical current density with the silver content impiies 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 (nontunneiling} 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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The Chemical Potential and Thermodynamic Properties
of Narrow-Band Superconductors
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Abstract. We discuss xome of the consequences for the thermodynamie properties if
a superconductor has a non-peglegible ratio of 7775, Starting from the BCS expres
sion we derive an analytic expression for the thermodynamic potential at finite tempera
ture, which has the relevant physteal properties. From there we derive the corresponding
Helmbholtz-Ginzburg-Landau free energy functioual near the phase transivion. and diseuss
the hehaviour of the order parameter, the chemical potential, the specifie heat and the
expansivity near T..

1. Introduction

One of the features that distinguishes “exotic” (1 from ordinary snperconductons is a
refatively Jarge scale of the transition temperatire compared to the (still larger) Fermi
temperature. This featnre 15 sometiines used as an argament i favour of a Bose-Einstein
condensation picture of high femperatire superconductivity, From an analvsis of the BOCS
model in the low density limit, it has been shown (2], that if 7./ 7% s no longer small, the
chentical potential is shifted at 77 = 0. At finite temperatare the shift of the chemical po-
tential can be approximated by the relation p(TY/ g, ~ 1= MTY/ 20,14 where A(T) ix the
temperature dependent BOS-gap [3]. At the cuperconducting transition the first deriva-
tive of the chemical potential has a jumip, given by the velation Ndp/dT )y =~ 24T [T
A qualitatively similar behavionr of y# has also heen predicted for a two-dunensional (2D}
charged boson gas. which nndergoes pair condensation due to an attractive interaction
between the bosons [1]. Tn “classical” weak coupling and Migdal-Fliashberg theory this
effect is not considered, becanse T« Tr s assiomed. The jump in the speeific heat at T
is calenlated as TOS/AT at fixed p i the standard BOS treatiment.

The anomaly 1 g does not lead to unusnal behaviour of the other thermodynamic fune.
tions. It merely canses a small reduction of the jump in the specific heat and the thermal
expansivity coeflicient. Only i 7./T¢ 1s of order 1 or larger this reduction would become
noticable. On the other hand, if the electronic pressure is somehow externally fixed, a
jump in dp/dT implies a a jump in entropy (with a correspanding portion of latent hea
at the phase transition). beeanse jois the Gibhs free energy per electron. However, as
long as it is justified to assmme that the volue is essentially censtant due 1o the elastic
restoring {orees of the crvstall the electronic pressure is a temperature dependent quantity
and the entropy has to be calenlated eithier from the Helmboltz free energy or from the
thermodynamic potential. Due to the large value of the bhulk modulus (of order 100 GPa)
compared to the superconductivity mduced changes of electronie pressure (< 60 kPa in
high T. cuprates). the changes of the crystal volume are indeed very small.
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2. General expressions for the thermodynamic potential and entropy of a
BCS superconductor

We assume that the electrons mteract with each othier with an effective attraction Vi,
leading to a BCS-type superconducting state. The thermodynamic potential of a BC'S
superconductor is, after carrying ont the Bogoliubov transformation {5}

Qu.T V.= 3, {—)7 {1 +e Ty b & — By 43 “-ﬂlh(’u l)}
(1
~—% qu ( ~ . (Hq/ﬁ'l')) Vig (%‘f tmlh(l:‘k/‘.l'l')) ’
where F, = \/’m are the quasi-particle energies and & = ¢, ~ g are the single

electron energies relative to the Fermi energy. The BCOS gap equation can be obtained
from this functional by looking for the minimum with respect to M. An expression for

the average ~munver of ~lectrons is found' from the relation N, = —4Q/dy
. - tanh (E /21y
2 = gWi, e 0

£y tanh (£, /2T)
2ok {1 R —“} ‘

The only types of excitations considered are the quasi-particies, hence the (fermionic)

-
:
il

quasi-particle occupation numbers determine the electronic entropy in the usual way for
a fermion gas, namely

S o= =0T = = S0 (00 = SIED 0] = fTED) + f(EDIn f(ED] . (3)

‘The entropy depends on A and g through the quasi-particle energies entering the Fermi
occupation functions and through the integration boundaries.  As these are anaiylical
functions. and as we will see that A and p have no discontinuity at T, also S(7T') is con-
tinuous at the phase transition. Hence the transition remains of the second order type.

3. Coupled gap equations of a layered superconducting electron gas

We assume that the electronic strnctare is represented by a stack of 21} lavers, with
a bandwidth W = N, /{Vp). where V7 is the crystal volume. N, is the mumber of atoms.
and p is a constant density of states per unit volume. We assumie that, in the same
way as in a free electron model, p does not depend on Voand N, and that the electrons
have 2 k-independent non-retarded effective attractive interaction {—gW'), so that the
gap-parameter A is also A-independent.

At T = 0 the thermodynamic potential is obtained by direct integration of Fq. 1. The
summations over & can be replaced by integrals using the relation ), = fo_“w d€

Qp.0,V.A) = ~ pV {l‘l'i'%l(‘*ff & ( +h‘m,.))] . (1)

We determine A at the minimum, and the condition for particle nuinber conservation as

. . . , . 4(W- -

in the previous section. We furthermore approximate terms of the form In —(——A—,ﬂf with
w . . 2 ey -

In 4‘-5-1-’{. aned expand in leading orders of A% This way we find
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A= tli';u-,\p(~§) , i5)

From direct integration of Fao b amd after inserting the expression fur A we find that

the wmmber of elections tends 1o fuerease upan epeiing of the superconducting gap:

As the averaze number of electrons i a solid s macroscopicadly conserved due to the
tong range Confomb forress we now nse thas as a constraint on the chenneal potential,
Petining the Fenni tewmperatiee througl the relation N = 2V, we obtun fur the
chemeal potential

oot (‘ + \1_ A.) TR . . (73

REFTYN

Becinse the chaaee in g is due 1o an increase of the surface charge, it s exacty matched
by achange ol workfnnetion (o= dH = 0 Changes i workfunction anifest themselves
ara toeibied elevtvie teld diceetiv ontside the sample surface, which can be measured
with o variety of experimental techiigques. Although the derivation leading to Eq. 7 s
ondv valid at 7= 00 fram sumerical calestations 3] it can be shown that the chage o
clietnieal potential due o the apening ol a gap is given by the same relation if we insert
MU for A Do the normad state g 07y also depends on temperature due 1o the gradnal
transition tos nonsdesenerate qas at high l('m;u ratvres, From Egs. 5 and 6 we see that

ab the it wWith respect 1o N we have iu ST =24y Heuce the expression for the
I !

Helmbolz frev enerey 0N DV = Que Vi 200 000) Iur I' s al s minieen with

respect ti A

s

4. Thermodynamic potential at finite temperature

Foo 77 2 0 is nor possible to solve the Tntegrals ocenreing in the thermodvniumie potential
vl toio dosed anadvtival forme tusteisd we intraduee a temperature dependance in a
~unihar way as i the Ginzbure Landau free eperey, '\‘w first stiphify the thermodynamie

potential by realizing that i Fgo 1 the factor 2 1n -3 oceuring i front of the last two

: n
rerms in brackets is abmost constant and equal to — I‘umn the mininumam, We approximate
itwith the constant vaiue -]

The dirst term of Eqo 1 eguals == 747200 the normal state, In the supercondneting state
it i reduced dae 1o the opening ui a .L"n])‘ Using a sertes expansion for small T and A the
eading terms are =0T+ AN T 4 74 where s a dimensiondess constant.,
The terny propartional to A adds a small contribution to the entropy, which we will
however geeleet i the rest of this disenssion,
I the sumerator instde the fogarithmic term we replace A% with A% 4 $27% From the
varions possible modibieations Jeading to a temperature dependance this is the simplest
otie that leads correet]y to a second order transition, with approximately the right 1en-
perature depeudiniee of Xoas well as varions other properties in gualitative agreement
with numerical calealations 3]
We furthermaore define 2 = W exp(—2/9). and combine the sum of three terms within
the dogarithm, We therefore consider the following form of (%

Dy T VLAY = (8, + pV 2y = pV {—/(2 + ‘372 Iy AT . N

PSS

95




As we will fater be interested i the electronic pressure, 1t 1s important to note in this
context, that D is & vohune dependent function, whereas 3 is a constaut number.

The gap equation is obtained as usual from the minimum with respect to A, The uaumber
of electrons is found from — 3/ du, which provides the temperature dependance of . due
to the opening of a gap. These coupled equatious are

R ST -
AY = i [) exp [371—57-11} - ,)"12
(10)
N, I _ ) _A__i
o= Qo= 20 4 o

At T = 0 these expressions are seen to reduce to the result of the previous section. From
the equation for A we see, that the critical temperature is

1. = 3YWeDp, - (i)

In order to have a 24/ T.-ratio of about 3.5, we need 3 >~ 2.9, The critical temperature
depends on volume (and therefore on pressure) via [ and g,,. The latter is proportional to
V=1 whereas the volume dependance of the former can have any sign and value depending
on the details of the underlying model [10]. The pressure dependance can be written in
the form

AT _ 1 1dnD .
w = Tmtia ’ {(12)

where B is the bulkmodulus of the crystal. Near the critical temperature we can expand
around A = 0:

. AHTI-T?)
ATy = 2veD ]y ’
(13}
/ "y 2
[ = g, - 20 L 0aY) .

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 nseful to write down the Hel.aholtz free energy. We can derive this
quantity from the thermodynamic potential by means of a Legender transformation, 1.r.
by adding uN, = 2uu,,/pV and expressing all quautities which were previously a fune-
tion of p explicitly in the new variable N.. For general values of A this requires the
imversion ¢f a rather formidable expression, but near 7, it is suflicient to make a Tayler
series expansion of A, keeping only terms up to order A*. The result is the following
Ginzburg-Landan {ree energy functional

BNGTV.A) == oV (a2 2+ 85 (14 28)] (14)

where it is understood, that y, = N./{2pV) is an explicit function of N,. The same
applies to T, which is depens on &, through g, and D as can be seen from Eq. 11. The
logarithmic term In(7T/7.) is a remnant of the logarithmic term in the expressions for
the thermodynamic potential. As the series expansion in A is only valid near T, we will
replace it with —(1 — T/T,) in the remainder of this section.

The temperature dependance of the order parameter, as well as the behaviour of ;1 (using
u = AF/ON,) follow easily from the above Helmholtz free energy expression, and have
exactly the same limiting behaviour near 7, as in the earlier expressions.
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The entropy is calenfated from Foo Thaang S o= - (F/0T )y 0 a0 (A —ernstively one

may use Eq. $with 8 = ~1AJQ707), vy The result s, of conrse, the same near the phase
transition. )
S, -8, = oy (15

which is cominuous at the critical temperature. From it we can now express the jnmp in
the specitic heat:

(e = edlr=t. = = =—mm - (16)
The term in the denominator as a reduction factor which is due to the conpling between
the arder parameter aud .
The electronic pressure is obtained from the refation p = —(d8Q/0V), p (using k. Y)
while keeping e and T fixed, where it is important that g, Foand D depend on volume,
Near T the same result is obtained frony differentiation of . 11

.
_ ~ D2 Y pardih]
e !L“ AR Forsy AR R Tt |

= —BpATYL oYy,

where in the last Hine we used Eqg. 12,

So far we have left the elastic deformation energy of the erystal out of consideration. The
balk modulns relates changes in pressure to changes in volume: 2V = {(3/V)ép. This
way we can now calentate the jump in expansivity (o = dIn V/dT)

pdl dT.
(= o r=r, = =57

S dp
L+ 52 @

: (18}

6. Discussion
The expansivity and specitic heat jamps shonld obey the Ehrenfest relation [7]

’EL =T e~ s (am

dp e = O,
which. comparing the expressions 16 and I8 is indeed satistied. The corrections on the
expansivity coefficient and the specific heat due to the conpling between the order pa-
rameter and the chemical potential are nsnally small: for the high T, cuprates the ratio
of T./Ty is about 6% . so that there is only a reduction of 1% of the specific heat jump.
Vice versa, even if there is no direct coupling between the order parameter and the chem-
ical potential, a jnmp in expansivity coetlicient will contribute to the jump in du/dT,
becaase pox V= in a layered 2D electron gas. The jmop in expansivity of Y Bay("uyOr
is about =2 1077 K1 [6]. with a strong in-plane anisotropy and no contribution along
the c-axis. The former conld be related to the transfer of charge between planes and
chains ocenring af the onset of superconductivity as has been treated by Khomskii (8],
the latter is consistent with the assnmption of quasi-2D behaviour. As the effective Fermi
temperature is about 1500 K we can estimate that due to the lattice anomaly there is a
contribution to {duJdT — dp, fdT ) jr=7, of 3-1071 The observed effect is abont 3 orders
of magnitude larger [9]. which implies that has a different origin. In particudar the effect
can be attributed 1o the conpling between ¢ and g assuming that T./7% s about 0.06.
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7. Conclusions

We generalized the Ginzburg-Landau free energy expression to incorporate the effect of
the coupling of the order parameter to the chemical potential occurring in the BCS the-
ory of a dilute interacting electron gas, We have shown that there is a jump in du/d7T at
the phase transition, and caleulated the consequences of this effect for some of the other
thermodynaniic properties, in particular the specific heat and the expansivity parameter.
The corrections do not chauge the nature of the transition, and they are small even in the
range of parameters of high 1, cuprates with a relatively large T./Te-ratio of 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 T_,. 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 leBaZCaCuZOx with Tczloox have been studied as a

function of temperature and applied microwave radiation. For
these measurements, th%ﬂﬁgntacts having metallic type 1IVC with
large excess current I and pronounced dV/dI=R, minimum at

. exc :
zero bilas V=0 were chg&gn. Two types of 1 behaviour were

found. Nonmonotonous I° (P) dependence was observed for the
first type point contacts over the temperature range from T_ to

50K (Fig.1). The dots is the 1% on z = v P dependence for
T=55K and vV=200mV (where 2z = eVQ/ w). These results support the

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

1(P)=J7(2)I “signV + V/R. (1)
Therefore, 1%%C= IQP)-V/R must oscillate with P increase
following the law JZ{z). This curve (Fig.1l}) fits well our

data. We think this 1s the first experimental confirﬁs§}on of
the predicted for conventional superconductors (1] I on P
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2

4 6 8 Z
Fig.1 I®*¢ as a function of z=eV / w _ V¥ P for the 1-st type
contacts (dots). Solid line is the Bessel function J;(z).Squares

- theeggalogous dependence for the 2-nd type c¢ontacts 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 g}éing of microwave signals as well.

Somewhat different I (P) behaviour was found for the second
type contacts (insertion of Fig.l, squares connectedegx a solid
curve, T=93 K, V=60 mV). We revealed stimulation of I ,i.e. of

supercurrent which was observed earlier on Nb-Nb and Nb-Sn point
contacts near Tc [21).

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=0 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

1

w > r; {(where T is the electron-phonon inelastic relaxation

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 5-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 obtgﬁged ouxr data
well below T _ .Moreover, earlier we have found I stimulation
of the Nb~YBa2Cu30x 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
els tron 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 herc are consistent
wéth our earlier data [6] on the temperature dependence of

Rd=dV/dI of HTSC S-c-N point contacts at zero bias. There is a

well-known fact that at T<T, 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 Rd of measured contacts

drops sharply at T<’I'C (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 RS
practically does not change because of the energy gap saturation
at low temperatures.In contrast with these results the zero—gias
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%ples with E>A. Thus, our data did not display the
increase of Rd and, consequently, the decrease of the number of

the qguasi-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 gﬁg a total
number of curgggt carriers may increase affecting I growth.
Fig.3 EQSWS I (T) dependencg at P=0 (squares). Triangles dej
note I {(T) of the 30x200 um~ microbridge cut out by laser scri-
bing from the YBa.,Cu o, film on which only a common monotonous

fc 3

N e . . .
suppression of I and Ic was observed under irradiation. In

exc

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

1%%¢(1) = A/eRN(n2/4-1)xth(eV/2kT) (2)
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Fig.3, I1°%C as a function of the reduced temperature. Squares -

Nb - Tl 2:2:1:2 point contact; triangles - Y 1:2:3 thin film
30x200um” microbridge.

R4, reLat uniTs i al™
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Fig. 4. Rd=dV/dI and IVC vs T at different rf power levels P(«a),
(Pmax=40mW). The waveguide attenuation a is denoted by dB. AI®%C
exc

and Io are the stimulated and undisturbed excess currents.

and follows A(T) dependence with a sufficient degree of accura-
chc( Fig.3, solid curve}. In the first case, the dependence
I (T) 1is practically 1linear indicating the lack of an excess
current that agrees with statements of ref.S5 about localization
phenomena in HTSC.

Figure 4 shows the IVCs and their derivatives dV/dI=Rd(V) of

the second type contact measured as a function of rf power P.The
unusual linearization of I-V characteristics at small biases

under applied microwave radiation was found simultaneously with

18%¢ increasing. The obtained results demonstrate (Fig.4,a=30dB}

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

under the undisturbed curve (Fig.4, o = 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=37 mV at a=20 dB, Fig.4)

that is difficult to connect with A increasing. We suppose
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this behaviour 1s 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;Cu3O7_; and Bi;Sr;CaCu,O, films has
been investigated experimentally and theoretically. In both compounds the normal
state Hall coefficient Ry (B || c-axis) is positive and exhibits a strong temperature
dependence, which is more pronounced in YBa;Cu3zQ07_; than in Bi;Sr,CaCuy0, . The
Hall coefficient RY in the normal phase has been calculated on the basis of a renor-
malized two-dimensional tight binding model using the relaxation time approximation.
Strong correlatinn 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 rauge of pa-

rameters 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{l], provides valuable information about the electronic
strrctnee of the Righ T sunerconductors (HTSC) in the normal phase. In this brief
contribution we report on a comparative study of the Hall coefficient on epitaxial
YBa,Cuy07_, and Bi,;SryCaCu,0, filins 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;Cu3z07.
(Te = 90K) and Bi;Sr,CaCu,0, (T, = 80 K) prepared by pulsed laser ablation onto
(100)-SrTiO; substrates. The details of the sample preparation are described in Refs. 2]
and {3]. The measurements were carricd out in magnetic fields up to 5T by a stan-
dard dc-method for the configuration B || c—axis (7 || ab—plane). Figurel dis-
plays the Hall coefficient Ry versus temperature of various YBa;CuzO7_.(1:2:3) and
Bi,;Sr;CaCuy0, (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 1:2:3than in 2:2:1:2) with a maximum slightly above T,. It is worth noting that
the unusual temperature dependence of Ry(T) as well as the complicated electronic
structure of high-T, supercouductors does not allow a stmple interpretation of the Hall
coefficient in terms of the carrier concentration. In the phase transition Ry(T) shows
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Figure 1: Hall coefficient versus temperature of several epitaxial YBa,Cu30+_; (a)

for B = 5T and Bi;Sr,CaCu,0y (b) films for B = 5T (upper curve) and B = 3T
(two lower curves).

a peculiar behavior including a sign reversal. These overall features of ) are in good
agreement with reported data{1].

For the interpretation of the Hall coefficient Ry(T) in the normal state, we propose
for the electronic structure of the CuQ; planes a two-dimensional tight binding model
on a square lattice:

e(k) = —28(cos (k.a) + cos (k,a)) — 41" cos (k.a) cos (kya), (1)

where
f=t5 { =6 (2)

denote the renormalized nearest and next nearest neighbor hopping terms, ¢ the 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 somne
extent for strong correlation effects between the quasiparticles. The tight binding model
describes an effective O 2p band which is located between the splitied lower aud upper
Cu3d Hubbard sub-bands. Doped holes are created close to the top of the upper band
edge. Assuming B || c-axis and the weak field limit, we have calculated within the
relaxation time approximation the anisotropic Hall tensor Ry = Rfyz = 0y [(Trz0yy)-
The transport coefficients are given by [4]:

2 2 1.BZ . - a
Orr = Oyy = % ] T(k)v2(k) (—ae(jl:c‘)) ) (3)
L.
9¢3 1.BZ SO . 80,(/:) - (')vT(,G)) ( af )
ryr =™ " pas (k ok I(kj—'—u!lk 'J PYRY A 4
g fl ; T )U( )(U ) aky ( ) dk, ()C(k) ( )

where V is the normalization volume, T(IZ) the relaxation time, fzva(E) = Qe¢/0k,
(e = z,y), and f(e(k)) 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 approaches:
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Figure2: (a) Comparison between theory and Ry of 1:2:3. Solid lines arc the
predictions for the parameters ¢ = 0.40eV, t* = 0.175eV and § = 0.25,0.3,0.35
(from top to bottom) assuming 7. The dash-dotted lines are the results for 75 and
the parameters £ = 0.30eV, t* = 0.075¢V and é = 0.3 (upper curve) and § = 0.35
(lower curve). (b) Comparison of theory and data of 2:2:1:2. The solid curves are
the results for the parameters t = 0.45eV, (* = 0.18¢V and § = 0.275.0.3,0.325.0.35
{from top to bottom) assuming 7, while the dash-dotted line is the result for ¢ =
0.3eV, t* = 0.075¢V and 8 = 0.3 taking 7.

(k) = 1y = 7(T, §) (5)

and (T8
By =mn= D8 (6)

V() + va(k)

The k-independent relaxation time 7o, which is often used for theoretical investigations
of the Hall effect, has no influence on Ry. The calculations of Ry have been perfomed
numerically for ¢ > 2 | ¢* | taking into account the temperature dependence of the
chemical potential.

In the following the unusual temnperature dependence of the normal-state Hall coefh-
cient of the 1:2:3and 2:2:1:2films is compared to the predictions of our calculations.
Values for the doping conceuntration é have been chosen to be close to 0.20 — 0.25 per
Cu site (and per sheet), which Shafer et al. [5] found for the YBa;CuzO7_. (T, = 90K)
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 1:2:3and
115 A3 for 2:2:1:2. For { we take such values, which lead to a reasonable bandwidth
W = 8té of 0.6 — 1.2eV, and ¢* has been choosen to fit the experimental Hall data as
good as passible.

In Fig.2(a) and (b) we plot the experimeutal data of the 1:2:3and 2:2:1:2samples 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 comnes only from the Fermi distribution function. Assuming the E-dependent
relaxation time 7y we find a qualitatively good agreement between theory and Ry(T') of
YBa;Cuz07_;, while for rgthere is no agreement (opposite 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 Hall coetlicient is in good quantitative agreement with expert-
ment for both relaxation times.

At first glance it seems that our simple model for the electronic structure is ca-
pable to explain gualitatively the unusual temperature dependence of the 1:2:3 and
2:2: 12 samples. However, the cerresponding Fermi surfaces (small hole pockets, not
shown here) are not consistent with experimental data[6]. A detailed discussion of this
scrious problem of our teodel as well as predictions of some other transport properties
can be found in Ref. [7] Concerning the unusual doping and temperature dependence
of the Hall coefficient of HTSC several approaches have been made, including caleula-
tions on the basis of conventional band -tructure {8] and strongly correlated models c.g.
Refs. [9] and [10]. But so far, no satisfactory explanation of the Hall coelficient, which
15 also compatible with the large Fermi surfaces observed in some of the cuprates, has
been achieved.
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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 Cgg 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 > T,.. This mixed state model is compared with the jocal
pair theory, as well as the marginal Fermi liquid theory. For the alkali metal doped bulk Cgq
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
TOK < T < 200K.

1. Introduction

The high T, superconducting materials, both copper oxides and doped Cgg fullerenes, have shown
many anomalous features compared to the conventional BCS-type superconductors. One of the
miost 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 Ceg fullerenes and propose a possible charge transfer
mechanisms for each case. Moreover, a set of data on the pyrolyzed Cegy samples is presented,
which turns out very much similar with those of the positive TEP class of doped Cgg fullerenes.

2. Experimental

Doping on Cep/ Crp 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 Cgo/Crp fullerenes in one side could create some kind of the amorphous
fullerenes. Z. Igbal et al. in AHied-Signal Inc. have pyrolyzed the Cgo/C2o fullerenes at three
different temperatures (T, = 800K, 1000K and 1500K) for 16 hours in vacuum seated tube
and measured the X-ray diffraction patterns. It turns out that for T, = 800K, the peaks
corresponding to the Ceo/Cro signal are still existing although the peaks are broadened. At T,
= 1000K, the original peaks of Cgo/Cro have disappeared and very broad peaks correspending
to the amorphous nature of samples have appeared. But these broad peaks are different from
those of the amorphous graphite. At T, = 1500K, the X-ray diffraction patterns are very much
similar to the peaks of the a.iorphous graphite [3). We have chosen the 1, = 1000K sample
and measured the TEP and resistivity as a function of tempera.ure.
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3. Results and Discussions
3.1 Cuprate superconductors

We have reported [t} the anomalous TEP of Y-Ba-Cu-O(YBCO). substituted YBCO such as
CaBaACusOx with A = Y or Lanthanide, Bi-Sr-Ca-Cu-QO{BSCCO) single crystals and T)-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 TEP increases upon 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 TEP data of
TCBCO, YBCO. substituted YBCO, BSCCO single crystals. The model is based on the as-
sumption of the strong Conlomb 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 bound pair. The bound pairs are not worrelated cach 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 hound 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 the normal electrons completely. Instead. the pair-pair
correlation vanishes at T >T, but the individuai bound pairs remain uncorrelated each other,
These bound pair. change to normal electrons as temperature becomes higher. The temperature
dependence of the number of bound pairs turns out slightly different from TCBCQ 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-Casimir 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, for T > T,.. But if the origin of the bound pairs are the negative U attraction, then it
s similar to the local pair theory of superconductors. In fact, Elishberg et al. had proposed
1] 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
interesting 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 naormal state. In this sense.
the marginal Fermi liguid theory proposed by Varmna et al. [5] might have some relationship
with onr mixed state model. At this moment, we must admit that our mixed -state model is
only a phenomenological model which couid 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 Cy fullerene

Figure | shows the temperature dependence of resistivity and TEP for the pyrolyzed Cego/Cro.
The pyrolysis of (4o /(7o mixture is done at T, = 1000K for 16 hours. Being discussed in the
previous section, the sample pyrolyzed at T, = 1000 K, which is used in the resistivity and TEP
measurements shown in fig. 1, is amorphous fullerene in a sense that the XRD pattern is in
between the {ullerene and the amorphous graphite.

Roth resistivity and TEP have been measured from room temperature to 5K. The room
temperature conductivity is high, ogr = 80 §$/cm, even without doping. The weak temperature
dependent resist’ ity is observed with p(5K)/p(RT) =~ 1.4. The slope of resistivity versus tem-
perature, dp(T)/d T, 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(®) and thermoelectric power(A) of the py-
rolyzed Cgo/Cro fullerene

and the room temperature value is quite small, Sgr =~ +3.5 pV/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 ~ 100K, the TEP crosses zero. Below T =100 K, it remains negative until it changes the
sign to positive at T ~ 30K. The absolute value of TEP for 5K < T < 100K is less than 0.3
uV/K.

Figure 2 shows the TEP of potassium doped Cgo/Cro 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=tepl-e (1)
e

where p is the ratio of the number of charge carriers to the number of available sites. For
Spr~100uV/K, p can be calculated as p ~ 0.25. This means that the potassium concentration x
=~ 0.25 in K;Ceo. 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 the diffusive TEP formular for normal metals.

ek o
S(T)=~3—-fikaln(br) ) (2)

where n{ 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 n{Er) > 20 statesfeV . Cgy consistent with
the value measured by the photoemission method [7]. Here we assumed three potassium atoms
per each Ce, i.e., the composition of sample to be K3Cgp. Similarly, for sample 4, n(Er) ~
5 states/eV- Ceg. 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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Figure 2. Temperature dependence of thermoclectric power of K, Cyn: Sample 1 (A}, Sample 2
{®), Sample 3(0) and Sample 1 (W)

intermediate doping concentration hetween the two samples. The arigin of this kind behavior
might be due to the phase separation of the two phases, one is the positive TEP phase and
the other is the negative TEP phase. Unfortunately. we have not suceeeded in measuring the
composition of x in K,Cy of each sample by chemical analyses. The TEP data of sample 2
shown in fig.2 and the TEP data of pyrolyzed Cgg shown in fig.1 are very much akin with each
other in their temperature dependences, although the room temperature value is different for
one order of magnritude. From the X -ray diffraction result, it was determined that the structure
of the pyrolyzed Cgo is amorphous fullerenes {3]. Thus. the anomalons TEP data (sample 2 in
fig.2) suggest that our potassium doped Cgg also has amorphous-like structure. When we dope
alkali metal to Cgp fullerene, we usec the two zone heating method [2]. Our sample zone is
heated up to 210°C very slowly. The Cgg fullerene could have pyrolvzed during the slow heating
process.

In summary, we have shown the anomalous TEP results for both cuprate superconductors
and th~ doprd Cgo/Cro fullerenes as well as the pyrolyzed Cgg/Crg fullerene. Althc.gh all the
data are consistently 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 (Y,Pr)Ba2Cuz07 in
external fields up to 11 T. The results are analysed in terms of crystalline
clectric field (CF) effects and indicate that in these systems Pr appears to
be trivalent rather t .n tetravalent.

Among the family of superconducting RBa2Cu307 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
phasc diagram was detcrmined which shows a gradual reduction of
supcrconductivity until antiferromagnetism occurs for both the Cu- and Pr
sublattices for x>0.55 [1]. In order to obtain information about thc valency
of Pr several cxperiments have been performed (sce e.g. Ghamaty et al. [2]
and Fink et al. [3]). However, the valency of Pr (cither +3 or +4) is still
a matter of dcbate.

Shown in Fig.1 is the specific heat of PrBaCu07-8 for & = | and 0. For
both the orthorhombic (8 = 1) and the tctragonal compound (6 = 0) the
anomaly at the antiferromagnetic ordering temperature of Pr is only slightly
shifted to lower temperatures with rnising cxterial ficlds and appears to be
suppressed almost at 11 T. In contrast to the Cp measurements, the shift of
the anomaly at Tn is hardly observable in the susceptibility measurcments up
to 5T which indicates that either the AF order is not of a simple mean-ficld
type or an appreciable anisotropy is present.

The entropy associated with the AF order yiclds important informatior:
about the valency of Pr as long as the phonon contribution can be subtracted
from thc total hcat capacity with rcasonable accuracy. This is a point to
which we come back later. The crystal ficld calculation by Nckvasil [4]
using the superposition model predicts details of the structure of the CF
spectra. Accordin;ly thc groundstatc of the Kramers ion Pr  is a doublct
whercas for Pr the ground statc is a quasitriplet corresponding to an
entropy gain of S = RIn2 or RIn3, respectively, above Ta.

To avoid complications duc to the AF order of the Pr sublattice wc
substituted Pr by Y and applied external fields up to 11T; thus via the
Zeeman splitting of the ground state we try to elucidate of whether Pr is
cither tri- or tctravalent. For thc heat capacity of Yi-xPrxBa2Cu3zO7 (x=0.2
and 0.6) in cxtemal ficlds, displayed in Fig.2, we obtain rcasonable
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Fig.1. Specific heat of PrBa2Cu30O7 and PrBa2Cu30¢ as a function of
temperature. The effect of extemal fields fields upon Tn is shown for
PrBa2Cu307 in the upper part in a Cp/T representation. A similar effect of
the external field is observed for the O6 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 = (. 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 Debye
function in thc intermediatc tcmperaturc range. The usc of the phonon
contribution 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 gstimation 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 11T, yields an entropy gain of 0.85In3 * 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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mixing of the threc lowest multiplets as well as intermediate coupling
wavefunctions of the free ion predicts a well isolated quasitriplet ground
state with T4 as the lowest lcvel [5]. In the present work, both the
susceptibility and the specific heat were calculated according to the Pr' CF
lecvel scheme as derived from inelastic neutron scattering without any
furthcr adjustment. A comparison of the calculated and experimental specific
heat for x=0.2 and 0.6 at 11T is displayed in fig.3, where we also included
the corresponding hcat capacity contribution of Pr for x = 0.6 at 11IT.
Under the assumption that Pr is tetravalent in this compounds the the
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external field should spli doublet ground state of the Kramers ion
(Pr ) giving rise to a pronounced Schottky anomaly which, however, is not
observ.od 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
InT yields a bell-shaped curve. Its maximum is shifted to higher
temperatures 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 inclastic neutron scattering data of
the fully oxidized (O7) and the oxygen deficient (0O6¢) 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 Q¢ compounds above Tn scems
satisfactory. In the literaturc a broad scatter of the  the susceptibility
data of PrBazCu3zO7 cxsists (and we measured also various O7 samples of
different laboratories), thcrefore we plot the susceptibility of two
representative  O7  compounds together with the calculated x(T) for
comparison. In this context we belicve that the O7 sample labeled as IL with
the lower susceptibility contains fewer impuritics than the other onc,
labeled as IN since the latter exhibits a ficld dependend susceptibility
below and above Ta which is not the casec for the former. Despite the
experimental uncertainty this comparison in fig4 also supports that Pr can
be considercd 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 ficld hcat capacity data of this serics ip terms of a S= 1/2 Kondo
effcct. This implics a tctravalent Pr with an “F52 ground multiplet where
the grond statc is a Kramcrs doublct. As statcd above, this doublet would be
splittcd by cxtemal ficlds giving risc to a significant Schottky anomaly at
11T with Cp/T pcak valucs ncarly thrce times larger than the expcrimental
valucs for x =0.6. This, howcver, is not found in thc cxperiment (scc
fig.3). The intcrpretation of Ghamaty ct al. {2] yiclds impressive agreement
beween their model calculation in terms of a Kondo effect and the zero ficld
Cp(T) data up to 10K. Howcvcer, thc comparison of the susceptibility and the
high ficld specific hcat data with our results from the CF calculation
(fig.2 - 4) strongly indicatcs that thc ground statc of Pr in thesc systcms
15 a quasitriplct rathcr than a doublet. This mcans that Pr is mainly in
trivalent statc which is in full agreement with recent inclastic neutron
experiments [5] and clectron loss spectroscopy [3].
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Anisotropy of Transport Properties of HTSC Monocrystals
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Investigation of the thermal conductivity, «(T), of high
temperature superconductors (HTSC) is particularly useful in
probe scattering processes, in both the normal state above T.
and the superconducting state below TC. In particular, stu-
dying the anisotropy of Kk in superconductors reveals the elec-
tron-phonon coupling and carrier scattering mechanisms. This
work reports measurements of thermal and electrical conducti-
vity in YBaZCu307ﬁ and Bi;erZCaCuzoﬂ_x single crystals. Mea-
surement were made in the ab-plane and along the c-axis of all
samples. Single crystals of YBazCuaov_y were prepared at the
Institute of Solid State Physics in Chernogolovka, and
BiZSrZCaCuZOB_x crystals were dgrown in Moscow Institute of
Steel and Alloys. Further characteristics of the investigated
samples are tabulated in Tab.1.

Material and Size T, AT P00 dp/dT
Abbreviation mm® K K uQ*xem  pQ*cem/K
Sample M e e
YBCO-21 1.70%0.94*0.030 92.5 0.5K 208 0.77
YBCO-25 1.65*%1.00*0.135 g92.5 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

- - — - ——— - — - - = S — — . " — — . 4 o > D T W " Tty . W PO " - W A Iotr > .

The measurements were made using sitandard 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 1liquid helium cryostat. The plate-like samples

Springer Serics in Solid-State Scicnces, Vol, 113 Electranic Properties of High-T. Superconductors 119
Editors: H. Kuzmany, M. Mchring, J. Fink ©) Springer-Verlag Berlin, Heidelberg 1993




were glued to a heat sink on one end, while a heater (= 300 Q)
wags attached to the opposite end. The temperature gradient
across the sample, ATS, was determined by means of differen-
tially space constantan-chromel thermocouple junctions (dia-
meter ¢ =10 um). 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
enclcsed 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 kx/0 was = 10%.

Results and Discussion

In Fig.l, we show the electrical resistivity as a function
of temperature for speciments investigated. The resistivity
ratios RR=(pC/pab) 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 x is less for the Y compound (for Y-25
from Kab/xc %= 3,4 at 150 K to =6 at 10 K), and more for Bi
materials (Bi-3 Kab/xcz 5.1 at 150 K and 100 K, to =~ 7.5 at S0
K; for Bi-4 xab/xcz 8.6-->11 at 20 K: for Bi-~6
K,p/Ko~100-->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 xab(T) for all samples occurs near TC/4
which is in the lower temperature than in ceramic HTSC mate-
rials where Tmaxz Tc/z.

4. We note the monotonic decrease of xc(T) as a function of
temperature, in the c-direction. From highest investigated
temperature, x(T)} monotonic ally decreases without any pecu-
liarities near Tc.The out-of-plane conductivity does not show
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Fig.1l. 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 p(T) curve {(in
ab-plane) below TC.

Resistivity was measured, and using the Wiedemann-Franz law
we separated the free-electron contribution to x(T) by descri-
bing the total kx as the sum of thermal phonon and electron

conductivities:

The electronic contribution in the ab-plane contributed up to
50% or more of the total (sample Y-21). xe/n ~10% for Y-25,
ne/x ~13% for Bi-4 and xe/x %2.4-3.5% for Bi=-6. In the
c~-direction, throughout the normal state temperature range, Ko
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 (ne/x = 1%) .

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= l/sz pr+ wpd+ wpe
where as Widenoted the thermal resistivity of phonon-phonon,
phonon-defect and phonon-electron scattering respectively. At
low temperature (8-20 K) thermal conductivity decreased 1li-
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Fig.2 and 3. Temperature dependence of the thermal conductivity
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the electronic part kK, ©of the thermal conductivity. The solid
line is a - typical curve of the thermal conductivity for Bi

ceramic sample (Reference [3]).

nearly with T. We subtracted 1low temperature behavior
1

(WLT~T' } from common thermal resistivity (without further
examination of its nature). Ti.2se estimation value gave us
upper 1limit of phonon-electron interaction Wpez 0.05-~0.15
K*m/W, which led to typical relaxation times of phonon-
electron interaction in HTSC tpez 3-9 * 10”'% s at TzTC {sound
velocity vsz4000 m/s [1] and for specific heat szlJ/(cmaxz)
[(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 Toh 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 .

Qur investigation of thermal conductivity of HTSC monocrys-
tals showed ahsignificant anisotropy in «, 3<k /K <20

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

-12 pe

10 s at T~T_ in HTSC monocrystals.

For relaxation time of phonon ir*“eraction we may write the

i % *
ratio (te/tph)ab >z 10 (te/tph)c.

Comparison thermal conductivities withween monocrystals and
cerz 2/3Kab+ 1/3Kc)
doesn’t give absolute values of thermal conductivity of cera-

ceramics show that simple average (x

mics, we must take into account scattering phonons on inter-
crystalline boundaries.
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On the Surface-Derived State
of Cleaved YBa;Cu307_s Single Crystals
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Abstract. Angle-resolved photoemission experiments on the cleaved surface
of YBa2CuzOr_s single crystals revealed an intrinsic surface-derived electro-
uic state around the X and Y point of the Brillouin zone with 0.92 ¢V binding
energy. A surface electronic structure different to the bulk can be of basic
importance for the surface superconductivity of this high-T, cuprate. Here we
briefly review recent experimental results and present new hydrogen adsorption
experiments, demonstrating the surface character of the 0.92 ¢V state.

1. Introduction

Angle-resolved photoemuission spectroscopy (ARPES) pecformed with high
energy and momentuin resolution on single—crystalline high-T. superconduc-
tor surfaces has provided valuable experimental information on the electronic
structure 1n both their normal and superconducting state. Most of the results
concerning the origin of the electronic states, in particular of that at Eg, their
binding cuergics and dispersions, the Fermi surface in the normal state, and
the opening of the supcerconducting gap for T < T, were obtained on the sy-
stem BizSroCaCua0sg4 ¢ [1]. For YBayCuszQ7_s it is a puzzeling problem, why
no superconducting gap could be detected by ARPES. Early photoemission
measurements could not even obscrve a Fermi edge in this material. Arko et
al. [2] have shown that the YBayCu3zO7_s-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, 6'. 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 photoelectrons the question has to be posed,
how far the clectronic structure derived from the surface of superconductors is
representative for the bulk propertics.

Because of the quasi two dimensional character of BiaSraCaCupOg4s chemi-
cally stablc surfaces can be prepared by cleavage between the adjacent Bi-O
layers. These tayers 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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no strong disturbance to the bulk clectronic structure. 'Fhis, and the observa-
tion that besides the Cu--Q planes, comumon to all cuprate superconductors, it
contains of metallic [1] and below I even superconducting Bi- O layers {7, 8]
make BiaSraCaCusOxgys appear somewhat extraordinary anwng the high- T,
cuprates. ‘Thus, for BioSroCaCusOggs there exists up Lo now no evidence for
surface effects.

For the high-"T'. compound YBa,CuzQOr_, the situation is rather different.
llere the formation of a surface inevitably requires breaking of strong ionic or
covalent bonds between the layers. In particular, cleavage between the Ba:
O and Cu-O plancs obtained by cleavages from the top of the sample, the
charge transfer in the bulk from the CuQy chains to the CuQOas planes may lecad
to a rearrangement of electronic charge and thus to changes of the clectronic
structure at the surface compared to that of the bulk. Such surface clfccts
have vcen first proposed by Calandra ct al. [9, 10}, finding distinct modifi-
cations of the surface-derived density of states with respect to the bulk. The
present contribution adresses the experimental evidence for surface effects on
YBayCu30¢ 3, obtained from recent high-resolution angle-resolved photoemis-
ston studies [4, 11], and new hydrogen adsorption experiments.

2. Experimental

In the hydrogen adsoption experiments we used similar YBa;CugO7-s (6 =
0.2) single crystals as in the previous studies {4, 11]. The preparation of the
samples 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 finger of a
cryostat by a conducting glue and were cleaved in ultra-high vacuum (base
preassure in the low 107'° 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 cryopump was used.

The photoemission spectra were taken with Hel radiation (hv = 21.22 eV) by
means of a spherical analyzer nmiounted on a two-axes goniometer. The energy
resolution was 25 meV, the angle resolution better than 0.5°. In order to avoid
oxygen loss from the surface the sample temperature was kept below 20 K for
all experiments. The quality was judged by the strength of the Fermi edge
for certain emission angles, the abscnce of the notorious 9 ¢V peak, which is
related to oxygen depletion in the surface region [12] and becoiing 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 1s adsorbed on the surface via *ultra«high
vacuum valve from a bakable reservorr.
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Results and Discussion

During systematic ARPES studies of the Fermi surface and of occnpied disper-
sive bulk denved bands close to Ep of YBaCuzOy 5 we have observed a sharp
and mtense peak around the X(Y) point of the Beillouin zone [4]. In Fig. |
typical cuergy distribution curves for this peak are shown between 0.5 and
L5 eV taken along the 1N XUY direction at emission angles corresponding to
wavevectors &y around the Brillouin zone boundary. Such a spectra series 1s re-
preseitative for this material and in agreement with previous [4, 5. 6] and very
recent [I4] data on twinned and unmtwinned samples from different laborato-
ries. Besides several dispersing cimission maxima close to Ly, which have been
discussed in detail with respect to the bulk band structure calculated within
the local density approximation [4], the pronounced maximum (assigend S)
with dispersion parallel to the surface, &, around the X(Y) point is discussed
i detail inorel. [1]. Its intensity is strongest at the X(Y)- point, decreasing
dramatically away from X(Y), and vanishing at a distanee of about 173 of the
Brillouin zone extension. Within this regime the &y dispersion is about 70 meV,
shown together with the most prominent bulk band at £ (for details see rel.
[1]) in Fig. 2. The binding energy of S is 0.92 eV at X(Y).

The extraordivary low value of the intrinsic hnewidth of S of about 100 meV
(I'WILM) made this peak to one of the sharpest emissions observed in high-
I+ materials so far. Such a small band width is reminiscent of widths found
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4 Figure 2:

- c Conmparison of the ARPES results of
Y 3, Cuy0¢ s with a LDA band struc-
ture [13]. Solid and dashed lines repre-
sent theoretical bands along the T'-X
and I'-Y direction, resp., and ¢ assigns
Cu-Q chain bands. Full circles denote
pronounced ARPES peaks, open circles
weaker structures and shoulders. Note
the ky-dispersion of the surface band
S from the serics of Fig. 1 around the
X(Y) point.

for surface states in metals, e.g. C'u metal. Because of thesc properties and
the fact that band S has no direct cquivalent in the bulk band structure it is
attributed to a surface derived state [11]. The observation of &y dispersion rules
out an assignment to a localized defect state, but supports an interpretation
as an intrinsic surface band, which is located 1n a gap of the projected bulk
band structure near the X(Y)-point (due to a surface state) and 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
ky dispersion proved by photon cnergy dependent measurements. Thus S is
focalized perpendicular to the c-axis as 1s characteristic for a surfacc state.
In addition, band § reveals a strong sensitivity to adsorbates. In ref. [11]
we described coatamination experiments. Because the sample temperature
was below 20 K during the measurcment, the sticking coefficient of residual
molceules in the chamber hitting the surface approches unity. Hence, after
about 6 hours the intensity of band § appeared to be strongly reduced and
after about 13 hours it was completely suppressed. All the other peaks in the
spectra due to emissions from bulk--like states are not affected.

Although it is well kuown that in contamination experiments from the residual
gas at low temperatures mostly water adsorbs on the surface, a more reliable
prove of the surface sensitivity may be achived by using only one adsorbate.
In Fig. 3 we show a spectra serics 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 onsct of bulk bands the spectrum consists of broad
emission starting at the Fermi cnergy (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 decreased dramatically. The uppermost spectrum
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Figure 3:

H"\.’. Sensitivity of the surface band S on hy-
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was recorded shortly after the 0.5 L one, but with the sample having been liea-
ted to 50 K for a few minutes (flashing) 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 nov 2fferted by the adsorbed hydrogen. It is interesting
to mention further that alter the flashing procedure the intensity of the surface
pcak starts to deercase again and reveals a suppression shmilar to the 0.5 L
spectrum after about | hour. With a next flashing treatment one is able to
recover it again, and so on. 'This behaviour points to hydrogen diffusion out of
the sample which has been absorbed in the bulk of the YBayCuzQs 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
Y BayCuzO7_s reguires the breaking of strong bonds between the layers. In
particular, for a Ba-0(4) termination with a Cu(1)-O(1) sublayer, which is
the only non-polar one, marked changes have been theorctically proposed by
Calandra et al. [9, 10] in the surface density of states in comparison to the bulk.
X-ray photoemission {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 Lo represent a Ba surface species. Froni our photoemission investigations
we would conclude that the cleavage plane consists of Ba-O(4) and Cu(2)-
0O(2,3) domains. This scems to be the casy cleavage plane of YBa;CuyQg .
On the other hand, it should be mentioned here that, besides the normally
obtained cleavages between adjacent Ba-O and Cu-O planes, there seems 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. [14] observe that the
surface-derived band at about 1 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.

In surmnary, the chscrvation of a surface devived ban ! on the Ba-O(4)/Cu(2)-
0(2,3) face (’normal’ cleavage planc) of YBa2Cu3Qg s, indicating a rearrange-
ment of electronic charge at the surface probably explains why in this compound
no superconducting gap could be delected by photoemission (or scanning tun-
neling spectroscopy, STS) so far. The very recent evidence for the possibility
of a second cleavage planc in this compound reported in ref. [14] is interesting
and nceds further expeririental work, but also shows that spectroscopic expe-
riments on YBayCu3zQO7_s are much more complicated than on the previously
studied BisSroCaCuyOsgys 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. Hence, a mapping of bulk detived bands by ARPES remains to be a
meaningful experiment.
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Abstract. The clectronic structure of 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
Lheoretical investigations dcal with Cudd,., and O2py y orbitals at Ep,
but whether or not O2p, and Cu3dy,. . orbitals contribule to states at Eyp
is sUill under discussion. The contribution of states with out-of-plane t
orbital character has been investigated by polarized x-ray absorption
spectroscopy (XAS) on LITSC single crystals. For Lag (SryCuO4 a small
contribution from O2p, orbitals (8% of holes in O2p valence band states)
was observed which increased to about 13% on 30% Sr doping. In n-type
doped HTSC there is no clear evidence for O2p, orbitals at Ky but states
are obscrved slightly above Ejp with O2p, character depending on the
doping and annealing conditions. An observed admixture of Cu 3dj, .
states Lo the predominant 3d,. hole states al Ep of a few percent did not
significantly exceed the expermental error limits.

I. indroduction

The commonly accepted picture for the clectronic structure of CuOplancs
in LayCuOQyq as derived [rom clusler calculations gives a lower occupied Cu
3d band, the lower Hubbard band, and an occupied O2p band separated by
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a charge transfer gap from the unoccupied upper Hubbard band. On p-Lype
doping, states with Cu3d,2.,2-02p, o symmetry having strong Zhang-
Rice singlet {1} character form in the gap. These states may be related to
superconductivity. This picture satisfactorly describes the observed Ols
absorption edges for LaSrCuQ. Upon Sr doping O2p hole states at the
top of the valence band are formed and the transfer of spectroscopic weight
from the upper Hubbard band to states at I$ are observed as measured by
Romberg et al. |2] and Chen et al. |3]. According to Khomskii et al. [4],
upon p-type doping the cuprates the cnergy of the 3d,2.,2 stales are
lowered, while states with 3dg,2.,2 orbilal character crosses Ey. Mackawa
et al. [5] point oul thul the inercasc of apical O2p, states to the in-plane
holes may destabilize the Zhang-Rice singlets and thus may destroy
superconductivity. On the olher hand, electron-phonon Jahn-Teller
interactions involving the apical oxygen was at the origin of the scarch
for the cuprate superconductors {6]. In the d-d model of Weber | 7] holes in
the O2p band pair maialy via virtual excilations of d-d transitions on Cu
sites. Kamimura et al. | 8] have proposced a spin-polaron model with high-
spin hybrides of Cu3dy,2 .2 and O2p, orbitals for p-lype doped cuprates
and ol Cu3dy2y2 and Cuds orbilals for n-fype doped cuprates.
Experimental investigations of the symmetry and orbital character of the
states ncar Lo the Fermi level are very valuable as they allow
discrimination between different models.

2. Experimental

Lag (Sry,CuQy crystals used in ihis investigations were large enough to
cut a,c-oriented surfaces. The other cuprale sampics studied were thin
single crystalline platelets with a,b oriented surfaces. The crystals were
glued to Pl-covered sample holders and clean, flat and mirror-like surface
were produced using an ultramicrolome with a diamond knife. Finally,
they were mounted on a manipulator which can be rolated around the
horizontul and the vertical axes to adjust the crystal axis under
investigalion so as to be parallel to the electrical field vector of the
incident light. Bulk sensitive, polarized XAS measurements were
performed at the SX700/H monochromator at BESSY using a Germanium
fluorcscence detector. The energy calibration and resolution were
monitored with the help of a low-pressure Ne gas cell. The energy
resolution used was 340 meV (780 meV) for most Ols (CuZp)
investigations. The Ols ubsorption measurements were corrected for the
intensily variation of the photon beam as a function of cnergy with the
help of a normalizing spectrum derived from total clectron yield
mcasurements of a clean Au surface. Sclf ubsorplion corrections had to be
applicd to the Cu2p absorption data considering the different
experimental geometries,
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3. Results

I'ig. 1 shows the fluorescence yield spectra of Layg ySryCuOq4 for x =0,0.1 &
0.01, 0.15 = 0.01, und 0.3 £ 0.02 for the polarization vector E of the
incident  synchrotron lighi  perpendicular  and  parallel to  the
crystallographic c-axis. For ELc¢ and x = 0 there is a peak at 530.2 ¢V
assigned Lo transitions to O2p, y stales hybridized with Cu3d,.y slates
in the conduction band Gi.c., the upper Hubbard band). This is followed by
a steep rise at 531 ¢V duc Lo transitions into unoccupied O2py y states
hybridized to Ladf and 5d stales. For x > 0 a new peak due to hole states in
the valence band (I£ ~ 529 ¢V) 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 (2,31 and with
theorcetical investigations [9,10). For E || ¢ the spectral weight below 531
eV is strongly reduced, but shows a shailar x-dependence. A chemical shift
of 0.3 ¢V is obscrved lor the absorption threshold energies between the
E || ¢ and E L ¢ speetra. This indicates that the absorption cdges originate
from dilferent O sites, that for K L ¢ lrom the in-plane O siles and that for
E || ¢ from the apical oxyygen sites. F'rom an analysis of the pre-peak at 529
eV we inler an O2p character relative to the total number of O2p holes
induced by doping of 9%, 7%, and 13% for samples withx =0.1, 0.15,
and 0.3, respectively. The absence of Op, holes in BigSreCaCugOg (T =85
K) {11} and the lower T, < 40 K for Lay (Sr,CuQO4 saumples with about 8%
of apex holes may be taken as an argument for the destabilization of the
Zhang-Rice singlet due to holes on the apical oxygen.

In contrast Lo the Ols speetra of Lay (SryCuOy4, Lthosc of the n-type
doped (Nd, Sm)y (Ce,Culy 5 show no unoccupiced states in the valence

INTENSITY (ARB. UNITS)
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Fig.1: Ols x-ray absorption spectra of Lag. ,Sr,CuQy4 for x = 0,0.1,0.15,
and 0.3 measured for polarizations E L cand E] c.
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Fig.2: Ols x-ray absorption spectra of Ndy xCe;CuOgq. 5 for x = 0.025, 0.15
and 0.3 measured for polarizations E L cand Eff c.

band. The relative intensity of the conduction band states for in plane
(ELc) excitations does not change significantly with Ce¢ doping. Despite
the absence of apical oxygen sites there is some absorption observed for
E || ¢ in the energy range of the conduction band (528-530.5 ¢V) even for
the undoped samples. In Ndy ,Ce,CuQyq (IFig.2), the absorption for E || ¢
scems Lo increase proportional to the doping concentration x. Hence, the
observed 02p, states could be assigned Lo hybridization of O2p states with
Cedl and Cebd states. Cebd stales are predicted by band structure
calculations {12] to be close to the Fermi level. On the other hand,
investigations on SmyCuQyy (Fig.3) show thal a similar increase in the
E || ¢ absorption can be observed on reducing an undoped crystal, The
similarily of the speetra for undoped, anncaled and for x = 0.15 doped
Sy Ce,Culy indicate that similar defect states at ~529.5 ¢V can be
induced by oxygen delect states produced in a reducing almosphere.

In I'ig. 4 we show the Cu2p absorption edges of SmCeCuO for E L
¢ and K || ¢. For E L ¢ the transition into empty Cu3d,2,2 stales is
observed and assigned to the upper [Hubbard band. For E || ¢ a strongly
reduced peak is obseved at the same energy. This transition is commonly
assigned to Cuddg,2,2 stales. In Table I the ratio of Cu3dg,2,2 to Cu3d
(total) holes arc given for cuprates from the present XAS investigalions.
These  values represent upper limits, since systematic errors as
misorientation of the whole erystal or local misorientation and non-perfect
polarization of the photon beam will result in the inclusion of part of the
3dy2.y2 spectrum in the E{ e-spectrum.

In IFig.4, above 932 ¢V, a clear edge is obscrved for E || ¢. In the
undoped as prepared sample the edge appears at ~935.2 ¢V, while it is
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Fig.3: Polarized O1s x-ray absorption spectra of Smy.,Ce,CuOyq.5 for x=0
and x=0.15. Sumples with 8 > 0Owere anncaled in argon.
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IYig.4:  CuZp absorplion speetra of Smy CeyCuOyq.5 with x=0 and x=0.15,
samples with § 20 were anncaled in argon. The spectra are not
correcled for self-absorplion, which would enhance the E L ¢
spectrum by a factor of 2.8 in the maximum.

shifted by ~2¢V Lo lower energy upon reduction and/or doping. These
cdges may be assigned to Cu3d2,2 characler probably hybridized with a
broud Cuds band. This would indicate that the Cuds band would be shifted
towards the Fermi level upon reducing and/or doping. The additional
intensily formed upon doping or annealing as observed in the Ols

138




Table b Experimental radio R = holes 3d3,2. 2/holes in 3d
(@ - anncaled inargon, g a. cingrazing angle; a,c: a,c-plance)

sample X R(%) geon.
Cay Sr,Cu()y 0.14 | g.a
Ly (Br,Cul)y 0.0 1 a,c
0.1 4 a,c
0.156 2 a,¢
0.3 4 a,c
T B CaCusOy ] g.a.
S e, CuOy g 0 3 g.a.
0,a | g.u.
0.15 2 g.d.
0.15,a 3 g.a.
Ndy ,Ce,CuOyy 0 1 g.a.
0.15,4a 1 g.a
0.22,a 1 g.a

absorption edges for E || ¢ (IMigs.2 and 3) may be related Lo this shift of the
Cuds band to lower encrgices.

4. Conclusions

Common to most actual models for the high temperature superconductors,
the stutes near Ep have dominant in-plane character. The contribution of
Culdy,2 2 to 3d states in the upper Hlubbard band is small or zcro. In
Lay <SryCuQy4 about 8% of holes on oxygen sites have O2p character. At
x = 0.3 this number is slightly increased o 13%. These resulls are in
qualitative agreement with those reported by Chen et al. [13]. For the n-
type doped T phase cuprates there are O2p states in the energy range of
the upper Hubbard bund ¢lose to I independent of doping. At slightly
higher energy additional O2p states are formed upon doping.
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Unusual Temperature-Dependent Behavior
of the B1,Sr,CaCu;04,5 Energy Gap

C.T. Simmons. S. Molodtsov. G. Stadermnann, C. Laubschat.
and G. Kaind|

Institut fiir Experimentalphysik, Freie Universitdt Berlin,
Arnimallee 14, W-1000 Berlin 33, Fed. Rep. of Germany

Abstract. The electronic structurc close to the Fermi level of Bi,Sr,CaCu,QOq,5
was studicd in the superconducting state by high resolution angle-integrated,
rcsonant  photocmission spectroscopy as a  function of tcmperature and
submonolayer Au coverage. In addition to the opcning of an cnergy gap below T,
described by a reduced gap parameter 2A(20K)/kgT .= 8, a relatively sharp
density of statcs feature is discovered within the gap. Resonant enhancement at a
photon energy of 18 eV indicates that this featurc is oxygen-derived. Its relative
spectral weight decrcases with tcmperature, and also under submonolayer gold
coverage. This suggests that it cither originates from oxygen atoms in the Bi-O
plancs exposed at the cleaved (001) surface, or possibly the ‘apex’ oxygen atoms
situated immediately below.

1. Introduction

An important issuc in cusrent thinking about high-T. supcrconductivity 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 mcasurements and
infrared spcctroscopy,[1] we present angle-integrated photocmission evidence in
favor of electronic states cffectively filling in the gap upon warming towards T, A
resonance cffect strongly indicates the oxygen 2p-derived naturc 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 elsc 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 1 beamlinc at the Berliner
Elcktronznspeicherring  fiir  Synchrotronstrahlung  (BESSY), employing a
commercial angle-integrating clectron spectromenter system (Leybold EA-11,
acceptance angle £ 14°) in order to simultaneously monitor changes in as large a
portion of the total density of states as possiblc. In order to gain signal intensity,
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the total system resolution was sct to 40 mcV (FWHM). The as grown
Bi,Sr,CaCu,04,5 crystals were single phase, with a sharp superconducting
transition at 85 K, as mcasured with x-ray diffraction and low-field magnetic
susceptibility. All PE spectra were taken directly after cleaving under vacuum, in
the low 10710 Torr range, at the temperature of measurcment. 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, a4 narrow Lorentzian-shaped peak P in the gap had to
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 valencc-band PE spectra at hv = 18 ¢V, 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 Eg,
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 ©. 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 predominantly 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 lic 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 O 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 visiblc 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 surfacc state, sincc the residual portion of
P coming from deeper laycers should remain unaffected.

There remains the question, why angle-resolved photoemission work has so far
not rcported secing this intragap intensity. For this there arc scveral reasons. The
first is that almost all PES studics of thc supecrconducting statc have been
conducted at temperatures around 20 K, at which this fcaturc is so much reduced
that, for our expcriment, it is no morc compelling in the data analysis. The sccond
is the resonance at hv = 18 eV, a photon cnergy not used these works. Third is the
nature of anglc-resolved work, where workers so far have restricted themselves to
directions of high symmectry (I'-M and '-X,Y), and so misscd this intcresting
feature, which must lic somewherc clsc in the Brillouin zone.
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RV e Figure 3. Top: T= 63 K spectra for a cican
NQSQC&CUEOB*’& surface and two coverages of gold.

Bottom: relative intensity of peak P.
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We have studied the electronic properties of interfaces formed by Al
A Bi. CdTe, Cu. Ge, Pb and Sn with cleaved single cryvstals and with
epitaxial thin films of BiySroCaCuyOsys using angle-integrated photoe-
mission spectroscopy with syvnchrotron radiation.  Measurements were
performed over a wide range of photon energies. from 16 e\ to 160 eV,
vielding valence band. core level and resonant photoemission spectra
which. in combination. provided detailed information abont the mter-
taces. The resonant photoemnission spectra give clear evidence of changes
in the electronic structure associated with the CuQg-planes of the super-
conductor as a function of adsorbate filin thickness. All the materials
deposited on the superconductor induce some changes in the weakly-
bound electronic states arising from the CnQOs)-planes. Al. Cu. Ge and
Sn form strongly reactive interfaces. whereas Bi. CdTe and Au are less
reactive. Pb is an intermediate case since it forms a monolaver of insu-
lating PbO at the interface. The system CdTe/BiySryCaCuyOgys is an
mreresting example of a less reactive interface between a semiconductor
and a superconductor. In this paper we focus on An overlavers. which
are suitable for use as metallic contacts in devices.

Interfaces between semiconductors or metals and copper-oxide-based
high-temperature superconductors have attracted attention because the
materials compatibility issues have to be thoroughly explored and opti-
mized if these superconductors are to be integrated with other materials
in devices.  Although the Au/BisSryCaCuyOuys interface has been ex-
tensively studied it is still the subject of controversy [1-6]. Our results
show that Au deposited at room temperature on BipSryCaCuyOg s forms
a reactive interface.

Evidence of the disruption of the BigSraCaCuyOyp,s(001) surface due
to Au-deposition is provided by the Bi 5dy/, and 5d;4 core level spectra
shown in Fig. 1. As expected the intensity of the Bi 3d core levels decrea-
ses with increasing gold coverage. but at a coverage of 86 A a small peak
at lower binding energy due to released metallic Bi can be seen. The
density of states at the Ferun edge (Ey = 0 ¢V). consisting of states from
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Fig.1: The Bi 4d core levels and the Fermi edge were measured for diffe-
rent Au coverages at 50 eV photon energy: the intensity of the core levels
is plotted on the might-hand side.

the CuQO; and BiQ planes. is suppressed at intermediate Au-coverages
and increases again at higher coverages because gold iself has a large
density of states at Ep.

Weaver et al.[5. 6] showed using scanning tunneling microscopy (STM)
that submonolayer deposit of Au at 300 K produce ~25 A diameter clu-
sters that form rows along the b-axis. These clusters result from con-
version of the terminating BiO surface layer into a BisOjs-like structure
which is energetically more favourable and the activation energy is pro-
bably provided by Au Au bonding or clustering.

The model proposed by Weaver et al. is supported by our photoernis-
sion results. The suppression of the density of states at the Fermi edge
for intermediate coverages shows that the metallicity of the surface BiQ)
plane is destroyed and it is likely that parts of the surface becoine insu-
lating as expected for the formation of BigOj3 -clusters. The two slopes in
the attenuation curves in the lower part of the right hand side in Fig. 1
show clearly that the sticking ~oefficient changes for different gold deposi-
tions; for coverages up to 3 A it is larger than for coverages of more than
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3 A. The first slope can be explained by the formation of BiyQ)3-clusters
up to a Au coverage of 3 A and the second slope is due to layer 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 photoemission spectra for small Au coverages shown in
Fig.1 can also be explained by a higher oxidation state of Bi which would
normaily 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 performi STM measurements on this surface.

There are two ways of converting the BiQ plane into BiyQ3 clusters:
one involves the addition of oxvgen ( 2BiO + O — Biy0Q3 ) and the other
separation into Bi and Bi;O3 ( 3BiO — Bi+ Bi,O3 ). The photoemission
results in Fig. 1 show that Bi segregation occurs, but the amount of se-
gregated Bi is only about 1 %. Hence, insufficient oxygen for complete
Bi,03 formation is provided by this reaction and the additional oxyvgen
has to be provided by the superconductor. The question that arises is
therefore from which layers in the superconductor is the oxygen removed?
Photoemission measurements of the Sr 4p and O 2s core levels show that
some oxygen is released from the SrQ layer, but the amount does not
correspond to what would be needed to convert the first BiO layer into
Bi;03-clusters. In Fig.2, the Cu 3p-3d resonant photoemission spectra
demonstrate that the CuQOq layer also suffers oxygen depletion.
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The Cu 3p-3d resonance is particularly important in rthe cuprate super-
conductors because the spectra are sensitive to changes in the electronic
structure associated with the CuQy-planes. Difference spectra obtained
by subtracting spectra measured off-resonance (he = 70 eV} from those
measured on-resonance (b = 76 V') are shown in Fig. 2. There are three
distinet 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 CuQ, the antiresonance of the valence band and a small reso-
nance near the Fermi edge. The antiresonance, which delicately reflects
anyv small changes of the chemical state of the CuQOs-planes, remains al-
most linebreak([2] unaltered for low coverages. At higher Aun-coverages
the structures arising from the Au 3d core levels become more predomi-
nant. The intensity of the structure at 12.7 eV binding energy decreases
not as much as would be expected for Au-coverages up to 2 A and chan-
ges significantly for coverages above 2 A. This effect can be explained
in terms of modified Auger matrix elements for the super-Coster-Kronig
transition. that reflect changes of the hybridization between Cu 3d and
O 2p orbitals in the CuOs-planes [7]. These changes are probably due to
oxvgen diffusing out from the CuQ, planes. This clearly indicates that
gold modifies the electronic structure of at least the first CuQy-plane.
It can be coucluded that the interface of Au/BiySryCaCuyQOgys formed
at room temperature is reactive and the electronic structure of at least
the first CuQy- and SrO-laver is modified and the surface BiQO-layer is
converted into BixQs-like clusters.
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Abstract Investigations on the electronic structure of T* -type Nd; 4Ceq 2Srg 4CuOy_s by
means of photoelectron spectroscopy are presented and compared with results for elee-
tron doped compounds of the T’ -structure. Councerning the Cu-O-lavers we find slightly
altered Cu-O-hybridization and -charge transfer energy. which can be explained by the
different surrounding of copper in both compounds. Also the electronic properties of the
rare earth layers exhibit small but distinct differences in both systems which also can be
related to different structural properties.

1. Introduction

Superconductivity in the Ndj 4CegaSre4Cu04_s -system was discovered in 1988 by Akimi-
tsu et al. [1]. Neutron refinements [2] confirmed its *T"-structure” to be a hvbrid of the
well known T~ {Lap;CuQ4-} and T'- {NdyCuQ4-) structures. Thus instead of CuQ4-plates
{as in T') or CuQg-octahedrons (as in T), Cu in the T -compounds has an pyramidal
surrounding of 5 O-ions. Hall-effect measurements revealed a positive sign of majosity
charge carriers {3] for this compound, which therefore stands at the borderline to n-
type superconductivity within the family . { the closely related T . T*- and T'-svstems.
Furthermore due to the simplicity of its crystal structure it can be considered as model
compound {or other HTSC containing CuQs-pyramides {like i.e. Bi;Sr2CaCu,0gys). We
therefore think investigations on the electronic structure of T to be of particular interest.

2. Experimental

Samples were prepared by a standard solid state reaction technique, described i de-
tail elsewhere [1]. The samples had a T, of 25K and a Meifiner fraction of 26% of the
ideal value.

For photoemission experiments surface quality of the samples was checked by the Eg =
932 eV -shoulder of the (J1s-peak for core level spectroscopy and the 9.5 eV -feature of the
valence hand spectra. respectively. which are both due to chemisorbed oxygen on the sur-
face. Both features were minimized by scraping the samples under UHV. Both core level-
and valence hand-spectra show degradation of the surface in UHV at room temperature
within few hours. as was also observed for other HTSC [5].

3. Resulits and discussion

Cu~-O-layers. A rough estimate of a first important electronic parameter of the Cu-0-
layers. namely the hole-hole-correlation energy at the copper site Uy, can be given by a
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Table 1: Values for Cu-O-hybridization V and -charge-transfer-energy .\ vbtained by a
Single-Impurity Anderson model (U =8.1eV).

Nd,CuOy4 | Ndy (CegaSrg4Cuy_;s | BiySryCaCuyOgs
L./1, 3.1 2.6 2.2
AFE (eV) 3.6 3.6 8.7
V (eV) 1.1 3.2 2.2 W=
A (eV) 3.4 2.45 145 2.0eV
V (eV) 4.1 3.2 2.2 W=
I 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 Uy, of approximately
7.2eV for Nd; 4Ceq.25r0.4CuQy_s.

The mean Cu-O-hybridization V and -charge transfer energy A were determined by
evaluating the Cu2pzs-core level spectra by using a Single Impurity Ander Model
[7]. For divalent copper compounds the Cu2p;/,-spectra consist of a main peak at about
933eV and a broad satellite feature around 941 eV. Whereas the main line is mainly due
to a |d'° L ¢)-configuration in the final state (charge transfer of one O2p-electron to the
Cu), the broad satellite has its main origin in |d° ¢}-final states [8]. L and ¢ denote holes
in the ligand O2p-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 U, = 3.1 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;SrpCaCu,05-4. Since in the p-doped svstems one has a very remote
apical oxygen with CuO-bhond lengths of 2.23 A and 3.31 A for Nd, 4Ceg 2Sr.4CuQy4_s and
Bi,Sr,CaCu,04_s, respectively, the mean CuQ-hybridization is reduced for those systems
compared to Nd,CuQO,. The smaller value of A = ¢; ~ £, + /44 for p-doped systems we
attribute to a smaller value of Uyy for those compounds: Cudd-holes may delocalize on 5
instead of 4 ligand oxygen, leading to a reduced Coulomb interaction.
The difference in U,y between p- and n-doped systems can be checked more directly by
considering the valence band specira in the Cu3p—s3d-resonance at a photon energy of
hw="T4eV. At this energy the emission of the features with Cu3d®-final states at bind-
ing energies of 12.5eV (singlet states) and 10eV (triplet states) is resonantely enhanced.
The energy speration of the Culd-singlet-feature and the main valence band around 4 eV
gives an estimate for the Conlomb repulsion U4y of two holes (d®-final state) at the copper
site {7.9]. As can be seen from Figure 1, the |d®)—peak is shifted to lower binding energies
for the p-doped T* compounds by about 0.5eV. reflecting the same trend for Uy, as
concluded from the Cu2p-core level spectra.

Rare~Earth~Layers, Iigure 2 shows the Nd3d—-spectra of Nd,  Ceg,Sre4CuUy_s
and Nd,;CuQ,4. Besides the main line at Eg=1004eV. for Nd3d-spectra of trivalent
Nd-compounds (n; =3) there are two satellite lines at binding energies of 1000eV and
1008 eV. which are due to 4 {?- and 4f*-configurations in the final state. Evaluation was
done within a simple two dimensional Cl-inodel, similar to the analysis of lkeda et al.
[10] in the limit of zero O2p-bandwidth. With a 4f-core hole interaction Uy =12.7eV
one obtains for the Nd-O-hybridization values of 1.49eV and 1.47¢V for Nd,CuQ4 and

150




1.4 LIRS N A SR S U AR JAE B Mt Mt S aa T
~ 1.2 S —
g. B o
& 1 . 0 - Paut e —~—
" - Nd 4Cey 2515 41CuOy_,; -
-Ea 0.8 — -]
- T B T
g 0.6 R . S — -
@] 2 bl T o a
0.4 |- e '\_,-4~_‘ " L —
0.2 = Nd»CuO,_, ]
0.0 }_‘1 TR YOS SHN ST ST SN SN DU IS IV SO SN SN S ey W ~\fh't'_|

20 15 10 5 0

Binding Energy (eV)

Figure 1: Valence band spectra of Nd,CuQy and Nd 4CeySrg.sCuOq_, at hw =TdeV.
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Fignure 2: Ne3dgy, -spectra of Ndy1Ceaa5t0.40 00,2, and of Nd,CuQ,. Spectra are norma-
lized on the 4 {'-satellite.

Ny 4Ceo25104Cu04s. respectively. The Nd-O-charge transfer energy can be obtained to
be 9.65eV and 9.58 eV for T" and T"-systems. respectively. A similar trend in the charge
transfer energy can also be seen from the partial Nd4f-valence band spectra. which are
presented elsewhere [11]. The larger mean Nd-O-distance in the Nd, 4Ceq,5r04CuQy_s-
system [4] together with the completely different surrounding of Nd in the T-type part
of the T -striuetrre should be able to explain the observed differences.

From an analysis of the Ce3d~spectra one can confirm Ce also in T*- systems to be
tetravalent (ny=0.5). Thus, the T'-type (Nd,('e)-layers of the system closely resemble
to thase of n-doped HTSC. whereas the majority charge carriers seem to be due te the
divalent Sr-dopants iu the T type (Nd.Sr)-sheets.
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Introduction to the Nuclear Magnetic Resonance (NMR)
in High-T. Superconductors

M. Mehring

2. Physikalisches Institut, Universitit Stuttgart,
W-7000 Stuttgart 80, Fed. Rep. of Germany

Abstract. In this tutorial lecture [ want to introduce the non-NMR expert to the physics and
terminotogy 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 (K) and nuclear spin relaxation (T, T5).
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 (ivQR) have played
a decisive role in solid state physics in general{!] and in superconductors in particular. One
of the prominent features in BCS type superconductors was the observation of the Hebel-
Slichter peak[2] in the relaxation rate 1/T, 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 (Kg), where the subscript s stands for the spin-dependent
part, and the spin-lattice relaxation time T{ 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 [3,4].

For introductory purposes I mention a few facts about NMR and NQRJ1}]. If the nuclear
spin under consideration has spin 1> 1/2 and has a quadrupole moment (Q) and in addition
its local surrounding is lower than cubic or tetrahedral symmetry an electnic field gradient
splits the energy levels of the nucleus. In the case of [=3/2 the £ 3/2 levels are separated
from the £ 1/2 levels by the quadrupole frequency vq. 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 63Cu nucleus (1=3/2) in YBa;Cu30¢,4. 5
(abbreviated YBCOg , ). There are two different Cu-sites, namely in the Cu-O-Cu chains
(labelled Cu(1)) and in the CuQ, planes (labelled Cu(2)). Both show a large quadrupole
splitting of about 22 MHz for Cu(1) and about 32 MHz for Cu(2){3, 4, 5]. Other
quadrupole interactions of e.g. |70 and !37Ba 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 [6] 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 redistnbution 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 By is applied in the z-direction. This sphits 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 vg= vy, Bq. where v,
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 39Y) only one transition, i.e. a
single NMR line occurs. If 1> 1/2 as is the case for ©3Cu(1=23/2) or 170(1=5/2) a total of
21 lines occur according to all possible Am = 41 transitions. Whereas the "central” tran-
sition (-1/2 - +1/2) is affected by quadrupole interaction only in second order, first order
quadrupole interaction determines the splitting and broadening 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 spin-spin
relaxation time T,. 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 T,. 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.1 | have scetched the important atoms in and near the CuQO, plane of cuprate super-
conductors. These are besides Cu(2) and O(2,3) also Y or TI2) between two CuQ, planes
and Cu(l) or Ti(1) 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 orbitals{7}. 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 K..
There are of course other contributions to the lineshift of an NMR line which we label
chemical shift ., because they originate from orbital contributions which depend on the

bonding orbitals. The total shift can therefore be expressed as

HT) = 8 + Ky(T) + (1-N) M(T)/By ()

where | 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. 1 Atomic orbitals any

nuclear sites in and off the

Cu(1), TI(1)
CuO» plane including the hy-
perfine alphabet with arrows
indicating the transferred hyper-

fine interacuon.

It has been demonstrated by comparing Knight shift data of ©3Cu(2), 170¢2.3) and 8%Y
that all scale with the same spin susceptibility, leading to a single spin fluid model. In such
a single spin fluid model{8, 9. 10, 11] the Knight shift is connected with the spin sus-
cepuibility by

YA .
. B —— xs = L A& \5 (23)
8 uB ;
with = g2 4‘82 x(q=0 , (2b)

where A (a;) 1s the z-component of the hyperfine tensor and x, is the electron spin sus-
ceptibility per CuO5 unit. For comparison with theoretical calculations 1 have introduced
the reduced spin susceptibility at wavevector q=0 according to Eq.{2b). Once the hyperfine
interaction is known the Knight shift is a direct measure of the paramagnetic susceptibility x
(g=0)and vice versal12, 13, 17]. As an example of such such an evaluation | have plotted
in Fig.2 the paramagnetic susceptibility of YBa,CuyOg (124)(T_ =82K) as obtained from
63Cu(2) data by Brinkmann |5]. Note that there is a strong temperature dependence in the
normal state, typical for underdoped YBCO. A similar behaviour is observed for YBCOy ¢
(T.=60K), however, with smaller values of x(0}]8, t1]. In contrast, the x(0) values of
YBCO4(T, =92K} are larger and are almost temperature independent. In a one electron
model x{0) = D(Eg)/4. where D(Eg) is the density of states per CuO- unit and spin. It is
interesting to note that the value obtained for YBCO corresponds to D(Ep) = 3.3 eVl
which is rather close to the value 2.5 eV-! 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) = x| l-tanh:’-(A/BT)] where A is the “spin

gap” energy as proposed by Tranquadal 18]. It results in A=233K and x(}) = 0.64 eV-! 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 at[9, 10}

i
" fikp T n? (Aisola=00? Ig (a)
. Im x +-{(q,«q)
with Iy = E F(q) —W {3t
q
and F(g) = ﬁwﬂ% ’ (3¢)
(Ais()(q»
where A(q) = E Aj exp(-iq ) . (3d)
J

Ajsolq=0) = Z Ajiso s the total isotropic hyperfine interaction constant, T is the tem-
perature and Im x*- (q, wp) is the imaginary part of the dynamic susceptibility x+ - (q, w)
at some characteristic frequency wq which is usually considered to be the auclear Larmor
frequency. It is important to realise that the formfactor F(q) is a weighting factor in g-

space which can filter certain parts of g-space. As an example let us consider the 170(2,3)
relaxation, Its formfactor can be expressed as F(q) = cos2(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 raiio of the hyperfine
interaction perpendicular to the magnetic field and the isotropic hyperfine interaction. Note
that gy = % and vice versa Q=7 give vanishing contribution to the !70(2.3) relaxation,
i.e. it is "blind" to the antiferromagnetic fluctuations[13, 17]. In contrast ©3Cu(2) has a
more complex formfactor, which has particularly strong weight at Q=(x,#) if the magnetic
field is applied perpendicular to the c-axis|8, t1, 15, 16, 19]. If the dynamic susceptibility
x{q.w) 13 separated into the two parts x{q,w) = xgp(q.«) + xAF(q.w) as proposed by
Millis,Monien and Pines{[9], where xgp 1s the quasiparticle contribution centered around
q={(0,0) and x o represents the antiferromagnetic correlations centered around Q=(x,x).

From the foregoing it is evident that 170(2,3) relaxation picks out the Xgp contribution,
whereas 03Cu(2) relaxation is dominated by XaAf- Their relaxation behaviour is indeed ob-

served to be very distinct. In order to supply parameters which characterize these different
contributions | separate Ig according to Eq.(3b) into (20}

1

Ixk = FO) Iy + FIQ) g = ’ (4a)
¢ ° O 4 kg TIT vn? (Ajselq=0)?
E : Im x*~(q.wp)
where the sum log = T‘Q‘O {4b)

q

is restricted to 0 = qx < #/2; 0 = qy < #/2 in the case of I, whereas for Iy it is
restricted 10 7/2 < qy € w; 7/2 < y < 7. Altough the detailed features of the g-
dependance of the formfactors is still contained in the quantities Ig (quasiparticle spectral
density:QSD) and I (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 Ig and Ig).

Particularly interesting is the temperature dependence of I which is shown in Fig.3
in the case of YBayCugqOg(124) which has T.=82K and is considered an underdoped

sample. The data were taken from Brinkmann{5] and using the standard set of hyperfine
interactions|9, 20]. Similar features have been observed some time ago in oxygen depleted
YBa;Cu30g., s samples [ 13, 15]. It was argued that the

characteristik peak at T* >T_ is connected with a "spin gap" opening above T.. This has

independently been observed in neutron scattering [21] and a comparison between NMR and
neutron scattering results is made by Berthier in this volume. Rossat-Mignod [21] gives a
detailed account on this also in this volume.See also [22]. The sotid curve in Fig.3 is given
by T-1-5%1-tanh2(A/2T)] as discussed in section 2, with A=280K here.A more realistic

form would include A= Ag| (T*-TY/T*''2 or another temperature dependence, which will be
discussed elsewhere{20]. In Fig.3 I have also marked the IQ values of YBCO#(T,=92K)
and YBCOg (T =60K) at 200K. It appears that samples with larger I, i.e. larger antifer-
romagnetic fluctuations have lower T¢. 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 [20].
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Probing the Electronic Structure
of Y-Ba-Cu-O Superconductors by Cu, O
and Ba NQR and NMR

D. Brinkmann

Physik-Institut, Universitit Ziirich,
Schonberggasse 9, CH-8001 Ziirich, Switzerland

Abstract. We summarize some results of recent copper, oxygen and
barium NQR/NMR studies of various Y-Ba-Cu-O 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 afomic 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 YBayCuy0g (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;BasCu70;5_y (2-4-7-15) will be presented; some remarks
will concern the electric field gradients in 1-2-4-8 and YBa,Cu30x.

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 O 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 [9], it is now established that the LAPW
method within the local density approximation adequately describes the
charge distributions for Cul, all O 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 7O NMR shift measurements {7]
which yield access to susceptibilities on a microscopic scale.

The magnetic shift K; is the sum of two contributions: K;(T) =
K¢ + KP'"(T) where K°® is the orbital or chemical shift generally
being temperature independent, and K*P"*(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, t.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 orb values from 1-2-3-6.63 and 1-2-3-7 we calculate
K7™ of the plane O sites in 1-2-4-8. K°P*" arises from the spin density in
the 25 and 2p states. The separate contributions of the 2p and 2s states
are obtained from the axial spin part K2 = (1 [3) (K" — K{7") and

from the isotropic part K7™ = (1/3)(K"" + KPP + K27, Here, K,
denotes the component perpendicular to the CuO; planes (Bg || ¢) and
K; and K, the in-plane components where By is parallel and perpen-
dicular to the CuO-bond axis, respectively.

Evaluation for 100 K yielded the remarkable result that all compo-
nents of K*7*™ are larger in 1-2-3-7, whereas in 1-2-3-6.63 and 1-2-4-8 the
same K °P'" 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 K°P*" at the Cu and O sites have a common
temperature dependence. In 1-2-3-7, 1-2-3-6.63 and 1-2-4-8 the same
K:pin (3K P _ratio has been found, which is moreover independent of

temperature because K*Z* and 53K ;’i’i ™ follow the same temperature
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Fig. 2. Temperature dependence of the 70 1/T;T for planar
oxygen sites 02 and O3 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, 631{3’" ™ is directly pro-
portional to the spin susceptibility xs4 [6,11] which implies that the ratio
X2p/X3d is independent of hole content and temperature. This requires

that, provided there exists a hole spin susceptibility, x,>" and x
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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;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 O relaxation in the normal state are treated
within the framework of wave-vector (¢) 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/T1T will be due to spin fluctuations around q ~ 0. Whether 1/T,T 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 O1, Ba NQR/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, vg, of the NQR spin-lattice relaxation
time, T;, and of the spin-spin relaxation time, T, [8].

Surprisingly, the temperature dependence of vg can be described by
vo(T) = vg(0) — AT?/? 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 screcning of the lattice potential [15].
Interesting enough, we found that the Ba vo(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; of the two Ba
isotopes 1¥"Ba and **Ba 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/Ty o« T%!1. This comes very close to the T? behavior for relaxation via
the two-phonon Raman process. In other words: the anti-ferromagnetic
fluctuations as seen by Cu and very weakly by O 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 *"Ba relaxation rate becomes flat [9].

165




1 ¥ L] 7T ll‘ L ) V, T 7 'l"“ Fig. 3‘
YBa,Cu,0g S 1 Temperature dependence of
S 1 1¥"Ba and 3Ba spin-lattice
q?o J relaxation rate 1/T; in 1-2-4-
3 . & & 7 8[8]. The dashed lines are fits
: Ba—' 1 of a power law to the data.
. i -1-2.‘1K § ]
T L g * 4
\(2 Tc ',"?I \‘1358 ]
S e
1 s/ -
I ]
1 1 1 i1 111 I 1 1 L] | 1
0'110 100 1000
T (K)

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 vg(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 T, cannot be explained
by a simple enhancement of charge carriers. The second fuct 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 3Cu NMR results obtained in three single crystals of YBazCu3Og4x,
show that the static spin susceptibility and (T1T)-! for Cu(2) and O(2,3) have completely
different temperature dependence according to the regime - overdoped for x > 0.94,
uaderdoped for x < .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 T, supporting the phase diagram based on the spin-charge separation. We also show
that both neutron inelastic scattering results and Cu(2) and 0O(2,3) NSLRR results can be
explained using the same %"(q, w).

1. Infroduction

The possibility of describing the whole phase diagram, from antiferromagnetism to
superconductivity, by simply changing the oxygen concentration in the CuO chains [1] has
promoted YBazCu3Og¢.4x to a model system for high T, superconducting oxides. Recently, a
careful analysis of the phase diagram of YBayCu3Og4x 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 T¢ = 94 K for x = 0.94, to an overdoped regime for 0.94 < x < 1 with T¢
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 YBasCu3zO7 and YBaCuzOg9
has already been pointed out by et HorvatiC al. [3]: in the stoichiometric compound, the
NSLRR divided by temperature 63(T;T)-! continuously increases when T decreases from 300
K to T, and then drops abruptly, whereas in YBapCu30g 9 the 83(TT)-1 passes through a
maximum around T* = 130 K, well above T.. However, this difference was attributed to the
disorder present in the substoichiometric phase, and its consequence on the conductivity along
the c-axis. Later, 63(T{T)-1 data in YBasCuyOg [4] revealed the same behaviour as for
YBazCu3Os.9, i.c., a maximum well above T, although the former is an ordered and
stoichiometric compound, thus indicating that this behaviour is related rather 1o the hole
concentration in the CuQ; planes. Theoretically, it has been predicted by Suzumura et al. {5]
and Nagaosa and Lee [6] in the framework of the spin-charge separation [7] that the normal
state in the underdoped and overdoped regime should be quite different. For hole
concentrations & smaller than 8¢ (which corresponds to the maximum of T¢), 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 = T¢. For overdoped
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compounds {8 > 8¢), there 15 a transition ling below which holons condense o give a Fernu
liquid, before undergoing a BCS type transition at Te.

In this paper, we compare the NMR properties - T dependence of the spin susceptibility
and of the NSLRR for Cu(2) and O(2,3) sites - in YBua2CuiO0g4x 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 T, materials, and thus put severe
constrainis 1o any ~omprehensive microscopic theory of these compounds.

2. Results and discussion

NMR measurements were carried out on three “porous” single crystals {&] corresponding to the
following compositions: YBaj 925r0.08Cu3z07 (Sample 1, T; = 89 K}, YBay 935r¢.07Cu306 92
(Sampile 2, T¢ = 91 K) and YBaCu30¢ 52 (Sample 3, T¢ = 59 K). Sample 1 and 3 were
enriched in 170, whereas Sample 2 is 1 piece of the single crystal used for neutron experiments
by Rossat-Mignod et al. {9,10]. As will be discussed below, Sample | and 2 belong
respectively to the overdoped and underdoped regime of the so called "90 K" phase. We first
compare the Cu(2) (T1T)"! in the three samples, which are plotted in Fig. 1. (We also include
the data frcm a YBayCu3O7 oriented powder sample, obtained by grinding porous single
crystals, with a T¢ of 92 K {3]). There are two clearly distinct behaviours:

~ for the two O7 samples (T¢ = 92 and 89 K), 63(T;T)-! continuously increases when T
decreases from 300 K to T¢, and then drops abruptly, while

— for Samples 2 (Te =91 K) and 3 (T, =59 K), 63(TT)-! passes through a maximum around
T = 130 K, irrespective of T¢. Such behaviour was first reported by Horvatic et al. {111, and
Warren et al. [12] 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(T1T)-! and that of ¥"(Qar. hw = 10 meV) [10] as given by
neutron inelastic scattering are quite similar (Fig.2).

Remembering that (T T)! = )g.iAq!’»x"(q.mn)/wn, this means that the Cu(2) NSLRR is

dominatcd by the contribution of the enhanced antiferromagnetic fluctuations (AFF) 10 x"{(g,w).
Neudon data {9,10] indicate that the decrease of 83(T;T)-! 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 (T} T) ! above
T¢is a common feature in all underdoped compounds: YBasxCugqOg 4], as grown
BinxSr2CaCusQOg {13}, and also Lay . SrxCuOy4 {14] where 63(T;T)-! seems to have a maximum
around 50 K. On the contrary, in overdoped compounds: YBapCu3O7. annealed
Bi2Sr;CaCuy0g [13] and T12Sr2CaCuzOg [ 15] there is no maximum above T, 1.c., the gap for
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the spin and charge excitations opens at the same temperature. This has recently been confirmed
by neutron inelastic scattering in a YBa) 93Sr0,07Cu307 single crystal, a composition very close
to our Sample 1 {16].

As regards the NMR of O(2,3) nuclei, we first consider the T dependence of the spin
susceptibility. It is now fairly well established in YBapCu30g+x that all nuclei of the CuOs-Y-
CuO3 sandwich probe a unique static spin susceptibility xs{T), which has the same T
dependence as the macroscopic susceptibility [17-21]. The xs(T) is directly related to the spin
part of the Magnetic Hyperfine Shift (MHS) tensor 17K experienced by the O(2,3) nuclei:
17Raq > 17Cqo s, Where a refers to the principal axes of the MHS and Electric Field
Gradient tensors ( i.e., X parallel to the c-axis, Y perpendicular and Z parallel to the Cu-O-Cu
bond in the ab plane, ) and 17Cgqyq is the hyperfine field. Fig. 3a shows the 170(2,3) MHS
results in Sample 1. Note that Kyq 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;Cu3zO7 [2}. 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 Kyvy is linear (21] as expected for one spin degree of freedom. In the
overdoped phase (Sample 1) the slight increase of s 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 [26]. However, in the scenario proposed by Nagaosa and Lee {6}, this should be
due to patring of spinons. Experimentally, it is obviously related to the opening of a pseudo-
£ap.

Fig. 4a shows the T dependence of the NSLRR for O(2.3) nuclei in Sample 1 for the
three orientations of the applied external magnetic tield Hy [27]. The most striking feature of
these data is that 17(TyT)-1 also continuously increases on decreasing T from 350 K down to T
[21,27], although this increase is much less pronounced than that for the Cu(2) 63(T;T)"! (As
for the MHS, the increase is more pronounced when Hg is in the a,b plane.). Note that in
YBa2Cu307 only T independent behaviour has been reported so far [20,28] corresponding to
c-axis component of NSLRR measured on oriented powders.

The behaviour of (T T)! in YBasCu3Qg 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(T|T)-1 versus Kzz demonstrates that for Ho // Y the (T T)-! is accurately
proportional to the spin part of the MHS [21]. Similar results have been reported in the 60 K
phase for Hp // X (c-axis) [18,2G]. However, if we now tumn to the data measured with Hg // 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
YBaj 92510 0gCu307 {21,27). Such a T dependence of the NSLRR anisotropy for Hy 1n the a b
plane was first reported by Barmiquand et al. [29] in a YBa2Cu3Qg s single crystal.
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FIG. 4 Temperature dependence of |7(TyT)! for O(2,3) sites a) in YBaj 92Srp.98Cu307 and
b) in YBarCu30g 5.

It is now widely recognized that the different T dependences of the NSLRR for Cu(2)
and O(2,3) result from the filtering of the AFF at the O(2,3) site, because of its symmetric
position between its two Cu(2) first neighbors [28):

Ty oe %17C3H + 1/2(cos gaa +cosqpb) 1 (q,0n)/0r, .

Since in substoichiomerric samples 17(T1,T) 1 (a=X.Y) depends linearly on xs(T) [18.21], a
decomposition of the dynamic susceptibility has been proposed {30}: x"(q.w) = nys(THT +
Zar(q.w) {31]. Because of the filtering form factor, the contribution of x Ap(q.w) which is
peaked around Q = (%/a, n/a) vanishes, and T(TY Ty e« ().

We now turn to the results in the overdoped regime. Both 17K gq and (T T)! increase
when T decreases. and we see in Fig. Sa that (Kgpin T T y1slightly 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. Arother possibility is a Fermi liquid like behavior: x‘gT}'l‘ = const. indeed, it
can be seen in rig. 5b that the Korringa faw is well obeyed in the whole T range above T,
where (T 7)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
suke of clarity, we shall limit ourself to the case of the 60 K phase. Starting from the Mila-Rice
Hamiltonian 1o describe the coupling between the electronic and the nuclear spins. and taking
the appropriate hyperfine coupling constants and form factors for Cu and O, the ratio R =
83T Tyt 7 V7(TT)-! depends only on the functional form of x"(q,wy)/®,. Neutron
experiments tell us that the charactenstic energy hwar of the AFF is of the order of 25 meV,
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FIG. 5 Temperature dependence of (nginTlT)" with a) @ = 1 and b) @ = 2 in
YBay 92Sr0,08Cu307. Different symbols correspond to (K T1,T)'! (), (K& T1; D1 (+) and
(K& T1yT) 1 (O). The Korringa law K2T T = const. is more appropriate to describe the data.

and the width in g space of YAp(q.@) is temperature independent and amounts to 0.1 -0.14 in
reduced lattice units along the (4,4) 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(T;T)-! was found accurately proportionnal to xs(T),
which implies that the AFF contribution to the O(2,3) NSLRR is negligible, and thus imposes a
severe consiraint on the q dependence of the x"(q,wn)/wy. We have calculated the ratio R for
various forms of Y Ap(q,w), including the squared Lorentzian proposed by Millis, Monien and
Pines [30], and verified whether the contribution of Y Ap(q.®) to 7(T1T)! is small enough to
fall within the experimental uncertainty. Fitting the shape of y Ar(q.w) observed by neutron
spectroscopy to a squared Lorentzian centered at Q = (/a, n/a) provides a contribution which is
definitely too large. We found [32] that the only way to reconcile NMR and neutron data is to
fit the experimental X Ap(q.®) to a Gaussian or, even better, to the sum of four Gaussians
centered on Qiar equal to (1/2 £, 1/2) and (1/2, 1/2 £ 3), as proposed by Tranquada et al. to
explain the g-dependence of X "(q,w) of their neutron data in YBaCu30g 5 [33]. In the latter
case, the total width at mid-height of the % Ar{(q.®) is mostly determined by the
incommensurability 8, whereas the AF correlation length £ is rather related to the steepness of
the sides of the AAF peak.

3. Conclusion

In conclusion, we have shown in YBaCu30g.x that depending on the hole concentration in the
CuO plane, the low energy excitations around Q = (n/a, n/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 suscentibility %s(T), the opening of a pseudo-gap in the spin excitations at
T* well above T, the proportionality beiween '7(T)T)! and x5(T), and the T dependence of
the O(2,3) NSLRR above T 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 T, and despite
a T dependence of (T T)-!, a Korringa behaviour is recovered, as in a normal Fermi liquid.
The cross-over between the two regimes occurs just within the so-called "9) K plateau” in
YBasCu30s+x. Such different behaviours for underdoped and overdoped compounds can also
be recognized in other compounds, €.g., in YBayCugOg [4] and Bi2SryCaCu20g {13]. These
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features strongly support the phase diagram based on the spin-charge separation [ 5,6 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 Ministére de la Recherche et de la Technologie (contract MRT N°
90.A.0579).
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Vortex Lattice and Vortex Motion in YBa;Cu30,_;
and YBa;Cu4Og Superconductors from 3Y NMR

P. Carretta and M. Corti
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Unitd GNSM-INFM University of Pavia, [-27100 Pavia, ltaly

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 39Y NMR experiments in
samples of YBa;Cu307_4 (Y123) and YBay;Cu,05x (Y124) families.

1. Introduction.

Since the early days after the discovery of high T, superconductors {HT.SC)
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 ficld distribution
instde the VL (< AB? >) 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 myg;, the inplane
effective mass. Morcover, the observed temperature dependence of < AB? >
appeared {o 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 ®?Y NMR and utSR [3-7): i) a
remarkable difference between the values of < AB? > _, thal we have derived
through 7Y NMR [3,4] and those obtained by Uemura et al. 1] through u*SR
is observed; ii) both our #?Y NMR measurements and recent ut 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 p*SR is crucial for any
further understanding of microscopic aspects of HT . SC.

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 corrclation time 7, of vortex motion is
longer than the characteristic time scale of the microscopic probe, namely for
NMR or u*SR (< AB? >3 v)~! (v is the gyromagnetic ratio of the micrrscopic
probe). Being v; 3> 789 the above condition is more easily suited in g*SR
experiments.

In the low temperature limit duc to the strongly type-II character of
HT.SC, namely £(0) < d <« A(0) (d is the intervortex separation, £ and A are
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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,. > 25m,), a simple relation
holds between the second moment of the field distribution inside the VL of a
powder sample and Agp (B || ¢) in the clean limit [8]:

2
< AB? >= ke o (P2, (1)
’\:b May

with £ = 0.00162.

The London approximation is appropriate to describe a homogeneous
superconductor with no reliable varnations of the order parameter. However,
in HT.SC at low temperatures the coherence length along the ¢ axis is shorter
than the separation s between CuO; layers and therefore, th~ intralayer region
becomes "less supesrconductive” 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? > is affected by these
distortions in a powder sample has not been solved yet. Anyway, in principle,
< AB? > should depend also on the magnitude of the ratio £./s.

Experimentally < AB? > can be derived both from the full width at
half intensity of the 39Y NMR line, Av ~ 2.36 < AB? >3, or from the muon
depolarization rate o = 27y, < AB? >% /y/2; in the case of Gaussian lines.

In Fig. 1 we show the general trend of < A B? >‘?‘-u as derived by Uemura et
al. from u*SR in different HT.SC (1] compared to the values we have derived
through 8Y NMR in Y123 and Y124 powder samples, where T, was varied

‘Oo J 1 i l'

90 - > ® - -
O .

~ 80 L -

x . u'SR
= 70 4 S |
60 . |

" NMR

50 T 1 4 Y T

0 ) 0 30 40 50

2
<4B>"Y? (Gauss)

Fig. 1 Dependence of T, from < AB? >3 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? >3 with a = 5.55 K/Gauss. From Ref. [1} one would
derive @, = 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? >.}_.0 increases for the low doped
samples and then reaches a plato; it is not well estabilished, however, if only n
is varying while T, is increasing or if mg, and £, arc also varying. As can be
observed from the figure there is a remarkable difference between the absolute
values of < AB? > that we have derived from 3¥Y NMR measurements and
those derived from Ref. {1]. Up to now only .wo tentative explanation, both
based on the effect of pinning centers on the VL, can be given. u*tSR 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 u*SR exper-
iments have been performed on sintered samples where grain boundarices act as
efficient pinning centers distorting the VL and increasing < AB? >; this expla-
nation seems to be supporied by recent u*SR experiments in BizSraCaCuz0,
single crystals {7] where 8 much smaller value for the second moment of the
field distribution was derived with respect to a nominally equivalent sintered
sample.

3. T— T.. Vortex motion.

At higher temperatures the thermal activation of vortex motion shortens .
and when 7, < (< AB? >% 4)~! a narrowing of 89Y 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
(re = 7,e!Y/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 eclectromagnet-
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 oaly 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 CuO; layer-
s, and we observed through 89Y NMR that this temperature increases as T,
increases (4], showing that in a certain family of HT,SC 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;Cu 079 sample (a constant value of Av =
1.1 KHz, the linewidth measured above T, has been subtracted) The dotted
line shows the expected behaviour for Av according to the two-fluid model in
the absence of vortex motion. The solid line a) shows the bchaviour of the
linewidth in the low temperature thermally activated regime for a temperature
dependence of the correlation time given by 1. = e**us. The solid line b)
shows the behaviour in the high temperature melted regime with r. = 35us.

different CuO; 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 ®°Y 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 UU. 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 moment of the field
distribution inside the VL there is still some controversy, L. obably arising from
distortions in the VL introduced by pinning centers, especially at low fields;

therefore, the presence of a universal T, vs. < AB? >7%._‘0 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 HT_.SC.
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As regards the temperature dependence of < AB? > it was observed
that its behaviour is strongly influenced by vortex motion especially at high
temperatures. The effect of vortex mction on the temperature dependence of
< AB? > has been detected both by our ¥YY NMR measurements and, in more
anisotropic HT.SC, 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 HT.SC
vary while T, changes.
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Abstract. We report on inelastic ncutron scattering experiments carried out on
single-crystals of the YBapCu3Og4+x systcm. 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/kT¢ = 3.5) which
becomes weaker close to the I-M transition. Morcover, in the heavily doped regime, a
pseudo gap persists above Te.

A quite unusual T-dependence of the spin excitation spectrum was found,
especially in the weakly doped regimc.

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
rcported [2]. However there is not yct a well accepted understanding of their unusual
physical properties in the normal state and the origin of the physical me-hanism
involved in the Cooper pair formation is still controversial.

With the advances in single crystal growth carcful and quantitative experimental
works on well characterized high qualily matcrials are becoming available [3] and are
establishing on firm grounds that cuprate oxydes are not "classical” metals but thcy
must be considered as strongly corrclated 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 niaterials.
However microscopic mcasurements were of crucial importance (o get more insight
in the physics of these high-T¢ materials.
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Fig. 1. Phase diagram of thc YBapCu3Og4x system as a function of the oxygen
content.

In particular, nuclear magnetic resorance (NMR) and inclastic neutron scattering
(INS) experiments, by establishing the cxistcnce of spin excitations, have provided
master piece informations which prove the strongly corrclatcd nature of the CuO2
clectronic planes. They are actually complementary techniques, NMR is probing
locally with high accuracy the zero-frequency spin fluctuation spectrum at different
sites (Cu, O, Y,...), whereas INS gives informations on both spatial and temporal
spin fluctuations over the wholc crystal. Neutron scattering actually is the unique
probe to get both the wave vector and the encrgy dependences of the spiﬂ) excitation
spectrum, i.e. the imaginary part of the dynamical spin susceptibility x(q,hw).

As far as INS measurements are concerned, an important activity started, since the
discovery of high-T¢ 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 [4]
and the existence of incommensurate peaks in the Lap x(Ba,Sr)xO4 system [5] at low
temperatures.

Our group has focused his interest, from the beginning, on the YBapCu30g.+x
system because of its versatile character and the possibility of growing a large single
crystal (~ 0.3 cm3) of sufficiently good quality for INS measurements in which the
oxygen content can be changed from Og to O7 with good accuracy and homogeneity.

During the last five ycars a continuous investigation has been carried out from
the antiferromagnetic (AF), to the metallic and superconducting states [4,6-10). 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 novs 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 supcrconductivity below Te = 60 K (x = 0.69) and
Te = 9% K (x = 0.92), and the overdoped mctallic state (x = 1).

In this paper we shall concentratc mainly on the most recent results obtained in
the weakly and heavily deped mctallic 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 carricd out by the
Brookhaven group in the weakly doped states and a detailed study has been reported
recently by Tranquada ct al. {11] on a sample with x = 0.6.

2. Experimental

Recent neutron scaitering experiments on single crystals were performed on the three-
axis spectrometer 2T at the Laboratoire Léon Brillouin. This high flux spectrometer,
opcrated by the Karlsruhe ncutron scattering group, is cquipped with both a vertically
and horizontally focusing monochromator and analyscr. The gain in intensity is quite
important in our case becausc the g-width of the resolution function is smaller that
the intrinsic physical g-width.

The single crystal sample (~ 0.30 cm3) was kept inside an aluminium box and
oricntated with the [110] and {001] axes within the horizontal scattering planc. The
single crystal, grown by a special technique, has a mosaic spread 1 = 1° and a
porous morphology allowing to change casily the oxygen content from x = (
to x = 1 with good accuracy and homogencity (~ 1%). However, recently, we
rcalized that the sample contains some Sr because the purchased BaO materials had
not the required purity, but containcd about 3% Sr. Therefore the exact chemical
formula of the single crystal is Y(BaQ,9655r(.035)2Cu306+x. The main cffcct of
Sr-substitution is to dupress slightly T, 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 x¢ = 0.40, an insulating mctal (I-M) transition
takes place becausc of a sudden transler of a large amount of p-holes (~ 10 %) from
Cu(1) into Cu(2) plancs. This sudden transfer occurs because of some oxygen
ordering yielding the formation of long Cu-O chains inducing then a tetratogonal-
orthorhombic phasc transition. Experiments, carried out on samples with oxygen
contents x = 045 and 0.51, have alrcady 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 cxcitation spectrum cxhibits an energy gap (EG =3 and 4
meV, respectively) in the superconducting state (T = 37 K and 47 K, respectively).

More accurate mcasuremcats have been performed again on a newly prepared
sample with about the same oxygen content x = 0.51. The magnetic scautering
consists in a broad spectrum in cneryy (sce Fig.2), weakly temperaturc dependent,
which is concentrated, in g-space, along the 2d-AF rods, as can be seen in Fig. 3 and
4 showing g-scans across and along the rod, respectively. The magnetic contribution
can accurately be determined due 1o a good knowledge of the background contribution,
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obtained from both the above g-scans and the same measurcments on the same single
crystal, but fully oxygenated (x = 1), which cxhibits no magnetic scattering in this
energy range.

Q-scans along the (110) direction yicld a g-width, Aq = 0.10 % 0.01 r.lL.u., from
which a correlation length EAF/a = 2.2 can be deduced. It must be emphasized that
this q-width is energy-independent and temperature-independent up to room
tempcrature. Moreover the linc shape is not of lorentzian type but rather of gaussian
type which makes the determination of the correlation length Iess accurate.

Actually the physical quantity of interest we can extract from the mcasured
magnetic cross section is the imaginary part of the dynamical susceptibility
x(Q Ahw) according to the following cxpressions :

Fo(Q H)

—_—_— 3 ao
< 2 (1-Q,) S**MQ hw) ,
dQ dhw xy.2 a

_)
where the dynamical structure factor S®X(Q ) is the Fourier transform of the
correlation function of the spin components S& with

SOUQ )=t —L 1 oG4
MOV= 1 Texpthonm 1M XTHQ AW
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Fig. 6. Im{x('(_f,hm)} as a function of the energy for YBaaCu30Og 51 and
increasing tcmperature.

From the above data and the high energy scans, reported in Fig.5, we have
determined the energy and temperature dependences of Im x(_d,‘hm) as shown in
Fig.6.

At low temperaturcs, Imy exhibits a broad maximum as a function of cnergy. Imy,
is almost constant from 5 to 20 meV and falis off at high energies much faster than
a simple lorentzian function, the scattcring above 50 meV being quitc small even
after a g-integration.
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By incrcasing the temperature the low cnergy part of the spectrum is strongly
depressed in a non trivial manner, a simple ho/kT law is not obeyed. From 200 K to
287 K, the maximum of Imy is temperature independent, yiclding a quasi-particule
characteristic cnergy I'gy =~ 28 mcV, at room temperature. Surprisingly, above 150 K
a Curic-Weiss type of law was found for the tempcraturc behaviour :

Imy = Imxo/(l+a('l"—ep)) )

where Ing is the T =0 valuc and with the following values : 6p = 117K and
/o = c(hw)>2 (1o = 23.5 K at 10 meV).

Ir the superconducting statc, the low cnergy part of the spectrum (see Fig. 4,6)
clcarly shows the opening of an encrgy gap in the spin cxcitation spectrum. The spin
gap, surprisingly, has a quitc small valuc of the order of kT¢ which appcars 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 supcrconducting transition at low temperature with a quitc
small spin gap valuc. The small valuc of the characteristic encrgy (= 28 mcV) results
certainly in many body effects due 1o strong conclations.

4. The T¢ = 60 K Superconducting Phase (x = 0.69)

As the rcsults have alrcady been rcported clsewhere [4,9,10] we shall bricfly
summarizc them.

A sample with an oxygen content x = 0.69 (T¢ = 59 K), at the end of the T = 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 ImY. The broad energy spectrum
yiclds a characteristic cnergy [y = 28 mcV quite similar to the previous case.
However, at low temperature, the low cnergy spin excitation spectrum is not
cnhanccd, as previously but strongly suppressed by the appearance of an energy gap
with a much larger valuc, EG = 16 £ 1 meV, in comparison with kT¢ (EG/kT¢ =
3.2). No magnetic scattcring can be mcasured below an energy transfer of 10 meV.

An other quitc important diffcrence is that Imy recovers a lincar cnergy
dependcence, at small encrgics, only above T* = 160 K. This unusual behaviour is
illustrated in the insert of Fig. 7 which shows thc tcmperature dependence of the
stope of Imy. This result cstablishcs that a pscudo-gap in the spin excitation
spectrum starts to develop well above T and so gives an explanation for the unusual
temperature dependence of 1/T1T as measured by NMR [12,13,14]. It is actually a
behaviour typical for the heavily doped regime.

The data obtaincd by Tranquada ct al. [11]} on a sample with x = 0.6 arc actually
intermediated between the results reported above for samples with x = 0.5 and
x = 0.6, especially concerning the spin gap valuc which is reported to be about 10
meV.
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Fig. 7. Low encrgy part of the spin excitation spectrum of Im{x(-q),hm)] for
YBa2Cu30g.69 below (T = 5 K) and above (T =75, 150, 250 K) the
superconducting transition (T¢ = 59 K). An cnergy gap (EG= 16 meV) clearly
persists above Tg.

5. The Heavily Doped Metallic State (x = 0.92)

A sample with an oxygen conteat x = 0.92 has been successfully investigated a ycar
ago [9,10] and the results were prescated for the first time at the high-T¢ Confcrence
in Kanazawa. This oxygen content was choscn to get the highest T¢ value (T¢ = 91
K, a value slightly smalicr than 93 K because of the small Sr content) but with still
an unusual temperaturc dependence of 1/T1T, a behaviour not found by NMR in fully
oxygenatcd samples [13], as we shall sce in next section. Encrgy scans, performed at
increasing temperatures (sec Fig.8) exhibit a rather complex lincshape. However g-
scans, across (Fig. 9) or along (Fig. 10) the (1/2 1/2 1) rod, clcarly show cvidence for
a magnetic scattering contribution and allow us to dcfinc the nuclcar contribution.
The latter one can be explained by assuming three contributions on top of a flat
background : a contamination from the (006) Bragg pcak at 24 meV, a pcaked
contribution at 20 meV and a broad response well accounted for by a damped
harmonic oscillator (hwg = 21.5 meV, T =26 mecV) which may arisc from
tunncling fluctuations of apical oxygen atoms. Knowing the nuclear contribution,
the magnctic onc can now be determined at any temperatures (sec Fig.7). The
obtained results are reported in Fig.11 in the form of Imy. Scveral unusual fcaturcs
have to be underligned.

At T =5 K, there is no measurable scattering below 25 meV giving evidence for
a sharp cnergy gap in the spin cxcitation spcctrum at EG = 28 £ 1 meV. Morc
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 g-width : 0.18 r.Lu. instcad of 0.27 r.l.u. (scc Fig. 9). This cnhancement
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already desappears at T = 81 K, i.c. below T¢ = 91 K, and correlatively some
excitations appear in the gap. It must be emphasized that the spin excitation gap is
not decreasing with tcmperature as expected in the classical BCS theory.

An other astonishing result is the strong intensity modulation found in a g-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-planc
correlation length is very short (§/a = 0.84 + 0.04). This may indicate that a strong
coupling exists in addition of the AF-onc 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 encrgy scale I'y = 30 £ 2 meV does not
change with temperature, nor does the AF-correlation length which is now quite short
(Aq=0.27£0.02r.L.u., &/a = 0.84 + 0.04).
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Fig. 10. Q-scans along the 2d-magnctic rod for YBa2Cu30g.92 (T = 5 K) showing
the almost complete AF-coupling between the two Cu(2) layers.

As in the 60 K-superconducting phasc, Imy recovers a linear encegy dependence
only well above T¢. Actually the slope Imy/hw (sec Fig. 12) starts to decrease below
T* =~ 120-130 K in excellent agreement with 1/T}T NMR mcasurcments 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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6. The Overdoped Metallic State (x = 1)

In ordcr to understand why 1/T}T NMR mcasurements show a pscudo-gap cffect for a
sample with x = 0.92 and no pscudo gap cffect for a fully oxygenated sample (x = 1)
[13], a INS cxperiment has been performed, quite recently, on such a sample and
results arc reported here for the first time. Actually a carcful investigation of the
phasc diagram between x = 0.9 and 1 has shown [15] that YBa)Cu307 is alrcady an
overdoped sample because Tg is smaller by a couple of degrees than the optimum
valuc fu 1d around x = 0.94. Morcover in O7 the conductivity along the c-axis has
been found of metallic type (pee<T) [16].

Experiments were morc difficult because the magnctic scattering continues to
decreasc. However at high encrgies a magnctic scailering has clearly been identificd
(sce Fig. 13). The q-width along [110] has incrcasced by about 10 % in comparison
with x = 0.92 (Aq=0.30+0.02 r.lu., &fa = 0.76 £ 0.04) . Morcover an
important diffcrence cxists in the AF-coupling between the two Cu(2) layers which is
now muck weaker. The temperature dependence of the spin cxcitation spectrum is
reporicd in fig. 14 in the form of Imy.

At low temperatures the shape in encrgy of Imy has changed. A sharp gap is also
observed but with a slighthly smaller value : EG = 26 £ 1 meV. More important at
high energics the spectrum drops sharply, no mcasurable scattering is found at 50
mcV (scc Fig. 15). This sharp dccreasc is cven more pronounced at higher
tempceraturcs than at low tcmperaturcs becausc at low tcmperature it is compensated
by a strong cnhanccment around 40 mcV duc to a narrowing of the g-width
(Aq = 0.20 instead of 0.30 r.L.u.). This result is quitc similar to that obscrved in the
sample with x = 0.92. In fig. 15 we have reported the temperature dependence of this
cnhanced scattering at hw = 36 meV. Actually it starts to decrease around 60 K and
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Fig. 13. Q-scans across and along the 2d-magnetic rod at 6 = (1/2, 172, 5.2) and
diffcrent energics for YBaCu307 in the superconducting state (T = 89 K).

Neutron intensity (counts/mon

191




—
Fig. 14. Im{x(Q .hw)} as a function

M 1 M ¥ ¥ T T
kr= 41 A
Q=1 2"/_2;5‘2) and below Tc = 89 K. An cnergy gap
100F ’jﬁ’i"—f—" 1(EG = 26 = 1 meV) is clearly scen
Py A -  together with a strong cnhancement at
1o0p POk | hw =40 meV at low tcmperatures.
po | b
2 2001 7= 1025K '
£ 100} T 4
8 op=zlT N
’§ ™ -
< 2001 r-814K .
'T 100} i
>
= 0) .
.g. -
200} 7:70K
100}
0r~——~¥ ?-"—‘/ 4 —m
200 r-s5K
100} i
0 ) i 4 i f i 3 /] n
0 10 20 30 40 50
Energy { meV)
g T T T T T T T oy
e C ki= 41 A
O u3076:(1/2 1/2,5.2) Culln/PGio02)
=I5 meV
1500} &7 me . 4

-

—
o —
e e o

E =36 meV S

1000

a
-

Q=(12.1/252) ]

Im ¥ (au.) Neutron intensity (counts/mon

Tc=89K
200l E= 15meV | |
ool ﬁM |
0 N { 1 L \ 1 1 1 1
0 50 100 150 200 250

Temperature (K)

_)
Fig. 15. Imy at Q= (172, 1/2, 5.2) for two typical energy transfers : hw = 15
meV showing the filling of the spin gap and the absence of pseudo-gap opening
above T¢, and how = 36 meV showing the corallated disappearence of the strong
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vanishes complctely around T¢ = 89 K. Corrclated to the suppression of this
cnhancement, excitations appear in the gap as shown by the tecmperature dependence
of Imy at E = 15 meV («cc Fig. 15). Morc interesting is the fact that Imy at 15 meV
starts to decrcase only around Tg in cxccllent agreement with NMR mceasurcments.
These results lead to the important conclusion that, in overdoped samples, the gap in
the spin cxcitation spectrum opens around T and not above as for the 90 K-
underdoped samplces. This behaviour s onc of the main characteristic of the overdoped
regime together with a sharper decreasc of the spectrum at high energics and a weaker
AF-coupling between the two Cu(2) faycers.

7. Conclusion

The spin excitation spectrum has been found and investigated as a function of
temperature in the metallic statc over the whole damping range. Dynamical AF-
correlations have always been obscerved, the g-width (corrclation length) is incrcasing
(dccreasing) with doping and mimics the T¢ behaviour. However the characteristic
cnergy of spin fluctuations (' =~ 30 meV) is almost not depend on doping and
indecd has a quitc small valuc comparcd with J and E. Another characteristic of the
spectrum is its gaussian-shapc in g-spacc and its rapid drops at high cncrgics,
cspecially for x = 1,

In metallic samples, a gap in the spin cxcitation spectrum has been found for any
doping. Howecvcr, at low doping, the gap is much wcaker compared with kTe. The
dependence of the cnergy gap value as a function of T¢ is given in Fig. 16, At large
doping a ratio EG/kT¢ = 3.5 is rcached. However the spin gap valuc remains much
smallcr than thc charge gap valuc 2A/kT; which ranges from 5, in Raman
spectroscopy, to 7-8 in point contact spectroscopy or photo-cmission mcasurcments,
Morcover, for the 90 K-supcrconducting states (x =0.92 and 1) a strong
cnhancement of the cnergy spectrum was found at low temperatures around 41 meV.
The spin gap cnergy docs not depend on temperature as expected from a P S theory,

EG(meVJ

0 2077770 Ts0 80 100
Te [K)

Fig. 16. Valuc of thc spin excitativn cnergy gap as a function of the
superconducting transition tempcerature for the system YBa2Cu3Og+x.
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indecd the gap is filled up with increasing tempermurcs. In the heavily doped regime a
pscudo-gap alrcady develops below a temperature T much larger than T, but not in
the overdoped regime for which it is the main characleristic,

We hope that thesc necutron scaticring cxperiments will bring valuable
informations for building a rcliable thcory of high-T¢ matcrials. Certainly these
results have raised many questions and more dctailed sccond gencration experiments
have to be covisages and will be carried out in a near future,
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N. Winzek!, J. GroB!, P. Gergen!, Hj. Mattausch2, R. Kremer2,
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Pfaffenwaldring 57, W-7000 Stwttgart 80, Fed. Rep. of Germany
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1. Abstract

We report on the NMR Knight shift of 2*T! in T1;Ba;CaCu,Q04-5 for different &, Due to
the variation of the oxygen content T¢ ranges from 83K up to 101K, The %T1 spectra
consist of two lines. The main line arises from TI(1) in the TlO-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 CuQy-layers.

2. Experimental

All samples were initially prepared under the same conditions as described earlier [1].
[2]. This was necessary to make sure that there is no change of the amount of Tl 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, (/2), — 7 — (7).)) 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 TINO; with the 2°°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 T1(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, of TH{1) and TY(2) is different. T2 = 32 us for TI{1) and around 100 us for TH(2). By
using short pulse spacings of 7 = 2543 we observe spectral contributions of both lines kut
for long pulse spacings of 7 = 100 us 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 fow tempcratures.
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4. Discussion

Since it is necessary 1o separate the various contribntions to the hue shitt of TH2) one
has to measure the total line shift down 1o low terperatures. Lhe vanous contobntins

to the total line shift are:
- Scs. the chemical shift. fcx is due to the atomic surrounding of the nuclens and s

temiperature independent.
- b4y, which arises from demagnetization in the superconducting state.

- Ks. the spin dependent part of the Knight shift. Ky vanishes for T = 0K hecause of

the pairing mechatisnl.
- K.es. the orbital part of the Knight shift. K., is temperature independent ke the
chennical shift,
The total line shift was corrected for &y for low temperatures to obtann the pure spio
dependent part of the Kuight shift.
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Fig.1: Temperature dependence of the Kuight shift of T 20 for the simple [ i0503 same
ple 2 () and sample 3 (O

Koight shift Ky for different samples at room temperature:

T, I 295h)
sample | 101K -3362ppm
sample 2 YK -3352ppm
sample 3 SHK 2T T9ppm
single cryvstal 01K S3610ppm, -3502ppm

The temperature dependence in the Tine shift of T2} for sample 2 and saniple 3 are in
good agreement with measurenents on a single crvstal (10 = 101K {31 This dependence
for different oxvgen content shows the same feature as in the NMR experiments on ™'Y
{4]. This is not surprising in the <ense that both nucled are Jocated at the same lattice site
and both have spin 1 = 1/2. Like in the Y caxe we observe a monotonic decrease of the
Kaight shift with decreasing temperature alecady above T, for oxygen depleted samples
This behavior is characteristic for the temperature dependence of the spin susceptiblity
in oxygen depieted sanpics.

The spin dependent part of the Kuight shift Ky is connected to the spin susceptibility via
the byperfine coupling constant AL
mode

CLo— AT .
k S qup N4

197




By measuri.g - lic spin susceptibility the hyperfine coupling constant could be deter.
mined like in YBay 03075 {4] or like in La; 55810 15Cu, 04 5], We measured the suscep:
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 = -32T or -260k0e/up [6]. We analyse our data according to the two quantities Sy
and My as defined in 7]

KZT, TCoSk =1 with Sk = Fyres
Ks AC; T, T My =1 with My = 5rrar -

2.0 ) 1 X X i
1.5 o} =
o
(f-)" 1.0 4 8 L
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Q O o) o Q
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Fig.2: Sk vs. temperature of Ti(2) for sample 1 (A). sample 2 (7) and sainple 3 (O)
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5. Conclusion

The 2211 NMR of TH2) shows similar behavior as '"O and *™Y NMR in YBCO. The tem-
perature dependence oI ie line stilt above 10 is due to the paramagnetic susceptibility
and is correlated to the total hiole concentration in the CuQ,-lavers which we have varied
i our experiments by removing oxvgen from the sample. My is & measure of energy scale

i

for the quasiparticles iu the CuQy-layver {7}
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Abstracl.'®La NQR and relaxation measurements in La,Cu, \Ni,O for x ranging from zero lo one aimed
at learning about the effects on the spin excitation and correlation properties of the substitution of Cu*
S=1/2ions by N> S=1 | are presented.The hyperfine magnetic fields and the electric field gradients at the
Lantanum site are evaluated and the x dependence of the Neel temperature is obtained, for x up 002
From the NQR relaxation rate driven by the spin dynamics it is shown how the substitution changes the
spin fluctuations spectrum, while the hyperfine tield 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_ superconductivity 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 too! 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 hypetfine magnetic fields, while
the refaxation rates lead to the correlated spin dynamics. in this paper we present '*La
NQR spectra and relaxation measurements in La,Cu, Ni O,, for x ranging from zero to one
and in the temperature range 4-350 K, aimed at learning about the Cu® magnetic
correlation and fluctuations upon substitution of S=1 Ni%*ions for S=1/2 Cu?*.

2. Experimental Results

Previous NQR and relaxation measurements in La,CuO, and in Sr- doped La,CuO, around
the Neel temperature T yielded information on the hyperfine field and on the role of the
charge defects on the spin dynamics /1/. In La,Ni0, La NQR spectra were detected /2/
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 eslimated H=19.3and 17.8
kGauss, respectively.A quantitative explanation for the strong differences with respect to
La,CuO, ( where v, =6.4 MHz and H =1kGauss) was not given.

The *L.a NQR lines in La,Cu, Ni, O, have been recorded mostly from the envelope of the
echo signals.iIn 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 s> 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 Fig1 La NOR frequencies and comparison with the ones
(xHz) in La,CuO, In the Inset the acho envelopes for the (1/2-312)
95004 hine (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=0.01
1 L n e - and comparison with the one in La,CuO,
0 00 200 30 In the inset the spin-spin relaxation rate is

T (K) reported.

is reported in Fig. 1 .Forx>0.5 the NQR frequency falls around 19.8 MHz , with a marked
line broadening. Above 200 K the signal was practically undetectable, for x>0.5.

The '®La NQR relaxation rates have been ¢ stimated from the recovery of the echo signal
following the saturation of the (5/2-7/2) line.In 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 1/e. For magnetic relaxation one has (T,), ' =21 W_, while for the quadrupole
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ted as in Ref. {

mechanism (T,), " = 3.3 Wq, W, _ and queing the correspondent refaxation 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 2W_ is shown for x=0.02 and x=0.2.In 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 La,CuO, .This
conclusion is consistent with the findings for x=0.15 at 1.3 K /3/.Also H, appears slightly
affected by the Ni {o 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 v, is around the value in
La,CuO, also for large Ni contents. The discrepancy with the results for La Ni0, , /2/could
be due to different oxygen stoichiometry, with the related effects on T and H, . To discuss
the behavior of the relaxation rates we will mostly reter to a range of x where our results
indicate that the EFG's and H, are close to the values in La CuO,.

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 guantity
A= (-1/T, )( dT Jdx) for x+0, which can be taken as a measure of the effect of doping with
the "anomalous” spin over the fattice of the Cu?* is about 5, a value close to the one in Zn-
doped La,GuO, /4/.
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For the '*La NQR magnetic mechanism the relaxation rate can be written /1/
2Wm=-{3)2qu¢‘: Sq*/rq ) (1)

where H_is the Fourier transform of the lattice functions (dipolar or transferred hyperfine
interactions) relating the tield h(t) at the La site to the Cu® spin S and S * is the mean square
amplitude of the collective fluctuations measured at w-u  while 1 isits decay rate. The
form factor H_ in Eq.1 usually can be expanded around the va!ue correspondent 1o the
critical wavevector q=q,. describing the magnetic ordered lattice below T,, and Eq. 1) can
be rewritten

2W =y2H2 X S 2T, withH= 1k Gauss - (2)

In conventional paramagnets S *and 1\ ,can be related to the magnelic correlation length
¢ and to the exchange frequency by resorting to scale arguments. Thus the temperalure
dependence of & can be extracted and .in general, for T>> T, , & (T) follows the behav-
ior theoretically expected for 2D Heisenberg models, including a reduction from quantum
fluctuations . For T close to to T, 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 La, Sr CuO, , relevant modilications 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 simpily related to
:(T): the g-dependence of S_? and 1, is also unusual. In particular 1°, appear to decrease,
as indicated by the enhancement of the NQR relaxation rate , while the static correlation
fength | 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<<T where only
the magnon spectrum of guasi-resonant character shouid be present, in doped cuprates
one detects a strong low- frequency component of diffusive type, hardly detectabie from
neutron scattering.

The behavior of W_ 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 1, corresponding to g=q,, .The smait value of
s and its weak lemperature dependence imply thati =1, and since x S7’is the effective
spin ( measured at w=0,) we write Eg. 2) in the form

2Wm: ?2 H¢289H2/ rS?‘ ¢ (3)

it should be noted that when a gap is opencd in the spin fluctuation spectrum, then S is
decreased.In our case for smail x,5,, should not change much.

By using Eq. 3 and the data reported in Fig. 4, one can extract the x dependence of 1,
(see Fig. 5). The dramatic decrease of 1, with x corresponds to the increase of the low-

frequency spectral density J«—0). While inthe case of x=0. in the AF phase the relaxation

mechanism is mostly due to magnons scattering and J(m- ( } is negligible, when Ni
substitutes Cu we derive

= 0)= Jo e*'x for x<0.1, 4)

with x*=1.5 10?and J°= 10 “rad’s. Equivalently, in terms of A= -I"', g
obtains the value A= 50 + 5, much larger than the correspondent tactdr for f

Further work on the charge and spin substitutional effects in AF's and in superconducting
syslems is under way.

/dx) one
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Fig 5 x-dependence of the spin-fluctuaton fre -
r T . quency at T=77 K. in the inset the x-dependence
SF N of T, is shown.
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H-NMR in YBa,Cu30,_sH,
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1. Abstract

We report on 'H-NMR experiments on protonated samples of YBa,CusO-_;. Our
spectra show a seperation of the sample into an antiferromagnetic (afm) phase with
high 'H-concentration and a metallic resp. superconducting (sc) phase with a low 'H-
concentration. Cooling experiments suggest that the phase separation already takes place
during the protonation process. Investigation of 'H-NMR signals in our unprotonated
samples show a high proton background {about 0.25 'H’s per unit cell) alrcady 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 afm phase are located within 1.5 A above or below the Cu-chain layer.

2. Introduction

YH-NMR-experiments have been performed on our homebuilt 330 MHz spectrometer. Sub-
spectra have been 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. Phasiug 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 (HTSC) are known to be of extreme type Il. 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 Il suparconductors 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 Mg
{(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 § 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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Fig. 1: Comparison of theoretical and experimental lineshape in the superconducting state.
The theoretical lineshape is plotted for Ay = 135nm and A, = 660 nm. Experimental data
have been taken at 40K

sample, the above calculation was carried out for many 6’s with the results summed up
to give a powder average. Fig.l compares this theoretical lineshape with an experimental
spectrum on YBa;Cuz0g9sHos.

The ratio A./A, corresponds to the square root of the anisotropy parameter, which
can be determined fairly accurate from torque magnetization measurements {2}, therefore
there is only one "unknown” component of A to be measured. As the NMR linewidin
depends very sensitively on A (the linewidth varies as A=), 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 X increases, as A™% ~ n,
(see also e.g {3]). In order to obtain values for the unprotonated YBa;Cuz;O; material,
one must examine the linewidth for vanishing 'H 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 com-
plex. especially in high magnetic fields (see e.g. Ref.[4]) , we have made a very simple
approximation, which nevertheless should not be too far off as long as

o there is a unique place for protons in the unit cell,
o the afm order of the ("u(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 interaction.

In this case, at any position in the unit cell the sum of all dipolar ficlds of the Cu(2)
magnetic moments can he 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 By,, is fixed with the crystal lattice. For the above mentioned
case of undisturbed afm order tle resulting lineshape turns out to be of rectangular shape
as displayed in Fig. 2.
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Fig. 3: NMR spectra of the antiferromagnetic phase at high temperatures. Note the van-
ishing of the broad afm spectra at = 100K

The above considerations, however, are only vaiid in the case o7 a static antiferromag:
net with infinite correfation length. The real physical situation in our samples is supposed
to differ froin this idealized situation in space (finite correlation length) as well as in time
(finite correlation time for each electron spin, dependent on temperature). therefore giv-
ing rise to dynamical line-narrowing effects, which increase with mereasing temperature.
This can be seen in Figure 3, where spectra of YBaa('uzOg 95t s are plotted for varions
temperatures up to the Neel-temperature of the afm componnd YBa,Cu O,

As the pectra show, at least part of the sample probes an afin order with the same
Neel-temperature as YBOQqg, although the starting matc-ial was YUCO- Therefore pro-
tenation appears to be able to change the electronic structure of the YBCO: compound
to that of the YBC'O4 compound.
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5. Antiferromagnetic field strength at the 'H location

As already mentioned, the width of the rectangular spectrum in the afm state contains
information on the sum-field of the Cu(2) magnetic dipoles at the proton site. As is known
from neutron scattering results [5] one Cu(2) spin posesses a moment of = 0.65ug. We
have calculated the dipolar sum-field for an antiferromagnetically ordered arrangement 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 layer, the resulting afm sum-fields are much larger than our experunental
values.

6. Phase separation - slow and fast cooling

One of our pertinent questions was, how the separation into a proton rich afm and a
proton poor sc phase takes place. This phenomenon has also heen observed in low doped
samples of La(Sr)CuO as described in [6] and could be attributed to diffusive motion of
protons and / or large ferromagnetic clusters in the sample. If this wonld be the case
in our samples, there should be a marked dependence of our spectra on the cooling rate
as reported by Kremer et al.[6]. We took spectra at liquid nitrogen temperature with
a slow cooling rate of several hours from rooin temperatnre 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 fiir Forschung und Technologie is grate-
fully acknowledged.
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Probing the Flux Distribution of Thin Films
by Surface Spin Probes

Q. Dobhert!, M. Ritbsam!. J. Geerk?, and K .-P.Dinse!
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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 GABCO thin film. A fit
leads to a typical structure d = 3 pm, 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 iattlce is realized m the sample. By
well known bulk methods like uSR ™3 and NMR*?, results for A(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 pr obes for the surface field varia-

vion, as suggested by Rakvin et al.>. In addition, EPR as surface
method gives the possibility to vary the distance to the sample
to search for addmonal field inhomogeneities, as was shown by
Bontemps et al.® 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 new 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 uSR and NMR but one
can also use systems with well defined spatial diffusion charac-
teristics. For instance, organic I-dimensional conductors are
known7 to exhibit extremely fast spin diffusion of up to D =1
cm?/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 us, 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
machine® . The GABCO film was grown on LaAlO3. A thin crystal
of the (Perylenyl)2X charge transfer complex of size 10x500
x2000um= 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) = hy cos (2wz/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) = 1 -exp(—zz/lhrDt) (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 weignting
leads to

<O

{Glzt) > = [ Glzt) - exp(-t/T2) dt
o
1
= - expl-z/{DTz2 ) - (3)
2 /D12

The precession frequencies w; 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

(Aw2>V?Z = o172 d

[d%+4x?D(T) T2(D 1'?

(4)

when assuming a homogeneous distribution of spins at the time
of the microwave pulse. The static value is taken as proportional
to (1-(T/TohH2

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)»X on a GdBCO film

is obtained after a quadratic deconvolution of the data. In con-
trast to the (1-t*) 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)=1.5/(exp{(80-T/K)/8}+1)+ 0.0024 cm?/s  (5)

The temperature dependence of T2{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 um, much larger than the ideal flux
lattice constant of 0.07 ym 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 o 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 uSR?. 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
of Copper-Oxide Superconductors
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and S.-W. Cheong?

IScience and Technology Center for Superconductivity, Department of Physics,
University of Illinois, Urbana, IL 61801, USA
2AT&T Bell Laboratories, Murray Hill, NJ 07974, USA

Abstract. We found strong evidence against scattering by conduction ¢lectrons 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 phasces is just as »irong as in the supciconduciors), though the clectronic
states do, and a-b anisotropy is greater in the T¢=66K than in the Tc=90K YBCO
single crystals, though there should be more chain states in the higher T¢ crystals.
Hot luminescence or scattering of clectrons into localized states are possible
alternatives to the conduction electron picture. We also report anomalous temperaturc
dependence of the insulating phasc continuum.

1. Introduction

The Cu-O planc-polarized Raman scaticring continuum obscrved in high temperaturc
superconductors is onc of the anomalous propertics of the normal state of thesce
materials and has been the focus of theoretical and experimental rescarch. [1-8] Several
theorics have been proposed recently to explain the properties of the continuum. [5-8)
We studicd the doping, polarization, tempcrature, and lascr frequency dependence of the
continuum in YBCO to narrow down possible microscopic origins of the continuum.

2. Experimental

The sample preparation is described clsewhere. [9] Measurcments at 300K were made
with the sample in air. Lascr power was {5SmW; spot size ~ 40 um. Mcasurcments
reported in scction 4 were made with a sample in an optical helium cryostat; lascr spot
sizc was ~ 80 um. Spectra were mcasurcd with a Spex "Triplemate” Raman
Specirometer equipped with a 516X516 CCD Camcra detector. Chromatic aberration
did not causc intensity loss from defocusing at large frequency shifts because we
underfilled the cntrance slit of the spectromcter with the laser spot image.

Spectra were corrected for the frequency-dependent cefficiency of the spectrometer
and detector as well as for the optical absorption, transmission and refraction at the
samplc-air interfacc. The optical constants were obtained from polarized IR reflectivity
and cllipsometry mecasurements. [10] Intensity in all the figures is proportional to the
cnergy cross section (do/dw) per unit volume.

The reason for the diffcrences between the spectra prescated 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 wavcelength dependences of the XX and YY continua in YBayCuq04
arc shown in Fig. 1. [Notation: XY mcans that incident photons arc 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 clsewhere. [13] The XX and YY
continua arc nearly flat at the 4579A incident lascr wavclength, and decrease with
Raman shift at the longer laser wavcelengths.

XX, YY, and XY Raman spectra of untwinned YBa)yCu3Oy 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 T¢=66K single crystal and an
uniwinned T¢=90K single crystal. The results have beea confirmed on other samples.

In addition to thc two-magnon scattering, [1,4] a strong background continuum
extending above 10000 cm-! was also present in the insulating sample (also sec 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 (T¢=66K) sample than in the fully oxygcnated (T¢=90K) samplc.

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 modcls. [14] However, the experimental data can
be fit reasonably wecll, if the imaginary part of the clectron self encrgy Z(q,w) is
assumed to vary linearly with . [3,6]. Since a similar frequency dependence of
ImZ(q,w) has also been observed in the IR conductivity [10,15,18), many thcorics of
the Raman continuum assumec that it is caused by the scattering by the conduction
electrons, secn by infrared (IR) conductivity mcasurements. [5-8] If so, the doping and
polarization dependcnce of the continuum and the IR conductivity should be similar.

However, this is not the case. The XX room temperaturc continuum in YBCO
as well as in Ce doped T matcrials [16] and in Lay_,Sr, CuOy {17, Fig. 2] docs not
change much with doping, but the IR conductivity has a strong doping dcpendence,
{10,15,18] Chain IR conductivity in YBCO is grcater in T¢=90K samplcs than in the
Tc=66K samples, [10,15] but the opposite is truc for thc Raman continuum.

-

0 1000 2000 3000 4000 5000 6000 O 1000 2000 3000 4000 5000 6000 7000
Wavenumber (cm )

1. Raman contingum in YBapCu307 in XX and YY geometry at different laser
wavelengths. Resolution ~ 50 cm®!, Intensity units are the same,
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2. The continuum in the insulating, T¢=66K and T=90K single crystals.

Resolution ~ 50 cm-!, Intensity units for are the same as in Fig. 1. The horizontal line
in the T¢=0K graph is a guide for the cyc representing the background continuum.

Even if the Raman spectra rcveal an electronic channel of a diffcrent symmetry
than that of the IR spectra [14], we should still sce zero scattering below the charge
transfer gap in the insulators, and an incrcasc in XX and YY scattering as the carricr
concentration incrcascs with doping. The only way to reconcilc the conduction
clectron picture with the experimental results is 10 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
cxperimentally observed inconsistencics, which is an unlikely coincidence.

Though the microscopic mechanism is far from clear, possiblc alicrnatives to the
conduction clectron picturc 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 clectron conduclivity) rising
background at the cnergics below the charge transfer gap. If light couples strongly to
these statcs during scatiering and not to the conduction clectrons, they could be
responsibic for the continuum. This mechanism is consistent with a stronger chain
continuum in the Te=66K than in the Tc=90K YBCO samplcs, because oxygen
vacancies in the oxygen deficicnt 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 affccted by doping. Howcever, the impurity IR conductivity is a factor ot two
stronger in the undoped YBCO than in SmpCuO4 between 3000 and 10000 cm-!,
{19] but the Raman continuum has the same intensity in the same cnergy region [20],
which appears to be inconsistent with the model.

Hot lumingscence is very similar to resonant Raman scattering. During both
processes an clectron absorbs an incident photon and gets excited into an unoccupicd
band, where it exchanges cnergy with some excitations and then relaxes to the ground
state emitting the scattercd photon before reaching the bottom of the band. The
difference is that during resonant Raman scattering the excitations that scatter the
clectron are well defined (c.g. an clectron-hole pair, a phonon, two phonons, etc.) but
during hot luminescence they arc 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 temperaturc 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 SmyCuQy and YBa,CujOg ;. Intensity units arc the same
(different from Figs. 1,2).

0

4. Temperature dependendence of the continuum in undoped phascs

Tempcerature dependence of the continuum in the "as grown" YBa,Cu3Og, 5 and

Sm»CuOy4 shown in Fig. 3 is anomalous. Instcad of scaling with the Bosc factor, the
continuum “"frcezes out”™: the intensity decreascs significantly throughout the cncrgy
interval as the temperature is lowered. Similarity betwecen the 2-1-4 and 1-2-3 behavior
indicatcs that it is probably intrinsic to the undoped phascs. Origin of this bchavior is
not understood. Prcliminary results indicate that the freezing out in YBCO stops
occuring before the metal insulator transition as doping is increased .

Risc of the room temperaturc spectra as w—0 is indicative of a quasiclastic pcak,
which disappears at lower tcmperaturcs. We are currently investigating a possibility of
scattering by thermally cxcited clectrons as a possible causc of the quasiclastic pcak,
because resistivity of these malerials at T=300K, [21] is mctallic-like.

5. Conclusion

Doping dcpendence of the planc polarized continua in 1-2-3 and 2-14 materials
is quite diffcrent from the doping dependence of the IR conductivity and is not
consistent with the scattering by the conduction clectrons. Localized states or hot
lumincscence arc possible alicrnatives to the conduction clectron picture. Low cnergy
continuum in the undoped phascs has an anomalous tempcrature dependencc.

6. Acknowledgement

The authors arc grateful to S.L. Cooper and A L. Kotz for providing their data
on optical constants before publication. D.R. would also like to thank S.L. Cooper,
R. Liu, for hclpful discussions. This project received support from the NSF under
contract DMR90-17156 and through the NSF funded Scicnce and Technology Center
for Superconductivity under DMR88-09854.

218




7. References

1 S. Sugai, Y. Entomoto, and T.Murakami, Solid Statc Comm. 72, 1193 (1989).

2 T. Staufer, R. Hackl, and P. Muller, Solid Statc Comm. 75, 975 (1990).

3 F. Slakey, M.V. Klcin, D. Reznik, J.P. Rice, D.M. Ginsberg, A.P. Paulikas, J.W.
Downey, B.W. Veal, Proc. SPIE 1336, 86 (1990).

4 K.B. Lyons, P.A. Fleury, R.R. Singh, P.E. Sulcwski, Proc. SPIE 1336, 66

(1990).

5 C.M. Varma, P.B. Littlewood, S. Smitt-Rink, E. Abrams, and A.E. Ruckenstcin,
Phys. Rev. Lett. 63, 1996 (1989).

6 A. Virosztek, and J. Ruvalds, Phys. Rev. B 45, 347 (1992).

7 P.W. Anderson, Physica C 185-189, 11 (1991).

8 B.S. Shastry, and B. 1. Shraiman, Phys. Rev. Leu. 65 (1990).

9 J.P. Rice, and D.M. Ginsberg, J. Cryst. Growth 109, 432 (1991); W.C. Lce and
D.M. Ginsberg, Phys. Rev. B 44, 2815 (1991); G.H. Kwci, $S-W. Cheong, Z.
Fisk, F.H. Garzon, J.A. Goldstone, and J.D. Thompson, Phys. Rev. B 40, 9370
(1989).

10 S.L. Cooper, A.L. Kotz, M.A. Karlow, M.V. Klcin, W.C. Lce, J. Giapintzakis,

and D.M. Ginsberg. Phys. Rev. B 45, 2549 (1992).

11 D. Reznik, A.L. Kotz, S.L. Cooper, M.V, Klcin, W.C. Lec, and D.M. Ginsberg,
Physica C 185-189, 1029 (1991).

12 D. Reznik, A.L. Kotz, S.L. Coopcer, M.V. Klcin, W.C. Lcc, and D.M. Ginsberg,
Proc. Int. Workshop on Elcctronic propertics and Mcchanisms of High Tc
Superconductivity (IWEPM). To be published (Elscvicr).

13 K.F. McCarty, J.Z. Liu, R.N. Shelton, H.B. Radousky, Phys. Rcv. B 41, 8792
(1990.

14 M.V. Klcin, Light Scattering in Solids 1, cd. by M. Cardona, Ch. 4 (Springcr,
1983); M. Cardona and A. Zawadowski, Phys. Rcv. B 42 10732 (1990).

15 Z. Schlesinger, R.T. Collins, F.Holizberg, C. Fcild, S.H. Blanton, U. Wclp,
G.W. Grabuec, Y. Fang, Phys. Rev. Lett. 65, 801 (1990).

16 S. Sugai, Springer Scries in Material Scicnce, 11, 207 (1989) (cditors H.
Kamimura and A. Oshiyama)

17 1. Tomeno, M. Yoshida, K. lkcda, K. Tai, K. Takamuku, N. Koshizuka, S.
Tanaka, K. Oka, and H. Unoki, Phys. Rcv. B 43, 3009 (1991).

18 S. Uchida, T.Ido, H. Takagi, T. Arima, Y Tokura, S Tajima, Phys. Rcv. B 43,
7942 (1991).

19 S.L. Cooper ct al., unpublishcd.

20 D. Reznik, M.V. Klein, W.C. Lce, D.M. Ginsberg, S-W. Cheong, submiticd (o
Phys. Rev. B.

21 Y. Iyc, Physical Propertics of High Temperature Superconductors 11, ed. by D.M.
Ginsberg, Ch. 4 (World-Scentific 1992).

219




Phonon Self-Energy Effects in YBa;Cu3zO7_s Below T:
The Role of Oxygen Disorder
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Heisenbergstr. 1, W-7000 Stuttgart 80, Fed. Rep. of Germany

Abstract. We discuss the discrepancies in the published literature concern-
ing the gap value for 2A/kT, 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™! and the phonon self-enetgy changes of the 340 cm™! By -like mode
below T, we demonstrate the effcct of even slight oxygen disorder on the phonon
self-energy below T, in pure crystals.

1. Introduction

Andrecv reflection experiments have shown the superconducting pairing of
quasi-particles with opposite momentum in high-T. superconductors [1]. Thus
the determination of the superconducting order paramcter A {(the binding en-
ergy of the pair) or the gap ratio 2A/kT, (the strength of the coupling) is of
primary intercst. Among the spectroscopic methods for the gap determination,
a recent development [2-4] exploits the superconductivity-induced changes in
the self-energy ¥ of & = 0 optical phonons via electron-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 duc to supercon-
ductivity have been observed for the 340 em™! By 4-like mode in YBa;CuzOy_;
(6,7 implying that the phonon energy is close to a gap (henceforth calied " the”
gap). Bclow T¢, all experiments reported up to now have indicated anomalous
softening ( Re(X)) of this mode, when the sample becomes superconducting {6].
However, discrepancies exist in the literature concerning the changes in the
linewidth (—Im(X)) of the 340 cm™! Raman linc. In a series of experiments,
a tremendous broadening of the 340 cm™! 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 modcrate sharpening of this
line. These results lead to diflerent 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 7.
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2. Correlation between the appearance of the symmetry forbidden
Raman peaks and the phonon sclf-encrgy cffects

The phononic Raman scattering from YBaCuzO7_s has becn 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;CuzQy_s fecature extra (nominally forbidden by
symmetry) pcaks like those shown in Fig. 1. The most striking feature of the
Z{YY)Z polarized spectra shown in Fig. 1 is that, although all samples have
almost equal oxygen content as indicated by the frequency of the O4 peak,
some of them are characterized by the appearance of two additional peaks at
232 and 598 cm™!. 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 ¢V [19], (iti) Below 100 K, they can be optically
blcached if the illumination photon energy excceds 2.2 eV [19].

Our observations can be summarized as follows: (1) No extra pcaks under
resonance ~2.21 ¢V were observed for the heavily twinned area II'T-B (sce the
text under Fig. 1) and the untwinned strip near this area UT/HT-B, both ncar
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Fig. 1 Polarized Raman spectra of different samples: DT-A - detwinned arca
in the A-crystal {ZrO; crucible); UT-B - large untwinned arca, HT-B -
heavily twinned arca, and UT/II'T-B untwinned area neighboring the
heavy twinned one, all in the B-crystal (SnQ3 crucible).

221




(a) 2 [wrs Ty s
S | 1sx
— o_ o . ,
- foo o f 5 95 K .
‘= 30F [} s oK =
§ i ~ [UTMTB A 2(x.y)2
~ oo = 1 15Ky )
o 4 = 95K +
25 d _C_Z 3 t |
£ | 250 300 350 400
‘g “I Raman Shift (cm™)
A -0
& 20 P \0 -;:3;_”/::’1
- 'r\i‘t:{f:,_o ................. ;
,n B [=]
g° < OT-A
& «UT-B
Bles Te * UT/HT-B
} o HT-B
1 1 1 ! 1 t
.?‘342
£
3340
- 338
g |ees¥
€ 336 5
2 334 !
533 0s” Te
e 332 - 1 tx ; 1 1 1
0 100 200 300

Temperature (K)

Fig. 2 Temperature dependence of the linewidths (a) and frequencies of the
340 cm~! phonon for different samples measured in By ,~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 (i) 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™! 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 YBazCu3zZs.4
{20]. On the other hand, no sign of these modes has been observed in tetragonal
YBa;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~! phonon on
temperature is given in Fig. 2 (for the samples spccified in Fig. 1). The data
presented in Fig. 2 were deduced by fitting the 340 cm™! pcak intensity distri-
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bution to a Fano-type line shape (4], All the samples show a softening of the
340 cin™! mode below T, (Fig. 2b), as expected for superconducting crystals,
although the degree of the softenming varies. The temperature dependence of
the phonon lincwidth is, however, very intriguing: the samples featuring the
abscnce of the extra peaks at 232 and 598 cin™! exhibit the tremendous broad-
cning of the 340 cni™! line below 7% reported for ceramic samples [4], while
a sharpening is scen for those which have pronounced additional peaks. Note
that the softening corrclates with the broadening/sharpening: it is larger for
samples exhibiting broadening.

From the results in Figs. 1 and 2, {or the tmpurily-free crystals we find a
definite corrolation between the appearance of the two extra Raman peaks at
232 and 598 ¢! and the change of temperature dependence of the 340 cm™!
phonon linewidth below T, .

3. Disrcussion and conclusions

The effect of disorder may find the same cxplanation as the one given in [9].
The oxygen disorder, similarly to the ntroduction of impurities, may smear
the gap anisotropy, thus leading to an increase in the minimal gap to which the
Raman modcs have been proposed to couple [9]. On the other hand, model [2]
gives a precursor of this process. With increasing concentration of nonmagnetic
uupuritics or oxygen disorder, the iipurity scattering rate increases as well
{the mean free path of the carriers decrcases). As a result the phonon energy
resonance with the gap becomes less pronounced [2], m agreement with the
experitment (Fig. 2).

In addition, it is important to note that the phonon sclf-cncrgy changes scale
with the clectron-phonon coupling constant. The relatively large value of the
coupling constant (A340=0.02) of the 340 cm~! mode comes mostly from the
buckling of the C'uQ planes [3]. The introduction of vacancies into the CuO
chains leads to local smearing of the buckling [23] and, in turn, this may reduce
the coupling constant such that the self-energy effects predicted in [2] become
smaller. The change in the coupling constant may not have a remarkable
influcnce on superconductivity but rather makes the Raman phonons under
consideration less sensitive to superconductivity. This would explan a decrease
in softening and broadening (Fig. 2), but not a swilch from broadening to
narrowing.
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Normal-State Conductivity of Cuprate Superconductors:
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Abstract. We discuss the evolulion of our understanding of the normal
state infrared conduclivity of cuprate superconductors. The discussion
begins with results from polycrystalline samples and conlinues up to the
recent work on single domain (untwinned) crystals. The issue of whether
the conductivity at low frequency (i.c. <1000 cm ') should be described
with one {intraband) component, or with two (intraband -+ inlerband) com-
ponenls is central {0 the discussion.

One of the persistent issues in the study of high T, (cuprate) supercen-
ductors has been the question of how 1o inlerpret the normal state infrared
conduclivily. A key question is whether lhe conductivily in the far-infrared
is predominantly intraband, or whether a more complex picture involving
both intraband and interband excitations is necded. 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 conduclivily are associaled with
unusual intraband dynamics {(of the same cairiers which become super-
conducling below T¢); while in the latler casc the existence of very low
energy interband or excitonic transitions is implied. Either resull is po-
tentially quite significant, since, for example, pulative low energy excitons
have been discussed as possible pair-mediating excitations, while, on the
other hand, the former interpretation provides part of the experimental
basis for the view that the normai state infraband transport is quile unlike
that of ordinary (Fermi liquid) metals. Here | will review the history and
origins of this issue, and the current status of the dala. More general re-
views of infrared and optical properties by the same authors as this paper
have been presented elsewhere(1.2).

In the insulating cuprates there is a charge transfer excitaiion with a
threshold of about 1.5 eV(3). Herc we will focus on the conductivity which
develops below this charge transfer threshold, as a resull of adding addi-
tional holes lo the CuO; planes. For a simple Drude metal, this low fre-
quency conductivily is associated with {ransitions within the conduction
band (intraband conductivity) which are made allowed by scattering
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processes. This inlraband conductivily reaches a value equal to the d.c.
conductivity as w—0, and falls like 1/w? through most of the infrared
region(2,4). Al some frequency usually above about 1 eV, there is an onsct
of interband conduclivity, i.e. absorplion of light associated with electronic
transitions between two different bands. In the cuprates one finds, sur-
prisingly, that the normal state conduclivity does not follow the simple 1/
w? form in any frequency range. Understanding this behavior is the sub-
ject of this paper. Our discussion will be divided into lwo parts. The main
part deals with the normal state of high Meissner fraction, high T¢ super-
conductors, e.g. YBaCuz07 _ x and BipSroCaCuy0g .y with Tc250 K, and
La,. SrxCuQ,4 with x~0.15. A very short second part mentions briefly the
issue of the lightly doped region, where the samples are nol such good
superconductors and are close lo a metal-insulator transition.

Early aitempts to study the infrared behavior of the conduclivity began
with measurements of polycrysiafline samples of LaygsSrsCuQ4 and
YBayCuz0y;. From these measurements an infrared conductivity with a
small narrow peak al =0, and had a large, broad maximum in the vi-
cinity of about 3000 cm ' (~0.4 eV) was inferred, as sketched in figure 1.
Such spectra are strongly indicative of a fwo componen! conductivily, with
the lower peak associated wilh the dynamics of lree carriers (intraband
excitations) and the upper peak associated wilh some sort of intertand
excitations. The repott 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 refllectivilies
from highly conducting a-b plane faces and from the nearly insulaling c-
axis direclion are mixed together in an uncontrolled manner(5-7). Ac-
cording to Schlesinger, Collins et al.{5) and Orenstein and Rapkine(6), the
mixture itselfl is responsible for the strong peak in o¢(w) at ~4000 cm- ',
which is not really representative of an intrinsic conduclivity for any spa-
tial direction. Ultimalely the huge in-plane/out-of-plane anisotropy makes
it nearly impossible to learn anything aboul the intrinsic normal state
conduclivities of cuprates from the study of polycrystailine material, and
therefore researchers moved as quickly as possibie to the study of crys-
lais.

Early infrared results from crystals were obtained on Lajg55r 15CuQy
by Tajima el al.{8). Additionally, a significant part of the next generation
of infrared experiments involved work on lwinned YBasCuz0;7_ 4
crystals{9-15). For both La1g5Sr15sCuQ4 and the T,~92 K twinned crystals,
the conductivily decreases monolonically with frequency(8.9). This
prompted Schlesinger et al.(9) to altempt to fit the room temperature
conductivity with a simple Drude form using a very large scatlering rate,
however, this approach was not fruitful. As pointed out by Kamaras et
al.{7), such a farge scallering rale is essentially unphysical since it cor-
responds to an unreasonably short mean free path. Even in the limited
frequency range of this original data(8) (1,000 to 13,000 cm '), the meas-
ured conductivity faills more slowly than the fitted Drude form. Extensions
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FIGURE 1

Normal state conductivity of various forms of YBasCusO; _« as derived
from infrared reflectivity measurements. The data in {(a) are represen-
tative of resulits from polycrystatiine maleriai (circa 1387, see rel 5-7 and
references therein). (b) shows ihe normal stale conductivi}y of
twinned(15) YBasCua0; . « (Tc~80 K) (circa 1988), and (c) shows the a axis
conductivity from a similar {T,~80 K) unlwinned crystal (18) (circa 1991).
This progression illustrates the development of our understanding of the
intrinsic normal state conductivity of YBasCiaUy . «.

of the data to lower frequency and lemperature(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 YBasCu3s07 _ x crystais wilh a somewhat reduced
oxygen content{(10), tend lo exhibit a "bump” in the normal slale
conductivity at about 1500 cm f, as shown in fig 1b for a crystal with
Tc~80 K. While the magnitude and frequency of the bump are smaller
than for the polycrystalline spectra, the datla are qualitalively similar in
that they suggest that the conduclivily 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 YBasCu307 _ « involve the measure-
ment of untwinned single crystals{16-20), where one can secparalely
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Normal state conductivity of untwinned YBayCuzO;7_ x crystals with
T.~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 conductivily of jusl the CuO,
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; planes and the CuO chains. These data al-
low the mid-infrared bump in YBayCusO7 _ 4 to be identified with the CuO
chains.

measure the infrared conductivity along the a and b axies. For these
untw,inned crystals the data are observed to be significantly different in
the a and b directions. The conductivity of an untwinned crysial with
T.~80 K taken with the electric field polarized along the a axis is shown
in fig 1c. Normal state conductivily data from BiySroCaCu20g - and
La; g58r 15sCuQ4, where there are no chains, are quite similar to the a axis
data from the YBayCus0;7 _« {see, e.q. 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 aspecls of the siruclure of
YBasCu3z07 . x are of potential relevance o the a-b plane anisotropy of

o(w):
1. YBayCu3z0; _x contains CuO chains oriented parallel to the b axis,
and

2. }\he lattice constant is about 2% larger in the b direclion than along
a.
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in all known models of transport, a larger latlice consiant is expected to
lead to a lower conductivity, hence the laltice constant difference has the
wrong sign to account for the observed anisotropy (which is g1a<ap in
all samples). The observation of both higher conductivily 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 conlributions,
and the 3 axis conductivity as the pure CuO» p!ane conduclivity. From this
viewpoint, the difference between the b and a axis conduclivities is re-
garded as the chain contribution. Recent measurements of
PrBasCu30r . «(20) seem to confirm the validity of this approach, in which
the conductivity within the piane is trealed 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 eliminales
the plane conductivity in the infrared, but leaves the chain conductivity
vifually unchanged (with respect to its magnitude in YBasCuzQ7 _ ).
demonstrating that the chain conductivity is indeed a separate idenlifiable
entity, at least in the infrared. (One should caution, however, that the d.c.
conductivity may not be so readily separabie into independen! compo-
nents. There the physics may be more complex because one is probing
at effectively longer length scales))

With this knowledge of the aclual conductivities for each crystal axis one
can understand the earlier data from twinned crystals. For the twinned
crystals (fig 1b) 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,Cuz0; _
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 the
normal state infrared conductivily of cuprate superconductors (for the a-b
plane). The simplest way to understand this developme:i iz as the suc-
cessive resolution of anisotropies wilhin the cuprate crystal. In the first
generation (fig 1a) the data was severely distorted by e~ffecls associated
with the large in-plane/out-of-plane anisotropy(5,6). The second gener-
ation involved measurement of twinned cryclals (fig 1b), in which the
anisotropy within the a-b ptane was unresolved(9-15). The third gener-
ation of experiments, measurement of unlwinned crystals(16-19) (fig 2),
resolves the in plane anisotropy, and allows the identificatlion of the in-
trinsic conductivity of the CuQ; planes in YBayCuz0; _ «.

With the untwinned crysta!s the measurement with the infrared electric
field polarized along the a axis generates the conductivity of just the
CuQ, planes. As noted above, this conductivilty is quite similar to the
normal state conduclivity of Bi;SrpCaCuz0g _ y and Laj gsSr 15CuQy4, which
have no chains{1,21,22). Although the a axis conductivity has no mid-
infrared bump, it is important 1o emphasize that it does not follow a con-
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Two component model for the normal state conductivily is shown. The
solid line (a) is the measured conductivity for the CuO», planes in
YBaaCuz07(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?above ~200 cm-'. 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)). [n part (b) the attempt to [it
the superconducting state conduclivity of untwinned YBa;Cu30; (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 siowly with frequency than the
conventional 1/w?2, roughly like 1/w! =% with §~0.2 (for <5000 cm- ). 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 postulale that the
actual intraband part of o(w) follows the conventional Drude form, and that
any excess comes from interband transitions. With this approach the
interbar.d transitions start at very low energy (~2004+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 Loreniz
oscillators. Such a fit, based on rel 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(w) are proposed o be significanl even al low frequency.

Historically the primary support for this two component approach has
come from the observation of a local maximum ("bump”) in the mid-
infrared conduclivity, such as that shown in fig 1b or 1a. The absence of
such a feature in the a-axis conductivity of unlwinned cryslals and in
compounds such as Bi;SrCaCuz0p .y seriously undermines the moti-
vation for this approach. For example, according to Cooper ct al.(19), “the
absence of a dislinguishable secondary absorption in the a-axis
conductivily of moderately-doped YBayCus0; — x places strong limilations
on the possibilily of a3 twe-component absorption in the CuO; planes of
YBayCuz0y7 _x.”

A sccondary motivation for the two-component approach has been the
belicf that one might describe the change in the conductivilty in the
superconducting stale, by collapsing the Drude term to a Dirac-6 function
at =0 and leaving the second {interband} part of the conduclivily
unchanged(23). This, however, does not work well for the a-axis
conductivitly of YBayCusQy, as shown in fig 3b 5nd discussed in references
1 and 2.

The possibitity of defining the interband component of o(w) as the
measured conductivily 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 a1n{w)-a15(w), would go 1o 0
rather abruptly at about 900 cm *. Such behavior is physically unreason-
able. which indicates that this a415(w) cannot realistically be viewed as a
distinct conductivity component. The data instead suggest thal a thresh-
old develops within the dominant conductivily component at about 500
cm- ' Indeed, the observation thal below T, most of the conductivity be-
low ~500 cm~ ! goes into the dissipationless response at « =0 (17.24,25),
suggests that the low frequency conduclivily 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 #(w) are not significant. tn this case the
measured conductivity provides a determinalion of the intrinsic form of the
intraband o(w). One then concludes that the intraband dynamics are quite
unusual, since o(w) falls like 1/w!' —# rather than 1/w? (5~0.2) (see e.g., 1
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 conductivily, this single compo-
nent approach is at present rather widely favored in theoretical ireatments
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 signily the onset of inlerband absorption. One
thing that provides a clue is the observation that the conduclivily 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 '. 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 ',

The above discussion summarizes in a briefl 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 conductivitly
for many samples, leading to the belief in a second conductivity compo-
nent in addition to the Drude term. More recent data from untwinned
YBayCuz0y7 _ x and BiSrpCaCu0g _ y crystals show a smoothly falling
conductivity in the mid-infrared for the CuO; planes, in which a second
component is not readily identifiable. The assumption of a single com-
ponent conductivity for the low frequency range (<1000 cm ') leads to
an unusual phenomenology for the normal state, in which the frequency
dependence of o(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 conductivily in the normal
state of compounds such as YBasCuiO; _ . BigSl’QCECUQOa_.y and
La4.855r 15CuQOy that are good (high Meissner fraction) high T supercon-
ductors. An important issue not discussed here is the development of the
infrared conductivity as a function of doping near the antiferromagnelic
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 o 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 La,_,SrCuO4 and Y doped BizSroCaCuyGg . 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).
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Resonant Raman Scattering
in Bi;Sr;Ca; _,Y,Cu;0g,s Single Crystals

M. Boekholt!, G. Giintherodt!, and V.V. Moshchalkov?2
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Templergraben 55, W-5100 Aachen, Fed. Rep. of Germany
2Laboratorium voor Vaste Stof-Fysika, Katholicke Universiteit Leuven,
Celesteinenlaan 200 D, B-3001 Leuven, Belgium

We report on resonance Raman scattering investigations of Bi Sr, (.a \ (.u ana
single crystals (0 < z < 0.853}, i.e. on compounds with Y- c‘oncentrahons both in the
metallic {z < 0.5) and insulating {z 2 0.5} regime. At the incident laser energy of
2.6 ¢ 0.1 eV, the 163-cm”! “in-phase out-of-plane” and the 275-cm”' "out-of-phasc
out-of-plane” v;bratlons of the oxygens situated in the CuO_-planes as well as the
Cu-vibration at 165 cm™' show a resonance. The resonance energy ¢ res IS independent
of the Y-concentration z and corresponds to the charge-transter gap ACT' 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.

f. Introduction

Since the discovery of the Bi, Sr,CaCu 08 5 (Bi-2212)
high- T superconductor, a large number of Raman scatter-
ing Studleb have been published trying to clarify the
characteristics of its phononic and electronic excitations.
Only few reports [1-4]1 deal with the Raman investigation
of the Bi_Sr | Ca \ Cu O8 5 solid solution series, which
is of specxal mterest because of the occurence of a transi-
tion from an antiferromagnetic charge-transfer insulator
{81 Sr,Y Cu,O4 a} to a strongly correlated metallic state
{B1 St. CaCuzO8 ;1. 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, Sr Ca,_ Y Cu208 5 single
crystals investigated here.
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2 Results

Some A -symmetric Raman spectra of an insulating
BiQSrZCao.sY -;,Cuz()g*8 single crystal are shown in
Fig. 1 as a function of different laser wavelengthr Ay - The
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 alow7 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” !
Cu-mode at )\L = 472.6 nm (eL = 2.62 eV). Likewise, a
weaker resonance scattering of the 463-cm ! "in-phase
out-of-plane” vibrations of the oxygens situated in the

CuO _-planes can be seen by comparing just the areas

+
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Fig. 1: Polarized room-temperature Raman spectra of
A -symmetry {scattering geometry Z(X,X)Z}
taken on the ab - plane of a
Bizsrzcao.aYo.7C“208+5 single crystal (z = 0.7)
for different laser wavelengths )\L.
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Fig. 2 Relative intensity of the 165-cm™! Cu-mode and

the “in-phase out-of-plane” 463-cm ' and

"out-of-phase out-of-plane” 275-cm” ! vibration
of the oxygen atoms situated in the Cu02~
planes of a Bx Sr Cao3 O7Cu Oa.s single
crystal (z = 0. 7) “as a function of the incident
laser energy € - The solid lines are only a guide

to the eye.

underneath this phonon peak for different >\L. The corres-
ponding B1 -type "out-of-phase out-of-plane” 275-cm™?
phonon shows also a resonance in its intensity at the
same >‘L

For a quantitative analysis, the phonon intensities IPh
of the different modes have to be plotted as a function of
the incident laser energy €L As outlined in Refs 4 and 5,
only the phonons involving primarily motions of atoms
situated in the CuO -planes {here the A -type 1653-cm -1
Cu-mode as well as the 275-cm™! Blg—type and the
163-cm 1 A -type oxygen vibrations) s'ﬂow a resonance at
€ oo = 2.6 £ 0.1 eV. The error has been estimated as an
upper limit by taking into account the phonon intensities
at the next neighboring sL—values investigated. The other
phonon modes detected in the spectra of Fig. 1 show a

different lPh(aL) 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_, whereby the phonon
scattering intensities at e, = 2.41 eV were set equal to 1.
The solid lines are only a guide to the eye. Both the
163-cm_ ' "in-phase out-of-plane” and the 275-cm”?
"out-of-phase out-of-plane” oxygen vibration as well as
the 165-cm ™! Cu-mode resonate at =, = 2.62 eV. i.e. at the

same incident laser energy y as the undoped
Ei Sr CaCu O {5]. Comparing the intensities at the
resonance energ\ € e © 2.62 eV with those at the green
laser line (:L = 2.41 eV), the strong enhancement of the

Cu-mode compared to the oxygen vibrations is obvious.

In the charge-transfer insulators
Bi,Sr,Ca Y Cu,O, . (z20.5) the first conduction band
above the Fermi energy Ep is the upper Hubbard band
(UHB) of Cu. The energy difference between the hybri-
dized {Cu 3d K2-y2 O2p ) valence band and the UHB of
Cu is the charge transfer gap A, 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 th2 copper and the oxygen atoms
situated in the CuQO -planes if the incident laser energy
coincides with ACT.LTlmtxs the actected resonance energy

res C 2.6eV 0.1 eV is attributed to ACT The excitation

of an electron from the {Cu 3d K2-y2 O Ip, } valence
band to the UHB of Cu and its fast recombmatxon are
labeled in Fig. 3 by numbers 1 anc 2.

The resonance Raman scattering experiments have
beenrn carried out for different Y-concentrations in
BiZSrZCa Y Cuzo8 5 single crystals. The resonance
energy in the Iph(EL) curves of the phonons shown in
Fig. 2 turned out to be the same for different z (sres = 2.6
x 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 BiZSrzCa Y CuZO8 5 crystals (a)
and a part of the electromc 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 and {3'-4-4'} in Fig. 3. The charge transfer
inside the Cqu—plane during the processes

1-2-3-3'-4-4" is outlined in Fig. 3c

The polarized room-temperature Raman spectra as a
function of )\ taken in the B -type scattering geometry
Z(X,Y)Z on thp ab-plane of a pure Bi,Sr,CaCu,O, .5
{z = 0) single crystal are shown in Fig. 4. As ‘can be seen
in Fig. 4, the 81 -type electronic scattering intensity,
which in "pure” Bi-2212 is flat for Ay < 5145 nm, is
strongly enhanced when decreasing the incident laser
wavelength towards the uv-region. For >\L < 488.0 nm,
the maximum electronic scattering intensity almost
exceeds that of the Blg—phonons. Its frequency position
is for most of the wavelengths between AV % 450 cm™!
(55 meV) and A% =~ 550 cm ™! (68 meV). This increase of the
electronic scattering intensity when decreasing )‘L is not
detected in the Btg~type spectra of insulating
BiZSrzCal_zYzCu208+a crystals. The resonance energy

€ e 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, Sr_CaCu 20845

(z = 0) single crystal for different laser wave-
lenoths AL.
coincides with the onset of the enhanced B -type elec-
tronic scattering in metallic BiBSrQCa Y Cu O8 .
(z < 0.5). This correspondence is in first place due to the
condition €, 28 for an observation of both enhanced
phonon and electronic scattering intensity (see Fig. 3b).

The interpretation of the enhanced electronic scatter-
ing in superconducting BizerCal_zY Cu208 . (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" is compensated
by the opposite spin of the oxygen hole shared among the
four nearest-neighbor oxygen atoms forming a square.
This conceptis illustratesd in Fig. 3a. In metallic amples
(z £ 0.5), the Fermi energy lies within the ZR singlets
(Fig. 3b). The second possible recombination channe]
{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 O 2p orbital is transferred into a “collective” hole,
residing simultanenusly on all four oxygen atoms of a
square, before this hole recombines with the excited
etectron in the UHB of Cu via the channel Cu*0 =
Cu?*0?” (4-4"). 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 Cqu—plane during the processes
1-2-3-3'-4-4" is outlined in Fig. 3c. In insulating samples,
the increase in B1 -type electronic scattering intensity
for €, = A, 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 Blg~type elec~
tronic scattering intensity in superconducting Bi-2212
(Fig. 4} to be about 60 - 80 meV.

When the spectral Raman shifts of
Bi,Sr,Ca, Y Cu,O, . are extended to high frequencies,
two-magnon scattering can be observed in insulating
samples. Raman scattering failed to detect any magnons
in superconducting, metallic BizerCal_zYzCuzOB*s. The
unpolarized two-magnon Raman scattering intensity in
insulating BiZSrz(?al_zYzCuzOB*é is strongly enhanced
for increasing z. From its maximum, which is at about
AV = 2800 * 200 cm™ ! and which may correspond to 2.7%]
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in high-Tc superconductors {see, e.g., [1,2,7] and Refs
therein}, a value of J = 130 £ 12.5 meV can be derived for
the exchange coupling constant in antiferromagnetic
Bi,Sr,Ca, Y Cu,O04 ..

The maximum of the two-magnon peak remains
constant in frequency for the different laser wavelengths
investigated (457.5 nm < )‘L £ 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 )\L could be observed. For
example, in NiO the two-magnon scattering intensity as
a function of €, {8] was found to be non-resonant and
explained as a transition from a O 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 [8]: In this case the two-magnon scattering
intensity should be resonant as a function of g because
both bands involved in the Raman process belong to
3d-bands of a magneticion. However, in antiferromagnetic
u—F9203 the observed two-magnon Raman scattering
intensity shows a resonance as a function of " (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
O 2p states were stated not to be important for the
resonance. The conclusions made in [8,9] for NiO and
a—Fe203 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 O 2p bands.
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Normal-State Infrared Response
from Ellipsometric Measurements:
YBa;Cu307 and PrBa,CU;0

J. Humlicek

Masaryk University, Faculty of Science, Department of Solid State Physics,
Kotlafska 2, 611 37 Bmo, Czechoslovakia

Abstract. We perform quantitative estimates of the sensitivity of normal-
incidence reflectance to measurement errors and to extrapolation beyond the
range covered by mecasurements, 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 dielectric
tensor for highly anisotropic materials is demonstrated. We discuss the mid-
and near-infrared ellipsometric data obtained on oriented films of YBa;Cuz07
and PrBayCujz07 .

1. Introduction

Almost all of the numerous investigations of the infrared (IR) optical response
of high-T. 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;Cu30- [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;CuzQ7 and PrBa,Cu3z0O7 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;CuzO7 and PrBa;CuzOy .
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2. Estimation of sensitivity

Let us assume an 1deal interface between ambient and semi-infinite isotropic
sample with the complex dielectric function € = €, + €2. The amplitude reflec-
tivity r = VR exp(if) at normal incidence is given by the Fresnel formula that
can be easily inverted:

1- % 1-r\? 4r
TTIT e 8‘('1"17) ‘1+(TZT)'2" (1)

The measured power reflectivity R has to be complemented by the phase § in
order to obtain €. Assuming a small error ér of r, we can estimate the corres-
ponding error 8¢ of ¢ using the linear expansion 8¢ ~ (de/dr)ér = —4¢/(1 —
r?)ér. This error becomes very large for high magnitudes of ¢, since r? — 1
for |e] — oo. To simulate the response of HTSC’s, we use the classical Drude
formula

for ¢ at the photon energy E; here E, is the {unscreened) plasma energy, I is the
broadening energy, the real constant €., describes the background polarizability
due to absorption at high energies. Figure 1 shows the spectral dependences
of the magnitudes of the logarithmic derivatives, dlne/dr, computed from
Eqgs. (1) and (2), which measure the ratio of the relative error éefe to 6r.
Although the real and imaginary parts of ¢, 8¢, and ér 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 ¢ requires the errors of VRsin 9 and v/Rcos 8 to be less
than ~ 0.01 for E ~ 0.1E,, and this requirement becomes much more stringent
with decreasing E.

Ellipsometric measurements performed at the angle of incidence ¢ provide
the complex ratio p = r,/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, ¢ and A,
with p = tany exp(iA) [4]. Similarly to Eq. (1), the dielectric function can
be expressed explicitly from the Fresnel formulas for the isotropic sample, and
differcntiated with respect to p in order to estimate the errors within the linear
expansion:

4
1-p2"°

2
£= (1 + p) tan®(y) sin®(y) + sin’(p) , g-; = (¢ — sin’(y)) (3)

I—-p
Since p — 1 for {e| — oo, the relative error of ¢ diverges again for finite values
of §p. 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 ¢; and €3, this analysis can be used to
choouse properly the angles of 1ncidence. Moreover, several indepeudont spectra
at different angles of incidence overdetermine the problem, and allow us to test
the internal consistency of the measured data.

245




i 1 i r/€,=005 y
100 . 100 ¥=60° —— .
3 ] F 70° — — ]
_ | 1} 80° —— ]
4 S . R
5 [\ S
3 | 18
3
= 3 10 4
10t 3 X 1
0 0.2 0.4 0 0.2 0.4
E/E, E/Ep

Fig. 1. Magnitude of the logarithmic derivative with respect to the amplitude
reflectivity » at normal incidence (left), and with respect to the ratio p at
oblique incidence (right); computed using the Drude formula with e = 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
1 and A spectra with the exact Fresnel formulas [3, 5]; this is eventually 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 extraordipary 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 filns of YBa;Cu307 and PrBa;Cu307

Ellipsometric angles taken on the (110) and (001) YBa;Cu3O+7 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 specira, 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 ¢ 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 PrBa;CuszO7 at 300k, and
YBa;Cu3O7 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~! 2 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 €1 in NIR, as shown in Fig. 3.

The real part of € for YBa;CuzQO7 crosses zero at the photon energy of ~ 1.1
eV. Since €, is fairly small, a well defined peak arises in the energy-loss func-
tion, —~Im(1/¢), 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 €4, and the total oscillator strength, F' = 4wrNe? /m*; here
m* and N are carrier effective mass and concentration, respectively. Both ¢
and F can be determined reliably from the ellipsometric spectra. The NIR
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data for YBa;Cu3O7 were fitted with a single Drude term [3, 5], which is
the high-energy limit of any sum of Lorentzian lineshapes. We have obtained
€00 = (4.34 £ 0.07) and F = (7.07 £ 0.14) eVZ. The concentration of carriers
responsible for the IR response of (5.1 4+ 0.1} x 10?! em™=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. Taguchi
Department of Physics, University of Tokyo, Tokyo 113, Japan

Abstraet 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)TiO, and
(R,A)VO, (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 valance ¢f Cu, a transitional behavior has been observed
in common to layered cuprate compounds from an anti-ferromagnetic insulator
with localized d holes on Cisites to a normal metal through a high-T,
superconductor {or an unconventional metal above T,). Here we present some
results of recent experimental invesiigations{l-3] 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 Ti** (3d') and V** (3d?) 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)MO,, with perovskite-like structure[1,5,6,7. Here R and A are trivalent rare
earth and divalent alkaline earth ioms, 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
electren per metal site can be scanned from 0 to 1 for (R,A)TiO; and from 1 to 2
for (R,A)VO,. The crystalline lattice of these oxides often shov:s 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, with the bond angle of ca. 157° (8] is barely metallic around
room temperature, whereas YTiO, (ca. 140° [8]) is obviously a M-~tt 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 Ti**(3d')-based oxides, the electronic and magnetic phase diagram
for RTiO, system (R=rare earth ion) is shown in Fig.l, 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 RTiO, 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
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Fig.1 Electronic and magnetic phase diagram in slightly bole-doped (a few %)
RTiO, with distorted perovskite-like (GdFeO, type) structures.
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Fig.2 Fillingness dependence of magnetic suscepubilities in the metallic phase of
La, 87 TiO, and Y, Ca TiO,. Hatched vertical bars around x=0 and x=0.3
represent the insulator-metal phase boundaries for La, Sr TiO, and Y, Ca TiO,,
respectively. A solid line represents the x-dependence of demsity of states at Fermi
level expected for the hypothetical parabolic (free electron-like) band.

insulator(I}-metal(M) phase bouindary is likely to position around the critical
tolerance factor for R=Nd compound, which appears to coincide approximaz‘ely
with the F-AF magnetic phase bovndary at low temperature.

Concerning the high temperature metallic region on the right side of the phase
diagram (Fig.1), however, some .omments are needed: Transport properties in
LaTiO, (and perhaps also in CeT.O, and PrTiO,) are extremely sensitive to small
nonstoichiometry of R ions and/o~ oxygens [12,13]. It has been reported [12] that
better stoichiometric LaTiO, 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 T,. 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-I phase diagram
shown in Fig.1 should be interpreted as the one for slightly (a few %) hole-doped
RTiO, 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 RTiO, compounds; LaTiO, 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,TiO, and Y Ca TiO,. 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 [14]. The insulator-metal
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phase boundary closely sticks to the end (x=0} for La _ Sr TiO,, but is observed
around x=0.3 for Y, Ca TiO,. The Pauli paramagnetic susceptibility is observed to
be critically enhanced on approaching the inetal-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 enbancement 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 magnretic susceptibility {2|. In
accord with these observations, a similarly critical enhancement of carrier mass
and its strong w-dependence have been proved by (extended) Drude analysis of the
optical conductivity spectra in La, Sr TiO, (1.

3. Optical spectra in La, Sr TiO, and Y, Ca TiO,

Electronic structures in the highly electron-correlated Ti**- and V**-based oxides
have been spectroscopically investigated with varying electron f{illingness (or
carrier-doping). Optical conductivity spectra are shown in Fig.3 and Fig4 for
La, Sr TiO; (1} and Y, Ca VO, (3], respectively. As mentioned above (Fig.2), the
former system shows a metallic behavior except for the composition region very
close to x=0 or x=1, whereas the latter vanadium oxide system with a similar
GdFeO,-type structure undergoes a doping-induced Mott insulator-to-metal
transition at the hole-doping level around x=0.5. The electronic structures as

T 3 T T T
o L Lla, Sr Tio, - i
1
g
U b
~ _
c
E !
- A
: _ ) bonal
b ; x = 0.3 ~
ud \_—'_//
Z 4060} 40
= x = 0.1 —
2000 : 440
x = 0
0 ‘\“1—”1’/_—'.1’_,/1 i .
2 4 ) Fig.3 Spectra of optical conductivity
Photon energy (eV) in La,_Sr TiO, at room temperature.

252




3000

] I 1 J I | f Fig.4 Spectra of optical conductivity
in Y, Ca VO, at room temperature.

Optical Conductivity (@~ lcm™}!)

0 1 2 3 4 5 6 7
Photon Energy (eV)

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, Sr TiO, (Fig.3) can be divided into
two regions; infrared responses of charge-carriers below leV and charge-transfer
type (O 2p to Ti 3d) interband trapsitions 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
(SrTiO,) 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 thz infrared spectra is not
monotonous with x. First, the infrared spectral weight in {barely) metallic LaTiO,
(x=0) appears to be much suppressed and rather resemble that o