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PREFACE

The Navy has a long and well established history of research and
development in superconducting materials and applications. It was just after
World War II that Naval Research Laboratory (NRL) and the Office of Naval
T-search (ONR) began investigating superconductivity. ONR sponsored two
conferences in 1946 to review the status of superconductivity and low
temperature physics. By 1950, ONR had sponsored seven conferences on
cryogenics, and the ONR program became the focus of much of our nation's
effort in the field of superconductivity and low temperature physics. The
first volume of Fritz London's famous book, reviewing the macroscopic view of
superconductivity, appeared as his fifth CNR technical report. At NRL, the
word "cryogenics" first appeared on the organizational chart in 1946. The %

laboratory acquired one of the first Collins liquifiers in 1948, and began
experimental research on superconducting materials shortly thereafter.

In the mid 1950's and 1960's, NRL scientists discovered many new
superconducting elements (W and Be) and they were the first to discover
superconductivity in low-carrier-density compounds, reporting
superconductivity in germanium telluride. Today's new high Tc oxides are also
low-carrier-density materials.

In the 1970's, the Navy began programs to develop the use of
superconductivity in actual Naval systems. Naval uses for superconductivty
range from advanced propulsion systems to sensitive detectors of magnetic
fields gnerated by submarines or other underwater sources, from high power
sources of radar to sensitive detectors of electromagnetic radiation, and from
high-speed electronic processors to advanced communications systems. Because
of these vital interests, the Navy has provided strong support for research on
superconducting materials.

Since december 1986, the Navy has been investigating and supporting
research on the new high temperature superconducting oxides. Navy scientists
are planning the eventual use of the new materials in Naval systems, but not ,

until many materials problems are solved. As these materials become more
tractable, however, the Navy will rapidly foster the transition from basic
research to the working Navy of the future.

The collection of articles in this report represent research prepared
and submitted for publication by scientists at the Naval Research Laboratory
during the six months of activity since mid December 1986. It shows the
breadth and scope of the materials effort at NRL on the new high temperature
superconductors. We expect to see many more exciting research and development N_1

results in the near future. •

These scientific endeavors at the Naval research Laboratory could not
have been done without the support of our management and sponsors. We
specifically wish to acknowledge the sponsorship of the Office of Naval
Research (ONR), The Strategic Defense Initiative Organization, Office of
Innovative Science and Technology (SDIO/IST), and the Defense Advanced
Research Project Agency (DARPA).

D.U. Gubser
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THE ROCKY ROAD TO HIGH TEMPERATURE SUPERCONDUCTIVITY

E.S. Edelsack* D.U. Gubser and S.A. Wolf

Naval Research Laboratory
Washington, DC 20375-5000

The story of high temperature superconductivity has its genesis in
the stars, particularly in one star, our sun. In the 1860's, unusual

spectral lines were observed from the emitted light if the hot
incandescent gases in the chromosphere of the sun. These spectral lines

appeared unrelated to any then known substance on earth. The gas was
given the name "helium" deriving from the Greek word "helios" - sun. At

the turn of the century, helium was discovered on earth, and in 1908, the

Dutch scientist, Kamerlingh Onnes, succeeded in liquifying helium gas at a

temperature a few degrees above absolute zero. This set the stage for the S

discovery of superconductivity. -

-N In 1911, Onnes observed that below a temperature of 4K, the

electrical resistatnce of mercury completely vanished. He called this a
new state of matter and called it superconductivity. Immediately the race

was on to discover new materials with higher superconducting transition _

temperatures, Tc. Initially this meant surveying the elements and simple .

alloys to determine their superconducting properties. Intermetallic

compounds presented more of a materials challenge, but work on these '..
materials also began in the 1920's and 1930's. This work produced a major .

milestone in 1941 when Aschermann, Friederich, Justi and Kramer 2 reported

superconductivity in NbN with a Tc near 16K. In 1937, F. London became •

the first to speculate that supercurrents might exist in non-metal
systems, namely -- aromatic organic molecules.3  The first experimental

high Tc report was made by R. Ogg Jr. in 1946 when he claimed that dilute ON""+d"

alkali metal-ammonia solutions became superconducting near 18514 if the ,"

solution was rapidly cooled. This result was neither reproducible, nor

widely accepted by the scientific community. 0

During the 1950's, efforts in superconductivity revolved around two -- a

main themes: 1) development of a microscopic theory, and 2) development .
of empirical rules to guide the search for new superconducting materials.
The first theme included the discovery of the exponential specific heat

dependence (energy gap in the electronic spectrum)5 , and the discovery of

• Georgetown Cyrogenics Information Center, 3530 W. Place, Washington, DC
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the isotope effect 6 (importance of lattice vibrations), eventually leading -
to the Bardeen, Cooper, Schrieffe? theory of superconductivity and its

subsequent refinements. The second theme included development of such

empirical rules as the electron per/atom, e/a ratio 8 , inverse correlations
with Debye temperatures9 , direct correlations with the specific heat 0 ,
and symmetry preferences (cubic symmetry favored over lower symmetry
structures)1 1 . The search for exotic materials and reports of very high
Tc materials were subliminal during this decade. A major materials
advance in the 1950's was the discovery of superconductivity in the cubic
A15 structure type materials by Hardy and Hulm.

12

The decade of the 1960's saw rapid advances in superconductivity on
four fronts: 1) applied superconductivity was born with the advent of the

discoveries of the Josephson effect13  and high field, high current

materials 14 ; 2) materials research needed to augment these growing
technologies increased significantly; 3) the search for higher Tc
materials continued, led primarily by the empirical rules established in * i

the 1950's; and finally 4) a discernable amount of, to paraphrase the
words of Alexander Graham Bell, "off the beaten path" theory and

experiment began to emerge which would ultimately lead to the discovery of -,

truly high Tc superconductivity in 1986.15 This paper will briefly
discuss the latter two items concerning the search for high Tc materials.

Although the field of superconductivity was growing rapidly in
applied areas and in materials processing (films, wires, coatings, etc.),
the search for new superconducting materials did mt increase A
concomitantly. In fact, as the push for rapid technology transfer became
stronger and stronger, funding of scientific studies to search for new

superconducting materials began to decline. Materials research became a
secondary goal in many programs. The remainder of this article is

dedicated to those scientists who did not let it die! .?

Although many scientists contributed, one in particular deserves
special credit and recognition for keeping the field of superconducting

materials research vibrant and healthy for more than 3 decades. His name
is Professor BerndMatthias. His contributions during the 1950's, 1960's,

1970's were immense. He is missed today by all.

Materials Search (

The majority of researchers searching for high Tc superconductors in
the 1960's used empirical rules and stayed within the standard classes of -

metallic alloys and compounds. Niobium became the favored element and the

cubic A5 structure type became the favored structure. Empirical rules
such as the e/a ratio8 , atomic volume 16 and atomic mass correlations 1 7  ,

etc., identified Nb3 Ge and Nb3 Si as candidates to raise Tc above 20K.
Neither of these compounds has a stoichiometric equilibrium A15 phase.
which was thought to be necessary to obtain the high Tc; thus, researchers

began to develop fabrication methods to make metastable phases of the

desired compounds.

Rapid cooling techniques leading ultimately to film preparation

techniques (sputtering, thermal evaporation, E-beam evaporation, etc.)

2 S
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were developed leading to the discovery in 1971 of a record high Tc of 23K
in Nb3Ge. 

18  Researchers next turned to preparation of Nb3 Si which was
expected to have a Tc near 30K. Whereas Nb3 Ge had an off stoichiometric
equilibrium A15 phase, Nb3Si had none. Therefore, the preparation of S
stoichiometric A15 Nb3Si was expected to be more difficult than Nb3Ge, but 

7.T

also more rewarding. In addition to film growth techniques, high pressure
synthesis techniques were used in attempts to produce this material. A15
Nb3 Si structures have subsequently been prepared by both techniques in the
1980's, but Tc has been disappointingly low (20K).19

Not all research was on A15 structure materials. A significant
advance on the road to high Tc materials occurred in 1972 when
superconductivity was discovered in PbMo 6SB--a ternary superconductor! 2 0

The significance of this discovery was that it broke the hold of binary
superconductors as being the only high Tc materials. Most of the
empirical rules developed for the binaries were invalid for the ternaries S
and synthesis became much more sophisticated. Chemists and material
scientists became heavily involved with the search for new materials.

In the late 1970's and early 1980's, superconductivity was discovered
in the "heavy Fermion" systems21 and in nearly magnetic systems 22 Such
research became fashionable even though these systems did not necessarily 0
have high Tc values. New pairing interactions were sought with the hope
of eventually using the new interaction for high Tc superconductors.

With the advent of high speed computing, more exact and more precise '#
calculations of Tc in superconducting materials become possible.
Theorists began predicting Tc . MoN in the cubic Bl structure was
predicted to be a superconductor at 30K. 23  For several years in the mid
1980's a significant amount of experimental research went into attempts to
produce this compound. To date, this research has been unsuccessful.

"Off the Beaten Path - Organics"

There were those who decided to forge revolutionary paths in the
quest for high Tc. Among the more revolutionary paths was that of looking
for superconductivity in organic materials. In 1964, W. Little generated
tremendous interest in organic and one dimensional superconductivity when ...

he discussed specific molecular arrangements which would produce
superconductivity at room temperature. 24 ,25 This work Venerated much
excitement, but not much immediate success. Although chemists worked hard *
to produce structures of the type suggested, and biological and organic
molecules of all sorts and types were examined, all of the early reports %

of superconductivity in these materials proved to be false (or at least.
nonreproducible and unconfirmed.)

There were many reports of high temperature superconductors in_
organic materials in the early 19 70's. In 1969, Ladik predicted (based on
Little's theory) room temperature superconductivity in DNA rrxleciileS.

2 6  _

In 1972, Wolf claimed superconductivity in bile cholate.., at t n p.r,atir..l t,
near 140K.2 7  Evidence tor stperconduct ivi tv was in ik, ,i ,t

suscept ibility anomalies Jiich were not A'(tl in r.e.i t l, - i,il ,h fl , 1IA

In 1973, Heeger reported sut,,.icoldlct ing; fl re-hit i ilC il l I
molecules at temperatures is higrh as ."K 28 I wis "
elect ronical lv driven structural tranisformat ion Pt. ie r . .1 ,i

% %
h.'. .i
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occurred at a temperature slightly higher than the superconducting Tc;
hence, bulk superconductivity was not observed. Also in 1971, Cope
reported on superconductivity in certain biological systems at
temperatures as high as 30C.2 9  Evidence for this was the exponential
nature of the nerve-muscle response as well as the exponential growth J
statistics for E. coli. These reponses were claimed to arise from the
exponential rise of Josephson currents which followed am energy gap
dependence. In 1973, dilute alkali solutions of ammonia were resurrected - ,
with a Russian report of superconductivity at 180K.3 0 This system is, in
certain situations, a very good conductor and at times appeared to exhibit
superconductivity. It was unstable, and although several groups tried to
reproduce superconductivity, no confirmation was forthcoming.

As reports of very high Tc in organic materials began to fade,
significant advances began to occur. In 1975, superconductivity was
discovered in a polymeric material SNx. 31 Although Tc was low (<1K), the
discovery did show that superconductivity need not be limited to the
conventional alloy systems.

Organic superconductivity was finally discovered in TMTSF-PF 6 by
Jerome in 1980.32 As with SNx, the Tc was low, but unlike SNx new organic
superconductors were rapidly discovered and Tc began to rise. Research in
this field involves significant efforts in organic synthetic chemistry
coupled to careful physical measurements. Many new phenomena have been
seen in these organic materials in addition to superconductivity. At
present the maximum Tc (under pressure) is 8K in 0-(BEDT-TTF)2 13.

3 3  There
is some evidence that the mechanism for superconductivity in the organic
materials is not the electron-phonon interaction and there are also
speculations that "p" wave pairing interactions are occurring.

"Off The Beaten Path - Layered Compounds"

Later in 1964 (the year that Little revived interest in organic '
materials), V.L. Ginzburg discussed a new mechanism and a new structure
for producing high temperature superconductivity3 4 - namely, the excitonic
mechanism in layered, or two dimensional structures. Several refinements
and variations including the possibility of excitations between two
overlapping bands, a three dimensional mechanism proposed by Geilikman, 35

occurred during the next nine years, culminating in the Allender, Bray, '

Bardeen 36 theory of excitonic superconductivity in 1973. No definitive
confirmation of the mechanism has been reported and until recently, there
were no high Tc reports in layered structures. Other theories wre
proposed in this period including various plasmon coupling mechanisms.3 7

No experimental demonstration of these models has yet been confirmed.

In 1980, superconductivity was reported in the eutectic Ir-Y at 3K. 3 8

Since neither Y or Ir have Tc's above 1K, and only these elementary phases
were seen in the eutectic, superconductivity was suggested to be a result
of the layered nature of the eutectic. This result spurred interest in
multilayered metallic systems with the hope of reproducing and improving
on what nature had supplied in the eutectics materials. To date no
similar enhancements of superconductivity have been reported.

In 1983, Japanese scientists reported superconductivity at
temperatures as high as 200K in a Nb layer grown on Si. 39 This result has
not gained wide acceptance by the scientific community. p.

*. 'pi
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"Off the Beaten Path - Oxides and Hole Carriers"

The last "off the beaten path" that we wish to trace is the path
which ultimately led to the recent breakthrough in high temperature
superconductivity - namely, the oxides and low carrier density materials.
This story begins in 1964 with the publication by M. Cohen predicting

superconductivity in semiconducting type materials.4 0  The experimental
search for superconductivity culminated in 1964 when R. Hein reported
superconductivity is p-type GeTe. 4 1 Shortly thereafter, superconductivity
was discovered in SrTiO3  - the first oxide superconductor and the first
perovskite superconducting material.4 2  Although T c of these materials
were below 1K, history must regard these reports as major milestones in
the road to high temperature superconductivity since they started the
interest in these types of materials, which persisted on a limited basis -
until the recent discoveries of superconductivity as in LaBaCuO 15 and
YBaCuO.43

The next major milestone in this direct route to high Tc occurred in
1973 when Johnston discovered superconductivity in LiTiO3 at temperatures '.-
as high as 13K, 4 4 thus removing the belief that superconductivity in the
oxide materials was limited to very low temperatures. In 1975,
superconductivity was discovered in PbBiBa03 at 14K to represent another
member to the growing class of higher temperature oxides. 4 5  PbBiBaO3 had 7,r
interesting properties which made it potentially useful as sensors of
electromagnetic radiation; hence, research on this material persisted over
the next eleven years even though Tc was not raised. It was scientists %

working on these materials who first recognized the significance of the
high temperature oxide discoveries and who so rapidly assumed leadership
in the early discoveries. But we got ahead of ourselves, for the road to
success was not so direct or easy. First came a few false, or at least
unconfirmed and nonreproducible results.

In 1975, hints of superconductivity was found in CuCl under high
pressures. 46  In 1978, the superconductivity world was rocked by a Russian
report of superconductivity in CuCl at temperatures near 140K.4 7  This 0
report in fact marked the beginning of the New York Times becoming the
premiere journal for reporting high temperature superconductivity
discoveries. In the May 9th, 1978 issue of the New York Times, we find
reports by B. Matthias "this is a completely false result and probably
deliberately meant to deceive", while in the same article we find C.W. Chu
suggesting that "there may indeed be some truth to such high temperature 0

superconductivity reports" and that it deserved a further look. Thus,
twelve years before the discoveries in LaBaCuO some of the main actors in
the eventual explosive discovery were already searching "off the beaten
path"

Work on CuCI persisted for years, polarizing many scientists into ,
believers, and nonbelievers. In fact, there is still interest in CuCl
even though the results are nonreproducible, thermal history dependent, .

and subject to a variety of interpretations.

By 1980, interest in the low carrier materials gained new impetus
with the report of superconductivity in pressure quenched CdS at

9 temperatures as high as 150K.48 Like the work on CuCl, the experimental

05 5
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data were highly nonreproducible, and subject to different interpretation.

In 1980, TiBel.6 was reported to be superconducting at 22C.4 9  This
result received little scientific interest as, once again, it was
nonreproducible and subject to reinterpretation in terms of
nonsuperconducting phenomena.

These early reports of high temperature superconductivity are an
interesting part of the story of high temperature superconductivity. They
set the stage for the discovery which was to come in 1986. The early

results and their lack of confirmation had led many scientists to treat
such reports as coming from scientists who were more interested in gaining
fame than in doing creditable scientific research. It is noteworthy that
Bednorz and Mueller1 5  waited many months to publish their original
discovery, due primarily to this climate of distrust for such reports. It
is a credit to them and to those who immediately recognized the importance
of their announcement that we now have advanced so far in our
understanding of the materials.

Where will the search for high temperature superconductivity lead us
next; new materials, new technology, new scientific insights? Yes,
probably all of these. But perhaps more important is the realization that

the scientific world needs to renew its committment and provide proper
recognition and support for those scientists who are rot afraid to
occasionally stray from the beaten path and delve into the forest. The
woods are full of delicious fruit. Let us not be afraid to look for them.
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Superconducting phase transitions in the La-M-Cu-O layered perovskite system,
M - La, Ba, Sr, and Pb

D. U. Gubser, R. A. Hein,* S. H. Lawrence, M. S. Osofsky, D. J. Schrodt, L. E. Toth,t and S. A. Wolf
Naval Research Laboratory. Washington. D.C. 20375-5000

(Received 5 February 1987)
We report results of our studies of the La-M-Cu-O system, M-La, Ba, Sr, and Pb. T, and the

magnetic moment are correlated with annealing schedules and x-ray structural analyses. The oc-
currence of superconductivity is associated with the formation of Cu34 ions producing an expan-
sion of the c parameter of the unit cell. We have found magnetic and resistive anomalies near 65
K in some La-Ba-Cu-O samples. These samples show a slight depression of the superconducting
transition temperature. W"

Observation of superconductivity in the La-Ba-Cu-O ensure the K2NiF4 phase was present. In one case the La-
systemI at temperatures over 30 K has sparked worldwide Ba-Cu-O powder was calcined a second time before press-
enthusiasm and research on this new class of high- ing and sintering. This recalcining did improve the
temperature superconeuctors. High-temperature super- structural quality of the compound, as evidenced by the
conductivity (Tc > 10 K) had been reported in only two sharpness of the x-ray lines, but slightly lowered the onset
other oxide systems, the Li-Ti-O system possessing a cubic of the superconducting transition and produced magnetic
spinel structure, 2 and the Ba-Pb-Bi-O system possessing and electrical anomalies near 65 K (discussed later). Cal-
the perovskite structure, 3 with maximum transition tem- cining and/or sintering in a pure oxygen atmosphere at
peratures of 13.7 and 13 K, respectively. The new La-Ba- 1100*C produced substantial phases other than the %-

Cu-O oxide system, with Ti's reported above 40 K, -7  K2NiF4 phase which were not superconducting.
possesses a layered perovskite K2NiF4-type crystal struc- The La-Ba-Cu-O compounds were prepared in three .
ture and is metallic at room temperature. The earliest compositions, La2 -,BaCuO 4 where x -0.1, 0.2, and 0.3.
data on the La-Cu-O layered perovskite system date to the The resistive transitions were measured on the sintered
early 1960's.'' In 1973, Goodenough, Demazeau, pellets by attaching four leads with indium solder. The J,
Pouchard, and Hagenmuller reported on an oxygen defect resistivity of the pellets was relatively high (-10000 0
phase in the La-Sr-Cu-O system where the Cu ion assumes yf ncm), which we assume is due to the granular nature of _
a +3 valency. 1 In 1979 Shaplygin, Kakhan, and La- the loosely compacted and sintered pellet rather than the
zarev t  reported metallic conductivities in the compounds intrinsic resistivity of the material itself. Similarly, the- . *
La2 -M.CuO 4 with M-Ca, Sr, Ba, and Pb. The initial transition is broadened and the critical current (-5.0 "
report of superconductivity in the M -Ba compound has A/cm2) is low because of the granularity. Figure I shows
been confirmed by several groups' 7 and superconductivity the resistive and magnetic transition for the x -0.1 sample
has subsequently been observed in the M -Sr (Refs. 12 which had the sharpest transition and the highest onset •
and 13) and M-Ca (Ref. 13) compounds. Both zero _-
resistance and partial flux expulsion (Meissner effect)
have been observed in these samples giving evidence that t""
the compounds are bulk superconductors.

The La-M-Cu-O compounds are prepared either by 0
coprecipitation from aqueous solutions of La, Cu, and M 0.o0o 80

nitrates or by reacting powdered mixtures of oxides and E
carbonates of La, Cu, and M. Various reaction tempera- -0.01 -60

tures and reaction times have been reported as well as vari-
ous post-reaction annealing schedules which improve the .o.oo2 4-

superconducting properties. 0o ."i,

Oswere prepared from reagent-grade .o.0o3 20
powders of La2 0 3 , BaCO 3 , SrCO 3, CaCO3 , PbO2 , and r
CuO. These powders were mixed in appropriate ratios to -0004 -0 _ I
form the desired compounds and calcined in air at temper- 10 20 30 40 50 .
atures between 1000°C and I 100°C for approximately 12 Temperature (K)
h. The materials were then reground into powder, pressed FIG. I Resistance and magnetic moment plotted vs tempera '. ,%s
into small disks (nominally -cm diameter by 2-mm ture of Lai Bao CuO., The onset temperature for superconduc- N,
height) and sintered in air at temperatures between tivitv in the resistive transition is 40 K. Magnetic moment was %
1000°C to I100*C for 12 h. The calcined powders and measured cooling .n 100 Oc and represents about 1017, flux ex-
the sintered pellets were x-rayed following each process to clusion 0

Work of the ' S Gosrment .%

Not Subject to U S Cop iight %

%. %

,q ,, ,..... -...-.
M --- , ".



temperature. The onset temperature To was 40 K and the 1600 ,.
R -0 point was 24 K. The magnetic moment was inca-
sured cooling in a 100-G ambient field and wast still chang-
ing at 10 K (the lowest temperature measured), but at this 1o Soo ,j
point it represented about a 10% flux exclusion (subse-
quent Sr samples showed over 50% exclusion). To, deter- 4

mined magnetically, of this sintered material is about 28 SooK. u
An itrsigaoayin the resistive and manei W 6

transition appears around 65 K in some of our samples. I00
Figure 2 shows the magnetic moment of two NO--

La.BaOCuO 4 samples, one of which had been reacted [iii
only once at I 100°C for 12 h (a), while the other had been
reacted a second time also at I 100*C for 12 h (b). X-ray o 30 50 60 70

spectra of these samples are shown in Fig. 3. The twice- 2ooi1 o
reacted sample (similar thermal history as the sintered
samples), which shows the anomaly, has slightly sharper FIG. 3. The x-ray powder diffraction pattern for the twice-
x-ray lines indicating a more homogeneous composition, calcined sample of Lat.Bao.tCuO4. The pattern shows a single-
and the c parameter is smaller. It also has a slightly phase K2NiF4 structure. The inset compares a portion of this
depressed To (28 vs 32 K). pattern [(b) upper trace] with the same region of the x-ray pat- ,The anomaly at high temperature in the twice-reacted tern for the (a) singly calcined sample. Note that the singly cal-
Lat.,Bao.iCuO 4 may be associated with an electronically cined sample has broader lines at a slightly smaller 20 (indicat-

driven distortion of the lattice similar to a charge-density- nt
wave (CDW) transition. Such transitions remove carriers P,__
from the conduction process and are usually detrimental to
superconductivity."' Similarly, the CDW structural dis- ture and had higher and sharper transitions than other

tortion is removed by crystalline defects of various types compositions.
and may explain the absence of an anomaly in the slightly Three compositions of La2 -,PbCuO 4 with x -0.1, 0.2, ,

less homogeneous once-reacted samples. The tendency for and 0.3 were also made. These samples were processed in "#

a structural instability is often correlated with low- a similar manner as were the Sr. Ba, and Ca samples. The P.

frequency phonon modes that are important for high Te. Pb, x -0. 1 sample had an x-ray spectrum with nearly

The anomalies observed in our samples also suggest that single-phase K2NiF4 structure. In the lowest resistivity of

such low-frequency modes may be present and may be re- the three compositions, however, the sample showed no <'

sponsible for the very high T, in these materials. 16 sign of superconductivity and had activated conductivity. . "

Magnetic transitions for La.&Sro.2CuO 4  and Various subsequent annealing procedures were attempted

Lat. 7Cao 3CuO 4 samples are shown in Fig. 4. To, deter- to improve the conductivity of this sample. An inert gas

mined magnetically, for these samples are 36 and 24 K, re- anneal at 750 K fc 12 h produced the lowest resistivity of

spectively. Samples having the composition Ba, x -0.1 about 30000 flcm, but again there was no sign of super-

and 0.2; Sr, x -0.1 and 0.2; and Ca, x -0.3, showed x-ray conductivity.
spectra characteristic of nearly single phase K2NiF4 struc- Superconductivity in this new class of high T, com- . ... "pounds appears to be intimately connected with the "

valence of the Cu 3" ion.' 2 In La2CuO 4 the copper is in

0,00004 o.oooo6

0.002 -0.01
0.00002 - O.Doooo04

b - . 0,00002 0.000 .0.00 %.o

E
*E

E.0.00004 - 0.00002
0 E 0.002 aS -0.02o •0.0.

-0.00006- -0,00004

-0.006 -0.03
-0.00008 .0 00006

20 30 40 50 60 70 80 -0008 -004 %
Temperature (K) 0 60Temperature (K) 0 

FIG, 2. This figure shows the (a) once-reacted and (b) twice.

reacted samples of Lai ,Bao, CuO4 plotted vs temperature The FIG 4. The magnetic moment of Lai jSro.2CuO, and
anomaly in the twice-reacted sample near 60 K is clearly visible Lit .Cao )CuO, plotted vs temperature The magnetic moment '?

as is the reduction in the onset temperature for superconductivi- for the sample at 10 K represents almost 60% flux expulsion"
ty. (100-Oc ambient field). '
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TABLE 1. Sample parameters.

a C To
Material (A) (A) c/a (K)

Lai.sCao.aCuO4  3.790 13.159 3.47 22.5
Laj.Ca&aCuO4  3.782 13.162 3.48 25
Lai.IBUICuO4 3.786 13.238 3.49 30' %
Lai.qBao.jCuOj 3.787 13.256 3.50 33'
La1.Bao.2CuO 4  3.801 13.301 3.50 31
La1.9SriCuO 4  3.771 13.233 3.51 36.5
LailSrc2CuO04  3.777 13.261 3.51 37
Lati.SraCuO4 3.798 13.111 3,45 <4
Lai.,Pbo.1CuO, 3.801 13.191 3.47 .

LatPbo.CuO 4  3.772 13.120 3.48 ... JP
L3a1.Pbo3CuO4 3.791 13.158 3.47 . . .

'To measured by dc susceptibility.

the +2 valence state. The addition of Ba. Sr, Ca. and Pb and enhances the superconducting properties. If, on the
either forces some of the Cu ions into the +3 valence state, other hand, one has a single phase K 2NiF4 structure or a
creating a mixed valence compound, or produced oxygen second phase of lower oxides, then a low-temperature oxy-
vacancies."7.8 The preservation Of CU3 + by minimizing gen anneal which does not nucleate a higher oxide second
the oxygen vacancy formation with suitable processing phase will promote the formation of more Cu 3 + by ensur-
procedures is essential to superconductivity. The extra ing that more oxygen vacancies are filled. Thus we see
electrons from Cu provide carriers which make the materi- that annealing schedules and procedures may vary '-I-

a] highly conductive and superconductive in some cases. significantly depending on the exact chemistry of the com-
The relative amounts of Cu3+ ions can be inferred from pound.
the x-ray structural analysis. Cu 3+ produces an expansion In summary, we have prepared La2-,MCuO 4 super-
of the c parameter relative to the a parameter if the oxy- conducting compounds with M, - Ba, Sr, and Ca. With
gen content remains constant. 7 Table I lists the a and c V -Pb, the compound of the same structure is not super-
parameters for the compounds shown as well as the To conducting. The reason for this change in behavior is un-
values of the samples. The correlation of superconductivi- clear but is most likely associated with the ability of Pb to

,ty with the size of the c/a ratio is clearly evident, promote Cu 3+ ions versus oxygen vacancies. Correlation
Reacting or annealing the compounds in oxygen can be of the presence of Cu3 ions with the c/a ratio has been

either detrimental or beneficial dependiing on the presence demonstrated, and a reason for the variety of apparently %
of second-phase higher oxides. If second-phase higher ox- conflicting annealing procedures has been suggested. 6
ides are present, then annealing in oxyg'en at high temper-
atures will promote the growth of this phase at the expense The authors thank C. Void, J. Wallace, S. Qadri, V
of the LaMCuO4 oxide. An associated reduction of the c J. Claassc,:, T. Francavilla, V. Kresin, J. Krebs, D. Papa-
parameter in the K 2NiF4 structure is observed. In this sit- constantopoulos, and W. Pickett for their assistance and
uation, annealing in a reducing atmosphere rather than an valuable discussions. One of us (M.S.O.) was partially
oxidizing one promotes the growth of LaMCuO 4 oxide supported by the Office of Naval Technology.
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TEMPERATURE DEPENDENT X-RAY STUDIES OF
THE HIGH-T SUPERCONDUCTOR La Ba CuO

c 1.9 0.1 4

E. F. Skelton, W. T. Elam D. U- Gubser, S. H. Lawrence .

M. S. Osofskyt L. E. Toth and S. A. Wolf

Condensed Matter and Radiation Sciences Division
Naval Research Laboratory
Washington, DC 20375-5000

Abstrac-t

Simultaneous x-ray diffraction and four-probe electrical resistance

measurements have been performed as a function of temperature on a poly-

crystalline sample of the high-T material La Ba CuO4" Comparisons
C 1.9 0.1 4

of the diffraction spectra between 290 and 18 K show no evidence of any gross

structural distortions. Least-squares refinements of the tetragonal unit

cell parameters at several temperatures indicate smooth monotonic thermal A

expansions of about 0 10±0.05% along the a-axis and about 0.35*0.10% along

the c-axis over this temperature range.

.. r %'

t %.
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Introduction

It has recently been reported ( M and coefirmed (2) that supercon-

ductivity occurs in La-ba-Cu-oxides at temperatures (Tc ) in excess of 30 K

Subsequent structural studies (3  have identified the superconducting phase

as being (Lasa) 2 CUO4 -y, crystallizing in the tetragonal K 2 NiF4 -type structure.

more recently, a magnetic and resistive anomaly was reported in La 1 9 Ba0 .1 CuO4

near 65 K, well above T . We have performed a series of x-ray diffraction
c

measurements as a function of temperature to investigate whether this anomaly

is associated with a structural distortion and to obtain structural infor-

mation on this material at low temperatures.

Experimental Procedures -.

The test specimen was prepared by mixing appropriate proportions of A

reagent grade powders of La 203, BaCO. and CuO to yield a product of nominal

composition La B0 CuO4 . The mixture was calcined twice in air at 1000-
1.9 0.1 4

11000 C for approximately 12 hours and pressed into a cylindrical pellet.

The pellet was mounted with thermally conducting grease on the cold

stage of a Heli-tran cryogenic refrigerator. This refrigerator system is

coupled to a computer controlled x-ray diffractometer in a manner similar to

(5 ) . "
that previously described. A calibrated Si-diode thermometer is also

bonded to the low-temperature block and coarse temperature control is

achieved by regulating the flow rate of He fluid from a remote storage 3
dewar. Fine control is accomplished with an electrical heater and feedback V

control circuit using either a Pt or Ge sensor, depending on the temperature

range. The measured temperatures are estimated to be accurate and stable to S

within +0.5 K.

16
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Four leads were bonded to the sample with In-solder and the electrical

resistance was continuously monitored. A typical resistance curve is shown

in Fig. 1. Although the resistive anomaly reported in Ref. 4 was not observ-

ed, possibly due to aging effects, a local minimum in the resistance near 70 k
K was observed to precede the onset of superconductivity which occurs at

about 38 K. The superconducting transition is complete at 29 K.

Concurrent with the resistance measurements the sample was illuminated

with radiation from a Cu x-ray tube operated at 30 kV and 20 ma. A 9 um thick

Ni foil was placed in the incident beam to attenuate the Cu-K-beta radiation. NO

Results and Discussion

Diffraction spectra recorded at 297.5 and 24.0 K are shown in Fig.

2. All but four of the diffraction peaks can be indexed on the basis of

the tetragonal K2NiF 4-type structure. These four peaks, identified as

A through D in Fig. 2, are believed to be associated with a small component

of the orthorhombic phase, a distortion of the K NiF -structure. (6)
2 4present

in the sample %

Based on least-squares analyses of the measured Bragg angles of

15 diffraction peaks between 400 and 800, the (a;c]-tetragonal unit cell S

parameters are found to be [3.7873+0.0012 A;13.235+0.019 A] at 297.5 K

-'S and [3.7820+0.0025 A;13.168+0.037 A] at 24.0 K. To provide an estimate ,.

of the linear thermal expansivities and possibly detect anomalous behavior S

in the vicinity of the electrical/magnetic anomalies, measurements of

five diffraction peaks, the (2,1,7), (2,0,8). (3,0,3), (3,1,0) and (1,1,10)

were performed at several different temperatures. The temperature dependence S

of the fractional change in the unit cell parameters derived from the data

are plotted in Fig. 3. There is an overall expansion of about 0.10+0.05%

17I



and 0.35+0.10% in the a and c axes, respectively. To within the uncertainty O. z.

of the measurements, there is no indication of any unusual behavior in

these linear expansivities. ,

Most recently, neutron powder diffraction measurements have been :. 

reported on La1 .8 5Ba0 .1 5CuO 4 at 295 and 10 K. The observations reported ,- .

here are in agreement with the results of the neutron measurements. In '.

summary, the results of these experiments do not indicate any gross low

temperature lattice distortions in La .9Ba 0.1CuO 4 over the temperature

range from 18 to 300 K. It should be noted that this does not rule out *.

the possibility of a charge density wave transition or other less demonstra-
a, a'

tive effect occuring in these materials. Single crystal samples would be

helpful in searching for these possibilities.
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Figure Captions5'

Fig. 1: Temperature dependence of the electrical resistF e exhibit- VrW

ing a local minimum near 70 .,

Fig. 2: X-ray diffraction spectra as recorded at 297.5 K (upper curve)

and 24.0 K (lower curve). ,....

Fig. 3: Practional ch,-ie in the tetragonal a and c lattice para-

meters on increasing temperature from 18 K.

4.'. .
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X-Ray Identification of the Superconducting High T€ Phase
in the Y-Sa-Cu-O System

s.5. Qadr, L.3. Toth, M. Osofky, S. LAvronc., D.U. Gubsr and S.A. Wolf
Naval Research Laboratory
Washington, DC 20375-5000

Abstract

The phase responsible for superconductivity above 90 K in the Y-Ba-Cu-0
V system has been tentatively identified as the La 3 . 3ad+XCU60,4 +y type

structure through a combination ot x-ray diffraction and superconducting

transport meas'u rents.

_..

SAccepted Phys. Rev. B. Rapid Communications, 1 May 1987.
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Recently VUa or &I. have reported a remarkably high superconducting

transition temperature, Tc, above 90 K in the Y-Ba-Cu-0 system. The nominal

composition of this high T, material was Yi.a Ba.&CuOA-y. An analysis of the
. •

samples' xray dLffaction yielded at least three phases. The superconducting

phase was mnidentified. Subsequently Tarascon at al. 2 reported the onset of

superconductivity abive 90 K In the sam system but with a distinctly richer

yttrium composition, Y1 .5Ba. 2sCu
0 4.y. These samples also contained three or -, -,

more phases. Two of these phases were identified from the x-ray diffraction

spectra s Y2 0j and Y2 a2 05 • The samples which they reported as

superconducting had a unique set of relatively weak diffraction peaks at 20 -

32.60", 32.89", 35.62 and 48.79". Tarascon oc &I. neither identified the

phase responsible for these reflections nor did they unambiguously associate ..

them with the superconductivity of their samples.

The purposs of this communication is to show (1) that superconducting high "

Tc samples with the nominal composition Yi.zBa.SCuO.y also contain these

characteristic x-ray peAks, (2) samples of the identical compositions

processed differently do not contain these reflections and are not

superconducting and (3) to tentatively identify the lines as belonging to a

Perovskite related double layered structure Y3.xBa3+xCu6 Ol4 +y 1'

Samples with nominal compositions Y.4 Ba.27Cu.33Ox (Wu's composition),

Y. 4 Ba.2Cu.4O, Y. 3 Ba 2 Cu.5O, Y.3Ba. 3 Cu. 4 0x, Y. 3 Be $Cu30x, and others in the 4 ,'4-

Y-Ba-Cu-O pseudoternary system were prepared from high purity powders of Y203,

BaC03 , and WAO. These powders were mixed and calcined at 900-1000°C for I

hour, with an intermediate mixing, and then pressed into 4 inch diameter

pellets and sintered for 15-24 hours at 900-1000C in air or oxygen. Several

samples with the Y.4 Be.zTCu.330x composition were sintered in an atmosphere of

10-5 Bar of oxygen pressure (a reducing atmosphere)

24
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Resistanwe and .usceptibility measurements shov that the onset of

superconductivity in the mygen sintered samples with the nominal composition

Y1 .4B*1 .6&C 0 Z is 94 K with transition idths -4K (see Fig. 1). In contrast

pellets of the calcined powders sintered in the reducing atmosphere wre not

conducting or superconducting.

X-ray diffraction patterns of the two samples mentioned in the preceding

paragraph were quite similar, the significant difference is that the air fired A' "

sample contained strong extra lines at 20 - 32.575" and 32.875 ° whereas the

reduced, non-superconducting samples did not. Significantly, both reflections

belong to the set of unidentified lines reported by Tarascon at a. for their

superconducting samples. Because these lines are not present in the

non-superconducting sample we speculated that the extra lines are associated

with the high Tc phase. Samples richer in both copper and barium contained -J. ..

more of this unidentified phase and were also superconducting with onsets

between 70 and 105 K.

*, Tentatively we have been able to index this phase with tetragonal symmetry

and as belonging to the La 3 Ba3 Cu6 0l+y type crystal structure. This structure - -

* was studied by Er-Rakho or. a1. 3  It is a structure related to the cubic .... ,

perovskites and characterized by ordered vacancies on de oxygen sublattice

which occur on planes, perpendicular to the c-axis of the unit cell, and
0

occurring in every other layer of oxygen octahedra (double layer). The

lattice parameters for the composition Y. 3 Ba.2Cu.SOx are a - .2 ap - 5.438 and

c - 3 ap - 11.711 with ap - 3.864 for the primitive subcell. 1hese are Just .

slightly smaller than those reported by Er-Rakho ec. al. for La3 Ba3 06 0 1 4 .

The x-ray pattern for a nearly pure form of the phase is shown in Figure 2.

We have been able to index all major lines in the pattern; there is a small

amount of BaCuO2 and a few very weak unidentified lines.

25 .P --.
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In barium rich samples the zLit cll contains a cubic primitive subcell

and a - J2ap and c - 3p. In ytterium rich samples the subcell becomes

tetragonal and a result, many of the diffraction peaks split. Table I

gives a complete indexing from 20 - 20 to 70° for two samples with and without

splitting. A few of the observed peak intensities are appreciably different

from those given by Zr-Rakho ec. .I. corresponding to the different

composition and Indicating a somewhat different arrangement of atoma and

vacancies.

We believe that the high Tc is associated with this double layered

Perovskite LA3 Ba3 CU6Oi 4 +y structure and that the very high Tc's are possible

due to the large number of vacant (cygen sites ad also to the mry strongly

two dimensional nature of the compound.5

We acknowledge very useful conversations with D. Papaconstantopoulos, .

Klein, P. Allen, and V. Kresin and the use of the x-ray facilities of Carl ,

Vold.
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Figure Captions

Fig. 1. Resistive transition for a sample vith composition Y1 .a 1 .4,CuZO6+y

Fig. 2. X-ray diffraction patterns of tvo samples wich appreciable amounts of S.

the l,.x3f+XCU4O 4+y like structure: Ba. 4Y.ICu.50 (top)and a.Y.3Cu4.O..

(bottom).

Fig. 3. Arrangements of atoms and vacancies in the unit cell of

La 3 Ba 3 CU 014 +y (after Er -Rakho ec. l. 3 ). Vacancies are ordered in

planes perpendicular to c otis at c/2. Planes containing vacancies are .

separated by a double layer of 0 6 octahedra. Atomic arrangements in the

present samples are probably different because of discrepancies Ln'

intensities of specific x-ray peaks. " "
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TABt 1: CALCULATID AND OSUVIC D SPACI "MaS

gr.3.akb o Cal.&a Y 5*Tcu, U.l 3 cu 4 0

kklJ lobs le.al dobs dcalc lobs ,obs  d:alC lobs

O.

001 12.9 1-9 3.8833 3.$7981 24 3.-9044 3.9049 11
110 J10.3 3.76 3.8297 3.8631 1 e
ill 0.6 0.3 ... ...--......

112 1.1 0.9 3.2270 3.2263 9 3.2318 3.2249 4

103 ....... 3.2062 3.1769 4 .

004 --- ...... .... 2.9285 2.9287 7

113 l00 71.3 2.7417 (2.74231 100 2. 7487 2.7463 60

200 28.1 2.7411 2.7284- 2.7316 100 2 S
202 0.3 0.3 --- --- 2.4698 2.4757 1

00' 5 4. 1 *2 2.3426 2.3429 31.

114 2.3 2.3311 2.3272 55 J

203 12.9 12.7 2.2361 2.2388 23 2.2365 2.2383 7 N:
15] 0.8 f°O ..... I

204 0 13 1.9903 1.9953 5 '

006 27.1 7.7 1.9539 1.9525 20

220. 19.4 1.9420 1.9383 73 1.9440 1 9316 13 -

221 --- --- ...-- 1.9141 1.9058 17 -, ,

205 0.5 0.4 1.7736 1.7744 4 1.7784 1.7784 6

302 .... --- - -- 1.7406 1.7390 4

116 (20.
223 6.0 1.4 1.7360 1.7339 13 --- ---

310 2.3 17336a

007 o.5 05 1,66401.662o. 12 --- --..

3123 0.3 .6615

2069 33.8 96 (1.5826f1.5835 55 1.5882 1.5884 41 ,..

313 125.0 1.5828 1,5718 1.5799 21 - -

117 0.5 0.5 1.5285 1.5281 1 1 5366 1.5356 4

321 -.. .... --.. 1.5083 1.5027 4

25 2.1 * .9 1.4887 f 148511 1.4941 1.4904 2 - i

314 0. 9 1.4894 1 4833 1.4880 2

207 0.6 0.7 1.4216 1.4217 5 1,4265 1 4270 4

26 14.7 f8 5  i~1.3693 j 1.3711 16 1,3746 1 3731 5

400 5.2 1.3706 1.3649 1.3658 17 ,..

- 5.482 a 5.463 ." ."'.

c -11.639 c 11.715

v
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~OCYT1RAL O3WSIDEATIONS OF CU-OIIDB SUM RIGH-T BUIPIP. DCTR

FP.3KN'O. U. B. gIDI. S. K. UNDE, A. I. EDIT U. W. T. o3AM, T.
.. FRAWSAVIA, D. U. GUMKR, R. L. NOLYS, S. 39. JANRUSC. M. S. 060?PSK~t,

1..l. tt. amd 3. A. "W %.F

fandemsed matter G Radiation Sciences Division, Naval Research Laboratory, e
Wshington, DC 20375-S0OO4

The discovery of superconductivity in La-ba-Cu-oxides (LC) at

emperaturee in exceas of 30 X11) and in Y-Da-Cu-oxides (YDC) at temper-

#turea in excess of 90 K(21 has spawned a flurry of research directeu

toward these and related materials, such as La-Sr-Cu-oxide CMSC). The -.

phase of LAC responsible for superconductivity has been identified as that •

of the tetraqoal-K Nip structura33. based on electron and x-ray
diffraction measure"Antl, several groups have indepenently reported on the

structure of superconducting YBC. Although there is general agreement in

the atomic positions of the metal cations, variances exist in the occupan-

cios and locations of the oxygen anions. Moreover, some researchers find

the lattice to be ttragonal (4-6), whereas others find it orthorhomic[7- 'P

101. We believe that both are correct. In this paper, recent structural

studies on these materials are correlated with preparation and processing %

methods.

SAMPLE PREPARAT[ONS 

Test samples of LOC wore prepared by mixing appropriate proportions

of reagent grade powders of La 0 3, SaCO , and Cuo to yield a product of

nominal composition La Ba uO . TRe mixture was calcined twice in

air at 1000-1100" C for &ouP'2 h
4
and pressed into a cylindrical pellet. , j7 %

A variety of methods wer used to prepare the YBC materials; the

steps which yielded 'he Ya Cu 0 composition and the orthorhombic

lattice are as follows: 
2
(a mix appropriate proportions of BaCO3 , CuO,

and YO0 powders; (b% ultrasonically pulverize the mixture; (c) calcine

for agoat 6 h at 900-950- C with intermediary grindings; (d) grind and

cold press into pellets; (o) air sinter at 925-9500 C for about 12 h (f)
heat to 950*C in an oxygen atmosphere and slowly cool (C1/min). Addition-

al details are discussed below. %

LON TEMPEATURE MEASUMD4D4TS

Polycrystalline samples of both LBC and YBC have been measured

simultaneously with 4-probe resistance and x-ray diffraction techniques.

The onset/completion of superconducting transitions are observed at 38/28
9 and 93/91 K for LOC and YBC, respectively. In both cases, detailed

comparisons of x-ray diffraction spectra recorded at 290 K and at 18 K S
reveal no evidence of any qroes structural distortions. In the case of
the tetragonal structure of LB, the unit cell parameters exhibit smooth,

monotonic thermal expansions of about 0.100.05% along the a-axis and

about 0.35+0.101 along the c-axis over this temperature range I

The linear expansivities of the orthorhombic a.bc-axes in YSC are all %

represented by 0.17+0.07%.
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Films of LBC were prepared by
qmttering fram a single inhomogenious - .
*purgot of Ute three metals, La, Sr, ,ad . .

Cpa, onto quarts substrates. Zn their

ipitial form, the sputtered films I I

e;&ibited no evidence of crystallinity. I - o

l"wver annealing, initially at 3500 C 4.4

apd at subsequently higher temper-
atures, for 1S-sin produced x-ray!
_dffraction peaks. (See figure at!
rght. ) The ajor peaks could be'

J entified with the aforementioned'
tatZ'agonal K Ni 4-etructure. Extend-' .

LPg the durition of the anneal at .

each temperature for up to 1-hour did' ,
not appear to increase the amount of
crystallization. It is also noted that
oxide of the La appears to form at
the higher annealing temperatures -. .

whereas that of Sr shows up at 3500 C.

There in some discrepancy between
the measured and calculated Intensities
of the diffraction peaks from the K Ni.
-phase. However, a Read photoqrap of 4 0,- "'.

the film annealed at 6000 C indicates .

that some, if not all, of this is due Diffraction Spectra vs. -.

to preferred orientation. Annealing Temperature

As the annealing temperature is increased, the a-unit cell parameter
exhibits a linear increase from about 3.762 to 3.787 A, whereas the c-axis

decreases uniformly from about 13.45 to 13.14 A. These correspond to an , .

overall volume reduction of about It. The lattice parameters of the ..

6000-anneald sample are in approximate agrement with our measurements on v

LB: a=3.787+0.001; c-13.23+0.02 A., suggeating that the film may have

reached the stoichiometric composition. This is further supported by

x-ray fluorescence analyses which indicate that the average metal compo-

sition is a Sr Cu Unfortunately resistance measure-
ments did not 0" the "slm b uperconducting down to 4.2 K. The

reason for this is not clear, compositional or stoichiometric variances

may be involved.

YBC: TETRAGONAL VS. ORTHOROMIC LATTICES

As noted, the aforementioned YX-processing procedures favor the . -

formation of the orthorhombic structure, concomitant with this are improv-
ad superconducting properties: sharp transitions above 90 K and com-
plete flux explusion. However, when the processing was carried out at "

lower temperatures or for shorter times, the chemical reactions and

subsequent grain growth were incomplete and the tetragonal phase was .4.

observed. Along with this phase were degraded superoonducting properties:

broad transitions and poor flux explusion. -

The unit cell parameters for a variety of samples and heat treatments *

were determined from 15 to 20 hiqh anqle diffraction peaks by fitting to

an orthorhombic lattice. The percent change between the a and b axes was - I

34
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Vped as an indication of the orthorbombic distortion. in three cases, this
dAttortioa ve less than a 0.30, which is below our detectable limit. For
8ix samples with superior superconducting properties, the fractional
_ifferences were between 1.3% and I.P%, well outside our experimental
Ircortainty. An interesting observation is that there does not appear to

-be a cootinuous gradation from the tetragonal to the orthorhombic phase.
We suggest that, based on the correlation betveen the post-reaction
treatments and the lattice parameters, the orthorhomic distortion and the
mesultinq improved superconductivity may be due to an ordered occupation
by oxygen anions on one of the initially equivalent totragonal axes.

2%
(1) Neither La- a-Cu-oxdes nor 1-bla-Cu-oides exhiit any evidence

of gross structural distortions between 290 and 18 K; the linear thermal
expansivities are 0.2+0.1% in all cases. (2) Sputter deposited thin films

-of La-Sr-Cu-oxide are initially noncrystalline, but begin to crystallize
in the K UiP -structure at annealing temperatures as low as 3000 C.
5'twes fili do4 not exhibit evidence of superonductivity. (3) Preparation '5'

procedures can affect whether samples qf y-Ra-Cu-oxide form In the ortho-
rhombic or tatraqonal lattice, the former exhibiting superior superconduct-
Lng properties.
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~RELATIONSHIP ETEEN PROCESSING PROCEDURE, CRYSTAL STRUCTURE AND
SUPERCONDUCTING Tc IN THE Y-RA-CU-O SYSTEM

' L.E. Toth*, E.F. Skelton, S.A. Wolf, S.B. Qadri,

M.S. Osofsk , B.A. Bnder, S.H. Lawrence, and D.U. ubser

, ~ ~~Naval Research Laboratory". 
:.

I", ~ ~Washington DC 20375-5000---"

i 
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~~~~Abstract 
-. ''

Processng procedures producing well ordered orthorhombc structures in '<

YBa2Cu307 rsult in T nset'S in ecess of 9K . sharp ransitions ad nearly ''..

complete flux expulsion. Procedures producing samples wth tetra~onal 
symmery

-, result in broad ransitions and relatively poor flux expulsion. his suggests --

that superconductivity in Y~a2Cu307 is strongly associated with t~he ordered

orthorhombic structure anti one dimensional Cu-O chains in the basal plane, and

less influenced by othr atoms in the unit cell." 
""
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Recently. several groups( 1 "6 ) using electron and x-ray diffractionIidentified the high T. superconducting phase and its crystal symmetry.

Although all investigations agreed on the YBa 2 Cu 3O 9 .6 stoichiometry for the

compound and the position of the metal cations in the unit cell, there was

disagreement as to whether the symmetry is tetragonal(.2,7 ) or

orthorhombic(3 "6 ) and to the location and occupation of the oxygen sites.

Neutron diffraction studies( 8 ,9*1 0) on several different stoichiometric

samples refined the crystal structure and identified positions of oxygen atoms

showing that the stoichiometric phase is orthorhombic. The orthorhombic

structure results from a filling of oxygen positions on 0,1/2.0 and vacancies
S.?%

on 1/2,0,0 positions. The 'b axis is about 1.6% longer than the Oa* axis.

These investigators of the neutron diffraction studies(8 ,9 ) nevertheless

suggested that the tetragonal phase observed in previous x-ray difraction

studies may reflect true differences in samples prepared by different 4

processing conditions.

Several reports suggest optimum processing conditions for high and sharp

Tc's. Most prescriptions favor sintering in flowing oxygen followed by a post

anneal at a lower temperature and vry slow cooling(1 1 ). Samples more rapidly

cooled show a broad transition. There have been no reports that relate

processing to structure, i.e. to the conditions favoring orthorhombic versus

tetragonal symmetry. The purpose of this communication is to correlate

processing with structure and superconducting properties.

In our earlier investigations( 1 ) of superconductivity in the Y-Ba-Cu-O

system we studied about 20 samples of different compositions all containing %

the 1:2:3 (Y:Ba:Cu) phase. As there were no well defined optimum processing

procedures at that time, we prepared samples by several different techniques.
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We observed the orthorhombic structure in about half of the samples and the "'

I tetragonal in the other half. Reviewing these results in light of the refined

crystal structure, clarifies the relationships between processing and. __

structure. 
%_

Processing conditions which favored the formation of the orthorhombc

structure were as follows: (a) Powders of BaC0 3, CuO, and Y2 03 were premixed.

(b) The powders were immersed in alcohol and loose agglomerates pulverized

using ultrasonic vibrations. (c) The powders were then calcined for about six 0

rp %
hours at 925-950'C with intermediary grindings. (d) Samples were again ground

and cold pressed into pellets and sintered in air at 925-950C for about 12

hours. (e) They were then transferred to a furnace with an oxygen atmosphere, S

equilibrated for several hours at 950C before the furnace was slowly cooled

(1*/min). For step (e) we could also substitute an equilibration in 02 or

air, followed by reducing the temperature to 500-700C, holding for several

hours and a moderately slow cool down.

Two conditions favored tetragonal formation. When the processing was done

at relatively low temperatures and shorter times, the chemical reactions and

subsequent grain growth were incomplete, the ordering of oxygen atoms did not

occur and a tetragonal phase ws observed. In cases ubere reaction was known

to have been completed, the tetragonal phase was formed when samples were

quenched from 900-1000C.

Most samples were prepared off the stoichiometric 1:2:3 and we observed

the orthorhombic and tetragonal symmetries with nearly equal frequency. We saw S

no obvious correlation between overall composition and the occurrence of -

either phase. At the stoichiometric composition we observed only the

orthorhombic structure. There is no indication, however, that the tetragonal
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phase has a stoichiometry other than 1:2:3.

Table 1 shovs the lattice parameters of some of the samples. These

parameters vere calculated assuming the structure to be orthorhombic and P

carrying out a least squares fit to 15 to 20 high angle diffraction peaks. If -

the wa" and "b" parameters were determined to be equivalent to within the

uncertainty of the fit, we then called the sample tetragonal. For all the

samples determined to be orthorhombic, the b/a ratios lie between 1.014 and ,,

1.019. The "a" lattice parameter varies from 3.822 and 3.838. The wb" J

parameter varies from 3.879 and 3.911. For nearly tetragonal samples, the I

orthorhombic distortion ranges from less than measurable to about 0.25%. The

"au lattice parameter varies from 3.863 to 3.876 and Ob" from 3.867 to 3.877. 8

For the samples that we tested, there was n overlap of the b/a ratios

between the two groups of samples; i.e. the orthorhombic distortion was

1.4-1.9% in the orthorhombic samples and much smaller, less than 0.3% in the

tetragonal samples. The "b" parameter tends to be slightly smaller in the

tetragonal structure compared to the orthorhombic, uhereas *a" clearly shows v *"

the opposite trend. This would indicate at least partial occupancy of both

1/2,0,0 and 0,1/2,0 sites in the tetragonal structure. Thus we regard the

tetragonal structure as the disordered form of the orthorhombic lattice.

We inspected three samples with optical microscopy. Two samples with

nearly tetragonal symmetry showed elongated grains. One of the samples with

tetragonal symmetry had sintered fairly well with typical elongated grains 10

by 50 microns in size and was much more dense than the other sample. These

results indicate that the degree of sintering did not affect the crystal

symmetry. The microstructure of the sample with orthorhombic symmetry showed

significant amounts of twinning as evidence by the striations (see figure 1).

40

.- V..
-" -. .:-



0

Changing the focal length showed that mst of the grains wre striated. In 'S.

some grains the striations are seen running at right angles to each other. It

is believed these striations result from twinning associated with the

orthorhombic distortion as seen also by Beyers et. al.(3) using TEM.

We measured the a.c. resistivities and d.c. susceptibilities of the

samples. The resistiva onsets occurred in excess of 90K in most samples. Slow

cooling and/or annealing at about 500'C, in either air or oxygen, sharpens the

transitions, in agreement with the results of others. Samples of

stoichiometric 1:2:3 compositions and well defined orthorhombic distortions

had onsets of 93 and R-0 at 91K. The same samples showed nearly complete flux

expulsion. Samples containing the tetragonal phase show far broader

transitions and smaller aunts of flux expulsion, 1-12% after correcting for

the amounts of the 1:2:3 phase. The sample with the least amount of

orthorhombic distortion, sample 194, had the broadest transition: Tonset-9 3K

and R-0 at 53K. Samples with an orthorhombic distortion of about 1.4% but

which were not slow cooled or held at a lower intermediary temperature, had

high onsets but broad transitions. Thus having an orthorhombic structure does

not necessarily mean a sharp transition. Only those samples that were slow I., J,

cooled or held at a lower temperature had transition widths of a few degrees.

We suggest that slow cooling allows more complete ordering of oxygen atoms on

0,1/2,0 sites.

To study the relationship between orthorhombic and tetragonal symmetry, we

used a stoichiometric sample, number 223.3, with a well defined orthorhombic

distortion of 1.0173. After equilibration at 1000C, we quenched this sample in

air. Quenching produced no measurable change in the b and c axial lengths, but

about a 0.3% increase in the length of the a-axis; this corresponds to a 0
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smaller orthorhombic distortion with b/a-l.013. The resistive transition

degraded considerably. Prior to reheating, the superconducting properties of

this sample *re Tonset,93K and R-0 at 91K. After quenching, Tonset-85K and '"

R-0 at 46K. ,

A set of nonstoichiometric samples were sintered at 1000"C in flowing

oxygen for 24 to 96 hours assuring that the samples were in equilibrium. 4 *.

Specific samples were then removed every 24 hours by quenching in air. All . ,

samples had broad transitions of 30K. These samples all had tetragonal

symmetry, suggesting that the tetragonal symmetry is the property of a high

temperature phase and that the orthorhombic phase forms at a lower

temperature.

The conversion from the orthorhombic to the tetragonal forms of the

structure can be caused by a disordering of the oxygen atoms on the basal

planes or by removing some of the oxygen atoms from the 0,1/2,0 positions. We W' -,

believe both occur in samples heated at higher temperatures in air or oxygen.

Alternately, the conversion can occur %hen samples are heated in a reducing

atmosphere. In this case. the progression to a tetragonal structure was

studied by neutron diffraction(1 2). Oxygen atoms are removed preferentially ,,

from the 0,1/2,0 sites. This particular heat treatment produced a .'

semiconducting sample.

We believe the orthorhombic distortion occurs on slow cooling or holdini .,

at some lower Intermediary temperature when oxygen atoms diffuse from 1/2,0,( *

sites to vacant 0,1/2,0 sites and by the addition of oxygen atoms from d.

ambient atmosphere. It is well established from earlier research tha "

compounds with very closely related structures ill incorporate an additionz ...

10-15% more oxygen during a low temperature post anneal( 1 3).

.4
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We therefore speculate that the superconductivity in this material is very

strongly associated with the Cu-O chains in the basal plane and less

influenced by the other atoms in the unit cell. Either disordering the chains
6%

or breaking them up by removing the cygen is detrimental to r'..

superconductivity.

Engler et. al. (11 ) also found a possible association of the orthorhombic

distortion and high Tcls In their case they showed that most rare earth

elements can be substituted for Y without a significant change in Tc, but that " ,

substitutions of La and Pr destroyed superconductivity even though the 1:2:3

stoichiometric ?hase was formed. For PrBa2Cu3Oy they pointed out that the

structure was tetragonal, not orthorhombic and therefore suggested the 44.

association between the orthorhombic distortion and superconductivity. Our

findings on the La-Ba-Cu-O were slightly different. We found the

stoichiometric composition not to be LaBa 2 Cu 3O7 but Lal. 5 Bal. 5 Cu30 7 , in

agreement with the original research on this phase by Er-Rakho et. al.( 1 3) In

samples slowly cooled in flowing oxygen or air, a procedure which should have

produced the orthorhombic structure, the phase was instead tetragonal. We did

not observe an orthorhombic structure in five samples of different

compositions. The crystal structure was closely related to that for YBa 2Cu3O 7 , "--

although there must be some substitution of La for Ba, and the ordering, if

there is any, of oxygen atoms oust be different. In our samples we saw no

reason to use the larger lattice parameters a-/2ap as suggested by Er-Rakho et

al. We find a-3.925±.003 and c-11.784±.028. The phase is not superconducting ' '

down to 4K. This result again strongly suggests that the ordered orthorhombic

strucuture is associated with the very high Tc's.

We further speculate that the twinning that is prevalent in the 0
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orthorhombic YBa 2 Cu3O7 compound may be due to the tetragonal to orthorhombic

transition associated with incorporating and ordering of oxygen atoms on the

basal planes. The twinning may also be a result of relief of internal stresses

built up due to the anisotropic linear expansion behavior of orthorhombic W

YBa2Cu3O7 and may play a role in the anomalies reported in these materials at

higher temperatures (240K). In what is possibly a related observation, Soviet

scientists have seen a significant enhancement in Tc's in samples of heavily

faulted tin(
14 )

On the basis of these observations we conclude the following:

1. A 1:2:3 phase with nearly tetragonal symmetry exists in addition to the

phase with orthorhombic symmetry. The tetragonal phase is seen readily in

samples off stoichiometry. Fast cooling from high temperatures favors its

retention and suggests it my be a high temperature form of the 1:2:3. Its

microstructure shows no striations. Its presence is associated with a broad z

transition and an incomplete Meissner effect.

2.The orthorhombic phase forms most easily in stoichiometric compositions.

Very slow cooling and/or lower temperature post-anneals in oxygen or air

promote a well formed orthorhombic distortion. Such samples exhibit striations

in their microstructures, indicating the existence of extensive twinning. The

presence of the ordered orthorhombic structure is associated with a sharp.- !
transition temperature and nearly complete flux expulsion.

3. Superconductivity is correlated with the ordering of the oxygen atoms

on the basal plane producing one dimensional Cu-O chains.

4.Twinning-plane-superconductivity may be responsible for the anomalies

observed at very high temperatures in these materials.
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Note added: "'.

At the completion of this manuscript we received a preprint from Schuller et. ' '

al. at Argonne reporting on an orthorhomabic to tetragonal phase transition.'

occuring at 750 C in Tha2Cu307. This result strongly supports our conclusions. 'i
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Processing of High Tc Ceramic Superconductors: Structure and
Properties '

L. E. Toth1, M. Osofsky 2, S.A. Wolf, E. F. Skelton, S. B.Qadri 3, wW. '-

Fuller, D.U. Cubser, J. Wallace, C.S. Pande, A.K. Singh? S. ".'2

• ~~Lawrence , W.T. Elan, B. Bender, and J.R. Sparta4  .. %

U.S. Naa eerhLaboratory, Washington, DC 20375-5000

The processing of high Tc ceramic superconductors by

traditional ceramic techniques is reviewed. All high T c  f
ceramic superconductors are layered Cui-O compounds that
are closely related to each other. In each, Cu-O0. .

effect on the superconducting properties.

0

Introduction ,"-

Following Bednorz and Mflller's publication (1) on high transition ._ , '
temperature, T, ceramic superconductors, there has been a deluge of
papers on the sbject. Momentum increased with the S.nouncement by

Wu et al.(2) of a Tc breakthrough in excess of 90K. Since then agreat deal has been learned about superconducting properties,

crystal structures and hase relationships in the Y-Ba-Cu-0 system.
Knowledge of processing ese materials has improved but not to the

sane atent as some other areas. Each research group seems to
rtadifferent set of processing procedures. It is widely

r polyhdr atafwaoi iean assadaai

* acknowledged that it is difficult to transfer processing procedures

from one group to another and achieve comparable superconducting '%[

properties. In this paper we attempt to review some of the "
processing procedures. We pay particular attention to the
underlying structure: crystal and mlcrostructure. At this time,
relationships between structure and superconducting properties are

better defined than are relationships between processing and
properties. Therefore, onee c a s h evolution of the desired
structure as a guide to processing. p""'rs ".swdl

1n sabbatical leave from the National Science Foundation c t2Office of Naval Technology Postdoctoral Fellow Attiie

3Sachs.Freeman Associates, Landover, nD b.e p i

'Crystal Crowth & Material Testing Assoc., Lanham, MD
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V

Our group has been mainly concerned with traditional ceramic
processing techniques involving solid state particulate reactions
such as sintering and hot pressing. A number of other techniques,
such as co-precipitation and organometallics, have been successfully
used by others, but will not be discussed here. Regardless of the
method of preparation, it is believed that all materials must end
up with the same structural modifications to ensure good
superconducting properties.

General

Structure: Some 14 different ceramic compounds are reported to
superconduct with Tc's in excess of 35K. These are listed in Table .

I. There are 5 distinct classes of materials with 4 different
lcrystal structures.

Table I. High Temperature Ceramic Superconductors

Formula A Reference

La2 CuO4  (3)

La2-xAxCUO4 -x/2+6 Ba,Sr,Ca (4-6)

ABa 2 Cu3 06 .5+ 6  Y,Lu,Nd,Sm,Eu,Gd (2,7,8)
Er,Ho,Yb

La3 Ba3 Cu6 01 4 6  (9)

Y2BaCu2 O6 -x/2+6 (0)

There are several chemical and crystal structure similarities in
the high Tc ceramic superconductors. A eneral feature in their
crystal chemistry is the occurrence of a small number of Cu-0
coordination polyhedra. As discussed by Wells(ll), these are the
same polyhedra that one finds in Cu-0 compounds in which Cu has a +2
valence. Copper is located in one of three configurations: (1) at
the center of a square array of coplanar oxygen atoms (square " ,
planar); (2) at the center of the square base of a pyramid with
oxygen at the vertices, ( pyramidal (4+1)); and (3) at the center of
a distorted octahedra with oxygen at the vertices, (distorted V,
octahedra (4+2)), (see Fig 1). In square planar, the Cu-0 spacing
is about 1.95A. In the pyramidal and distorted octahedra, there are
4 surrounding oxygen at short distances (1.95A) comparable to those e
found in square planar, and 1 or 2 distances significantly longer
(2.3A). The notation (4+1) and (4+2) is used to denote the fact
that 4 of the Cu-0 distances are short and 1 or 2 are longer.

Table II lists the coordination of oxygen about the central
copper atom in each of the high Tc ceramic superconductors and it ,
lists typical Ou-O distances. In the crystal structures, d.,
coordination polyhedra are arranged so that the square planar
configurations are perpendicular to the c-axis of the unit cell and
the long axis of the pyramids and octahedra are parallel to it.
Within planes of Cu-0 atoms, which are perpendicular to the unit

5O
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cell's c axis, the typical distance is 1.95A. Parallel to the c
axis, the Cu-O distances are either shorter or longer. Thus all_'
structures can be viewed as having parallel planes of Cu-O sheets in
which - Cu-O spacing is 1.95A. The rare earth and oxygen atoms are

also arranged in planes perpendicular to the c-axis. In )Ma2 Cu3 07,
there is a square planar ribbon at the basal planes of the unit e.e
cell %hich is parallel to the c acis and in %hich the Cu-O distance P%.%
is only 1 85A. The longest distance in this structure is also '- '

parallel to the c axis and is about 2.3A, existing in both the ,,S

distorted octahedra and 4+1 pyramidal structure. Figure 2 shows
crystal structures of the four classes of superconducting materials,
showing some elements of the Cu-O coordination polyhedra.

Table II. Comparison of Coordination Polyhedra for Cu-O in ..
Superconducting Ceramic Oxide Phases

Compounds Coordination Distances A fefs

La2 -xAxCuO4 -x/2+6 distorted octahedra Cu-01 (x4) 1.937 (12)
(4+2) Cu-02 (x2) 2.27

La 3 Ba3 Cu6 O14 6  square planar Cu2 -O1 (x4) 1.954 (1

distorted octahedra Cu2 -O 1 (x4) 1.954 J. .

(4+2) Cu2 -0(xl) 1.723 ,, .'
pyramidal(4+1) Cu4 -02 (x4) 1.959 .,"-','

Cu4-03 (xl) 2. 333

L-a2.xA1 +xCu2 O6. x/2 pyramidal(4+1) Cu-01 (x4) 1.94 (14)
Cu-02 (xl) 2.27

YBa 2 Cu3 06.5+ 6  square planar Cu1 -O (x4) 1.85 (15,16)
Cu1 -04 (x4) 1.94

pyramidal(4+I) Cu2 -02 (x2) 1.94 0
Cu3 -03 (x2) 1.96
Cu3 -01 (x2) 2.3

The superconducting and electronic transport properties of
these materials are very sensitive to their cxygen content, thus it
is important to understand where oxygen is added or subtracted in 0
the unit cell. Table III lists positions where oxygen is added and
its effect on Tc. For YBa2Cu 3 Ox, oxygen is added or subtracted from
basal planes in the 0 1/2 0 and 1/2 0 0 positions. Also, oxygen can
be ordered on the 0 1/2 0 sites leaving the 1/2 0 0 site vacant.

This results in an orthorhomic distortion with b/a = 1.7%, a unique ::.N..

one dimensional character to the structure and excellent *

superconducting properties (17). For La 3Ba3 Cu6 0 14 added oxygen fill
the site 1/2 1/2 1/2 between two (4+1) pyramids, thus forming
two distorted octahedra along the c axis. One octahedra is
elongated and the other is compressed. Several groups (9,18) have
found Tc onsets of 70K+ in La 3 .xBa 3 +xCu6 01 5 in samples annealed in .:

a few atmospheres of oxygen.

If simple valences are considered, the addition of oxygen has
the effect of raising a portion of the cations to a higher valence .-

-~~~~~~~. . .. ... "......-.. .. ..... -..-. - . , ,."... . , -,*. .'", N* ,.. , , ' %



state, or more likely, hybridizing Cu-O bonds producing metallic lo
hole-type conduction. It is convenient, however, to refer to these
materials as if they have some Cu+3, even though in a formal sense
this ion may not exist.

Table III. Location of 6 Oxygen Atoms and Effects on
Superconductivity

Compound Location Effect

La2xAxCu4 -x/2+6 vacant octahedra increases Cu+3/Cu+2ratio
corners raises Tc

La3Ba3Cu6014+6 vacant corner of changes Cu coordination,
octahedron at pyramidal to octahedral
unit cell center increases Cu+3/+2 ratio,

semiconductor to 90K Tc

YBaz(u3 O6 5+6 vacant site at perfects square planar %
0 1/2 0 sites, increases Cu+3/+2

orthorhombic distortion,
raises Tc, 55 to 90K

Processing: All these materials can be processed in the same '

general manner. One starts with powders of the rare earth oxide
(M203 ) or Y 203 , copper oxide QuO, and the carbonate of barium,
strontium or calcium. The carbonates and rare earth oxides can be
used in their as-received condition, but we have found that CuO
requires additional milling to break ip coarse particles. In
addition, the powders should b- predried to remove any adsorbed
moisture prior to -.ighing. When drying, care should be taken to
avoid agglomerate formation. The weighed powders are then
thoroughly mixed in a mill or mortar and pestle. The powders are
then calcined in open, flat crucibles. In the calcining step, -,

carbonates are decomposed to the oxides and CD2 , and a
multicomponent oxide is formed, i.e. ,

1/2 Y2 03 + 2 BaCO3 + 3CuO -> YBa 2 Cu3 06. 5 + 2CO2

The above formula assumes no addition or depletion of oxygen from .

the ambient during the calcining step, an assumption not always
valid. The powders are not pelletized prior to calcining largely
due to a large molar volume change (-30%) between reactants and
products. One problem in calcining, is that the carbonates remain
stable and do not always decompose. Furthermore, at the reaction

% temperatures particle sintering and grain growth occur. Thus, the ..

calcined materials must be remilled. By monitoring the calcining
step with x-ray diffraction, we have found that 3-4 hr at 925C is
sufficient time for calcining, provided all starting powders are 10-
or less.

I

Once calcining is complete, the major molar volume changes have

taken place and the milled powders can be pelletized for sintering.
Here a multiple of traditional ceramic processing steps can be used
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to form the material to its desired shape. The powders can be
cold-pressed, with or without a binder, isostatically pressed,
hot-pressed, mixed with binders and extruded into sheets, tubes, -AL
etc. Some members of our group, in collaboration with researchers -

at Brookhaven, have consolidated powders by plasma and flame
spraying (19).

Once powders are consolidated and fired, the individual
particles sinter together. This step is aided by a fine powder size
(i-l0p) and a uniform dispersion of powders (no large voids).
Typically 6-12 hours at 900-950C will sinter the particles to 80%
density.

The final step in processing several of the high Tc ceramic
superconductors is critical for gpod properties. The sintered
samples are slowly cooled in flowing O and held at some lower
temperature to increase the oxygen content of the compound. For
example,

ABa 2 Cu'-3 6 .5 (from calcining) + 6/2 02 -> ABa2Cu 3 O6 .5+6 %

The effects of this step on superconductivity can be dramatic. For 0
YBa2Cu3O7 , the fully oxygenated samples show a complete Meissner
effect and R - 0 at temperatures in excess of 92K. Without the
additional oxygen, the transitions are broad and the flux e:pulsion
only partial (17). Table IV gives the composition ranges of

intercalation of oxygen (20). The highest values of 6 are obtained
with long term anneals at about 500C under one atm of oxygen; lower 0

values of 6 are obtained with lower partial pressures. Table IV also

shows the large effect intercalation has on the room temperature
electrical conductivity, with samples becoming more metallic as
oxygen is added.

Table IV. Known Ranges of Oxygen Intercalation in High Tc Ceramic 0
Superconductors

Compound Intercalation Range Log Cond. Range
6 (300K)

La2. xAxCu4 x/ 2 +6 0-0.3 1-1.8

La2 xA,+xCu2O -x/2+6 0-0.2 1-2.5

La 3 Ba3 Cu6 01 4 +6  0-0.4 0.5-1.9
0.4-1.0 (3 atm)

YBa 2Cu 306 5+6  0-0.5 ----

Individual Compounds

YBa2 S %01 : Processing this compound follows the general

procedure outlined above. At temperatures above 700C, YBa2Cu 30x has
a tetragonal structure (21). Its oxygen content is believed to be
YBa2Cu 306 .5 . Below 700C, the unit cell is orthorhombic and the
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composition adjusts towards )Ma2 CuS 0. 0 ' The critical step in Q',
processing is to add this 0.5 oxygen atom per unit cell. This is

critical because these oxygen atoms and their proper ordering on 0

1/2 0 sites dramatically improve superconducting properties. In such
samples the Tc onsets are 93K, the transition widths 1K, and a full
Meissner effect observed, i.e. the sample levitates in a strong
magnetic field. The presence of the ordered intercalated oxygen
atoms causes a distinct orthorhombic distortion in the unit cell of
about 1.7% (17,21). Its presence can be readily observed from a
splitting or shouldering the main X-ray diffraction peak at 32-33'.
Normally the extra oxygen can enter during slow cooling (l'/mmn) .
from 900C in flowing oxygen. In some instances, furnace cooling is
sufficient or alternatively one can anneal the sample at about
500-600C. We have observed, however, that some off-stoichiometric ," ,
samples transform to the orthorhombic in a very sluggish manner. At -,

this time, the reasons for this sluggishness in reaction are
unclear. As another word of caution, we and others have observed %

that YBa 2Cu3O6.5 gradually decomposes when heated in air above 950C
(22,23). By annealing a sample in air at 975C for 12 hours, we have
nearly completely decomposed the phase into Y BaCu , CuO and
probably BaCuO2 . Reheating this same sample at 975C in flowing 02, P .
gradually reforms the YBa2Cu3 O6 ,5 phase.

The individual grains of samples with a pronounced orthorhombic
distortion show striations or bands when viewed in an electron
microscope (see figure 3). This Is believed to be due to domain
formation; in one band the "b" axis of the unit cell is oriented

90* to the "b" axis of the adjacent band. Electron microscopy also
shows that small deviations from stoichiometry result in an
amorphous second phase forming in the grain boundaries. Because
most of the phases in equilibrium with YBa 2Cu3O7 are insulators, a
grain boundary phase is probably an insulator.

Table V. Physcial and Superconducting Properties of YBa2Cu3O7
(NRL Samples)

Lattice Parameters (A)
a 3.822+0.002

b 3.888+0.002
c 11.672+0.005

Volume (A) 173.4"

% Distortion 1.7
Oxygens per unit cell 6.94
Tc onset (K) 93
R-0 (K) 91

flux expulsion 100 ."..

p (94K) (pO -cm) 200 ., .-

(dHc/dT)Tc (kG/K) 22-36*
Hc2(0) (kG) 1470-2370* ,
Hcl( 4 .2K) (kG) 0.8

Hc(O) (kG) 20-26*
Jc(4K) (A/c,2 ) 105 +

*Calculated from critical field measurements
+Estimated from magnetization studies .

5'
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We have measured a large number of superconducting properties on
well characterized YBa2Cu3 07 wth a 1.7% orthorhombic distortion.
These are listed in Table V.

Lag_ ,xa 3+xO-i014+: When processed by the Sneral procedure, this
sample is not superconducting. Mitzi et al. (9) showed that samples e.
annealed for 24 hours at 450C in 3.5 atm of ocygen are e
superconductors, if x > 0.75, with T c onsets of about 90K. We have
verified these experiments (19). We find that the resistance
behavior of Ia3Ba3Cu6O 4+6 also becomes much more metallic after
annealing in 3 atm of 0. La2Ba 4Cu60 14+6 becomes superconducting
with Tc onset greater than 75K. The latter material shows a
distinct second phase, however, so we cannot rule out the
possibility that it is contributing to superconductivity. Also with
x-ray analysis it is difficult to unambiguously decide if the t

crystal structure of this material is the Er-Rakho (13) or YBa2 Cu3O O
type. In both structures the cations have nearly identical
positions, only the oxygen positions are significantly different.
Both are very similar layered structures. The x-ray diffraction
signatures, which are not sensitive to oxygen, are nearly identical.
We see evidence for the very weak line at 20-16 as required for the
(100) diffraction in the Er-Rakho tetragonal structure but also some S
evidence for peak shouldering which may indicate it is an .

orthorhombic structure and not tetragonal. It is also possible that
both tetragonal and orthorombic phases exist as suggested by Lee et.
al. (24). Because of the importance of this material in
understanding superconductivity in high T, ceramics, its structure 'A
should be refined by neutron diffraction.

L82 _xAxCQO4x/2 +6: A-Sr, Ba,Ca.

The optimum compositions for high Tc superconducting properties are
for x-0.l to 0.2. Samples are prepared according to the general
procedure although processing temperatures of about 1I00C are.O

= reported. The best samples are prepared in flowing 0. Slow
cooling and annealing at a lower temperature (500C) increase Tc by 1
to 2 degrees and also sharpen Tc. Likewise, annealing in vacuum
destroys superconductivity. Reannealing in 02  restores

superconductivity. The degree of oxygen intercalation is small, 6-0
to 0.2 (20).

If x is small, less than 0.075, annealing in c lowers Tc (25).
If x-0, samples are not superconducting. Air-quenching samples
annealed at 800-I000C causes a very small part of the sample to

superconduct (27). This is probably grain boundary A,."

superconductivity because %tile R tends to zero, susceptibility 0
measurements show only a trace of superconductivity. At very low
temperatures, pure La2CuO 4 transforms from an orthorhombic to an
unknown structure (28). It has been speculated that this
transformation may somehow inhibit superconductivity (29).

Y2 xBa1+xUOL6x/2+6: It has been suggested that this phase is a

high Tc  superconductor (1O). This observation has never been .._%

confirmed, and in fact, it is doubtful that this particular phase 41.,
even exists. Nevertheless, the crystal structure of this family of %-%
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compounds, Laz.XAi+xCU206.x/2+6  is a layered me with coordination ,

polyhedra like those found in the high Tc superconductors and the
compounds' electrical conductivities show the same sensitivity to

oxygen intercalation. Thus the compounds are obvious candidates for
superconductivity. .,.

Summary: High Tc ceramic superconductors have layered crystal , ?

structures with Cu-O coordination polyhedra typical of Cu+2. ..,

Intercalation of additional oxygen is critical to the
superconducting properties. All these materials can be processed in
a similar manner by traditional ceramic processing techniques.
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Figure 1. Coordination polyhedra of copper and Kygen atoms in %J
high Tc superconductors: (a) square planar, (b) pyramidal (4+1)
and (c) distorted octahedron (4+2). The distance x is about
1.95A and the distance y about 2.3A. AZ

Figure 2. Crystal structures of ceramic high Tc
superconductors. (a) K2NiF4  structure showing layers of %
distorted octahedra (4+2). (b) YBa 2Cu3O7 structure with nearly P
square planar and pyramidal (4+1) Cu-O coordination polyhedra,

(c) Er-Rakho structure with square planar configurations
perpendicular to, and distorted octahedra with the longer axis
parallel to the c axis of the unit cell, (d) the
La2.xSri+xCu206.x/2+6 with (4+1) Cu-O pyramidal coordinations.
The small solid circles are copper atoms, the large open
circles are oxygen atoms, and the shaded circles are the rare
earth, Y, Ba, or Sr atoms.

S Figure 3. Transmission electron micrograph showing planar

defects in YBa2Cu307 uniformly spaced about 2000A and dispersed
in the specimens. These have been identified as twins formed "p,

because of the slight difference in the a and b axes.
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PROCESSING AND PROPERTIES OF THE HIGH Tc  :. -SUPERCONDUCTING OXIDE CERAMIC YBa2Cu307

B. Bender% L. Toth*t, J.R. Spann~ i, S. Lawrence*tt J. Wallace% D. Lewis*,
M. Osofsky§, W. Fuller, E. Skelton, S. Wolf, S. Qadri§§, and 0. Gubser

U.S. Naval Research Laboratory, Washington, DC 20375

°0
The landmark discovery by Bednorz and Muller of a new class of

superconducting materials in the lanthanum-barium (strontium)-copper oxide
system,1 with critical transition temperatures (Tc) above 30K, sparked
unprecedented interest among a great many workers in a wide range of research
areas. The ensuing efforts to find materials exhibiting superconductivity at
even higher temperatures led to the report by Chu and coworkers of a two phase
oxide ceramic system exhibiting onset of superconductivity above 90K.2

Subsequent work which identified one of the phases, YBa2Cu 3O7 (YBC), as the
oxide responsible for superconductivity provoked a tremendous amount of
research on this compound (although the search for materials with even higher
Tc's continues unabated). Our work, first with the Bednorz and Muller
materials 3 ,4 and more recently with YBC, 5 ,6 has been directed primarily toward
finding processing conditions leading to dense bulk and thick film materials
while equaling or exceeding currently attainable superconducting properties.
Toward this end we have sought to correlate processing parameters with
nicrostructural and crystalline parameters and to provide high quality, well

characterized samples suitable for detailed investigations of fundamental
physical and superconducting properties.

Of the various methods available for the preparation of high Tc YBC, the
one we usually employ is as follows: (a) mix and grind appropriate
proportions of BaC03, CuO and Y203 predried powders; (b) calcine for 6-12 h at
900-9500C in air with ntermediate grindings; (c) grind and cold press into
pellets (or other shapes); (d) sinter in air or flowing oxygen at 925'C for
about 12 h; (e) cool slowy in flowing oxygen at about 1C/min or hold between
500-6000C for several hours.

Carried out properly, the aforementioned procedure produces a single
phase YBC with a well defined orthorhombic distortion of 1.3-1.9% (from the
tet ayonal); concomitant with this are superior soperconducting properties, as
indicated by sharp transitions above 90K and complete flux expulsion. The
procedure must be monitored carefully, however, to ensure that the formation
of YBC is taking place at each step of the process. A number of steps are
critical. First, we have found that heating YBC in air at temperatures above
950'C gradually decomposes the phase, with a green colo,-ed phase, Y2BaCuOx, .*

and CuCI being formed as a result. This -eaction is eversible; heating elow
953rC 4n air gradually -eforms the superconducting phase. Heating in flowing •
oxygen raises the stability of YBC to at least 975'C. We have taken badly
segregated samples containing little or no YBC and converted them into YBC by

* Member, the American Ceramic Society. ,
On sabbatical leave from the National Science Foundation. 0

tt Crystal Growth and Material Testing Associates, Lanham, MD.

§ Office of Naval Technology Postdoctoral Fellow.
§§ Sachs-Freeman Associates, Landover, MD.
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this treatment, thus confirming the reversibility of the process. Second,

slow cooling in oxygen or air or holding at 500-6000C is necessary to form a
phase with a well characterized orthorhombic distortion. Results suggest that
the rate of cooling required is dependent in part on the extent of connected
porosity, with greater porosity permitting a faster cooling rate (on the order
of 1*C/min) than is advisable in samples with lower porosity; presumably such
porosity facilitates the incorporation of oxygen necessary for the formation
of the high Tc superconducting orthorhombic phase (vide infra).

Other means of processing have also been the subject of study. One
effort has involved seeking an alternative to the use of BaC03 as the source
of barium for YBC. In addition to its relatively high decomposition
temperature (over 875°C), any undecomposed BaC03 present in a green body
generates C02 during sintering, thus creating a gas phase barrier to the
oxygen incorporation required to form the orthorhombic phase. Use of barium V.-'-

oxide, particularly in the finely powdered form required for dense samples, .
requires great care in avoiding exposure to humidity and C02 , since the
readily formed hydroxide and carbonate both decompos5 at relatively high
temperatures. We also observed the earlier reported poor stability toward
hydrolysis of Ba4Y2O7 while evaluating it as a starting material.

Another procedure involved vacuum hot pressing the prereacted materials
prepared as above in place of sintering (step d), or reaction vacuum hot
pressing with the appropriate portions of the predried powders (step a). In
one variation of the latter, 2% by weight of the sample of BaF 2 was
substituted for an equivalent amount of the BaCO3 in an effort to achieve
better densification. 8 "I0 The amount of BaF 2 used in this latter procedure is
considerably less than the stoichiometric quantities used by other workers. 11

Prereacted powder produced a sample with a hot pressed density of about 73%.
X, ray peaks were found for BaC03, CuO, and possibly YBa2CuO, but none of those
associated with either the reduced tetragonal or the more fully oxidized
)rthorhombic phase of YBC were present. However, reoxidation of the hot
pressed sample at 975C for over 36 h followed by slow cooling with a 2 h hold
at 7000C produced a mate'ial with an orthorhombic structure (YBC) and a strong
Meissner effect. When BaF2 was used compaction was achieved at a lower
temperature than with the prereacted powders as expected, but the reactm)n was
4 ncomplete even though the sample was hot pressed at 950 0C for 15 min. aC03, -

- RaF2, and CouO e-e found in the hot pressed disk by X-ray analysis, and
densification was incomplete; the as-hot pressed density was only about 6ot of
the theoretical value, and upon reoxidation it decayed to approximately 5O".
However, in spite of these difficulties the reoxidized samples were found to
be YBC by X-ray diffraction and to have superconducting properties, as
demonstrated by a strong Meissner effect and a sharp transition to near ze-9
resistance between 90K and 92K.

Selected physical and superconducting properties of YBC samples prepared
by sintering in air or oxygen are presented in Table 1, which also includes
-eferences to more detailed measurements, e.g. phonon spectra. Optical .
microscopy (figure 1) shows that nearly all grains of YBC have significant
amounts of striations. It is believed these striations result from twinning
associated with the orthorhombic distortion, as also seen by Beyers and
coworkers using TEM. 16 We are using TEM to explore the nature of the twinning
and to investigate the grain boundaries (figures 2 and 3). An important
question in resistivity and critical current measurements is whether there are
any grain boundary impurity phases. Our preliminary results suggest that most
boundaries are free of these impurity phases; some, however, are separated y
a thin impurity phase. This no doubt is the -esult of a small shift f-on the
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stoichiometric composition.
In other work we have determined conditions for retaining at room

temperature the high temperature tetragonal YBC phase. We index the x-ray
diffraction data from the samples assuming that they all are orthorhombic, but
when the distortion is less than 0.25% the phase is considered to be
tetragonal. The composition of this phase is probably YBa 2Cu3O6.5, thus
indicating that the phase is oxygen deficient relative to the orthorhombic
phase. The tetragonal structure is found in samples that are rapidly cooled
from 800-900°C and in which there is insufficient time for the sample to reach
thermodynamic equilibrium with the ambient atmosphere. Conditions for
retaining the phase vary from sample to sample and seem to depend on the
extent of sintering. In several samples with well defined tetragonal -' -
structures the sintered density was 90% or better, making it difficult to
achieve equilibrium with oxygen on cooling. The superconducting properties of
tetragonal samples are inferior to those with orthorhombic distortions. We
found Tc(onset) values of 55K and R=O at 35K. Other samples with tetragonal
structures had higher Tc(onset) values (90K) but very broad transitions
(30-50K), possibly indicating a mixture of tetragonal and orthorhombic phases.
These samples show very small Meissner effects (10%) compared to the complete
expulsion of magnetic flux observed with the pure orthorhombic phase. These
results strongly suggest the importance of the orthorhombic distortion in -w.%
achieving high Tc values and the importance of the linear Cu-0 chains which
cause the distortion. ,%V •
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Tabl e 1. Physical and Sup erconducti n- PoDet~so.YBC,'''5.
_______ ey P royert ies of Y3C

Lattice Parameters (A)
a 3.822±0.0002
b 3.888±O. 0002 .

c 11.672±0.005
Volume (A3) 173.4
% Distortion 1.7
Oxygens per unit cell 6.94*
Tc onset) (K) 93
R=O (K) 91
% flux expulsion 100
p ,94K) (ug-cm) 200
(diC/dT)ITc (KG/K) 22-36t
Hc2(0) (kG) 1470-2370t .
Hci (4.2K) (kG) 2 .5t
Hc(O) (kG) 20-26t
Jc (4K) (A/cm2 )  105t§
Photoemission see Ref. 13#
Phonon Spectrum see Ref. 14#

Magnetization see Ref. 6 #
AC susceptibility see Ref. 15#°-.

*Determine by neutron diffraction refinement of the crystal structure,

see Reference 14.
tSee Reference 12.

§Determined from magnetization measurements.
#To be published.

67

S"°" 4

-S ..

-%..-. -.



Figure Captions

Fig. 1. Optical micrograph of YBa2Cu3O7 showing striations in
individual grains.

Fig. 2. Dark field (A) and (B) bright field TEM micrographs
showing the twinning in orthorhombic YBa2Cu3O7. The grain
boundary in (B) is free of impurity phases.

N:

Fig. 3. Impurity phase in grain boundary sepa:-ating too YBC
grains. Oark field TEM ic.-oyrph.

do.
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Domain like defects observed in high temperature

superconductor of Y-Ba-Cu-O system.

C. S. Pande* and A. K. Singh+, L. Toth**, D. U. Gubser**, and S. Wolf*

*Naval Research Laboratory
Washington, DC

+Crystal Growth Associates
Lanham, MD

**On Sabbatical leave from National

Science Foundation

Abstract SP.

Extensive transmission electron microscopy of the high superconductivity -.

transition temperature oxide Y Ba2 Cu3 Ox reveals the presence of planar

3 defects along [110] direction uniformly more or less spaced (spacing 2000A*)

and dispersed throughout the specimens. These defects persisted on cooling .,

upto the transition temperature (93°K), but disappeared on heating above 400°C

in insitu experiments inside the electron microscope. Possible role of these

'domains' or interfaces in superconductivity is discussed. ,

.1...,. 5,
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The structure of the new (above 90K superconducting transition tenerature) 1' F%

superconductor Y Ba2 Cu3 0x has been found to be related to perovskites. [1]

However the value of x is not 9, as expected for a typical perovskite, but has

a value in most cases of about 7 ie about one quarter of the oxygen atoms are- .%

missing. In addition it appears that the high temperature superconducting

phase is not tetragonal but orthorhombic, the a axis being about 1.6% longer , I

than the 'b' axis. The orthorhombic structure may be a result of the way ,J

oxygen and vacancies occupy oxygen positions. In addition, several workers " , '

V
have reported planar defects in these materials, which have been variously .. ' ,"'

identified as 'twins' [2] antiphase boundaries C3] and/or extrinsic planar

faults. [4]. The aim of this note is to report the results a detailed
2

transmission electron microscopy and electron diffraction study including

insitu heating and cooling observations on thin foils of well characterization , .-

high Tc superconductors Y Ba2 Cu3 0x with a Tc of 930K and Tc width of about

2K. The bulk superconducting material was prepared by mixing and grinding S

appropriate portions of BaCo3, CuO and Y203 predried powders, then calcined for

6-12 hours at 900-950"C in air, with intermediate graindings, ground and cold

pressed into pellets, suited in flowing oxygen at 925'C for 12 hours and .

finally cooled slowley in flowing oxygen at about 10C/minute. This produced

almost a single phase compound with a well defined orthorhombic distortion (as

determined from x-ray measurements) of 1.6% from tetragonal. The composition

of the superconduting phase is probably very close to YBa 2 Cu3 06.5 i.e. oxygen

Jeticient.

The electron microscope specimens were prepared either (a) by finely

grinding the bulk specimen dnd floating the powder in water and scooping the

thin flakes on electron microscope copper grids coated with carbon or by ion " .

millin 3 with grazing Ar ions at an accelerating voltage of 5KV, till

perforation. The planar defect as well as other lattice defects observel v,
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electron microscopy on the specimens obtained by the two methods were

indistinguishable from each other indicating that the defects observed were not °S
artifacts of our experimental procedure and that the defects are not due to

radiation damage during ion milling. The transmission electron microscopy was

done at an accelerating voltage of 200KV using JEOL 200CX transmission electron AI

microscope.

Observing along the c axis [(001) orientation] invariably all the grains

show the planar defects. Figure 1 is electron micrograph and Fig. 2
~. ...

diffraction pattern from the same region. The direction of these faults are

along [110]. Thin plates are twin related to each other and are shown edge on

(ie. twin boundary is parallel to electron beam). The electron diffraction

pattern (Fig. 2) shows the splitting of spots along only one of the diagonal

and the separation increases in higher order reflections. This can be

explained by twinning on [ii0] plane in these orthorhomic crystals. Due to

slight difference in "a" and "b" parameters, and twinning the diffraction

pattern will show the splitting of spots along one of the diagonal spots but

not in other diagonal. Direction of splitting will he perpendicular to the
0

diagonal. This is exactly what we are observing in the diffraction pattern.

The angular value of the splitting assuming, a orthorhombic structure, and the

fact that the splitting is due to twinning can be derived to be %

" .%

4 tan a+b) if a b .%"

where a, and b, values for the structure for the present compound was

determined from x-ray measurement to be 3.86A' and 3.82A' respectively giving

* .03 radian in excellent agreement with the experimental value measured (0.3)

from Fig. 2. A schematic arrangement of the interface is shown in Fig. 3. The

difference between a and 'b' axes is exaggerated. Very high contrast of

boundaries should be noted, due probably to stress. After tilting, as

73 0
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expected, these boundaries give the fringe contrast which is shown in Fig. 4.

Figure 5 is another electron micrograph. Two orthogonal sets of domains are

(sometimes but rarely) observed. Electron diffraction can again be well

.~explained on the basis of [110] twinning.I

In situ heating and cooling experiments were done inside the electron

microscope. First the specimen was cooled gradually to liquid nitrogen .

temperature. No change in shape or size or electron diffraction pattern was

observed; It appears that cooling had no effect on these domains upto a

temperature close to the transition temperature of the material. The specimen

was then gradually warmed from liquid nitrogen temperature upto a temperature

of 150*C. Again no visible changes were observed. All the observations were

made at a magnification of around x5OK. The temperature was then suddenly

raised to above 400°C. When the twin interfaces became sharper and then

quickly disappeared throughout the specimen. On cooling many of the domains

reappeared. The domains thus appear to be stable from about liquid nitrogen

temperature to upto about 4000 C.

Although is has not yet been determined from independent measurements that

these oxide superconductors are ferroelectric, the planar interfaces observed

by us, bear strong resemblance to 900 ferroelectric domains. Planar interface

in these superconducting compounds have been observed by several workers,

however, this is probably the first time that they have been definitely

cnaracterized as twins by extensive transmission electron microscopy and

electron diffraction. Chen and coworkers, [37] for example identified these

planar defects as antiphase boundaries. Our results are not in accord with

this interpretation unless vacancy ordering is considered. However

orthorhombic a and b axis do alternate across the boundary as pointed out by

them. One interesting property of these interfaces is that they break the

linear CuO chains. Schuller et al [5] have recently suggested that the main
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0

diffraction between the tetragonal and orthorhombic phase is that in the

former, the long range ordering of the oxygen vacancies in Cu-O planes is .--_-

0
non-existent, i.e. one dimensional Cu-O chains are absent. Whereas in -

orthorhombic structure they are present. The ordering of oxygen and vacancies

have recently been treated as an order disorder problem by de Fontain and Moss. .

[6] The other role of these interfaces could be in providing sites for

semiconductor-metal transition, assuming the interfaces to behave like a

semi conductor.
'. ,. w .
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Legend of Figures

Fig. I Transmission electronmicrograph Y Ba2Cu3Ox polycrystal. The parallel 4

domains are on the average - 2000A' apart, and aligned along [110] direction.

The interfaces are seen edge on. The orthorhombic a and b axes are found to -

alternate along these interfaces.

Fig. 2 Electron diffraction from the same region and orientation as in Fig. 1

Notice the splitting of spots along one direction. a1

Fig. 3 A schematic diagram of the interface. The difference between 'a' and

'b' axes is exaggerated.

Fig. 4 Transmission electron micrograph of the interfaces showing

fringe contrast.

Fig. b Transmission electron micrograph showing two set of interfaces at

approximately right angles to each other.
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National Bureau of Standards

Gaithersburg, HD 20899 A

and
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Washington, DC 20375

and . '

S. Wolf, M. Osofsky, and D. B. Gubser 0
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Washington, DC 20375 .

ABSTRACT

Neutron scattering has been used to study the vibrational density of

states and the atomic structure of the high temperature supercoductor

YBa Cu 0 The oxygen atoms were found to occupy four sites and to form ..',-
2 3 7

chains along the b axis direction of the orthorhombic Pmmm cell. The

density af states shown a strong double peak at about 20 meV and a second

3.

.. . .. . : ... .. .... .. . . . .. p.i ........ % *2



major maxis.% near 70 meV with additional less-intense features present at

intermediate enertes.

The discovery of superconductivity above 90 K by Wu et al. in a

polyphase sauple of composition Y.BO.CUO and the subsequent

identification of the superconducting phase 2 has prompted intense efforts in

determining the properties of this and analogous compounds in the Y-Ba-Cu-0

phase diagram.

Neutron scattering can provide unique information about these materials

due to its strong sensitivity to the oxygen scattering. As will be shown

% later, this is represented in both the static (structural) information and

in the dynamics (phonons).

The materialr discussed here were prepared at the Naval Research

Laboratory from 99.9t purity starting materials of Y203 CuO, and BaCO and

were of nominal composition YBa Cu 0 The powders were predried to remove
5. 2 3x

adsorbed H20 and then premixed carefully to break up agglomerates. The

premixed powders were calcined at temperatures of 900 - 950"C for a period

of six hours with hourly intermediate regrindings. The degree of chemical

reaction was monitored by x-rays. The calcined powders were then ground and

cold-pressed into pellets of 1-2 gm size and wintered for 12 hours at 937

"C. The samples were finally annealed under oxygen at 900 *C for three

hours and then furnace cooled at V per minute to 300 'C befcre removal from

the furnace. Individual pellets were characterized with x-ray diffraction

and found to be identical.
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The samples were examLned for superconductivity by four probe

resistance measurements and by dc susceptibility. The resistance data (see

lig. 1) shoved the first deviation from a linear temperature dependence at

temperatures in excess of 115 K. Between 115 K and 93 K the sample

resistance drops by about 100 from a straight line extrapolation of the high o0
T data. At 93 K the resistance drops sharply and the sample is fully

superconducting at 91 K. The magnetic moment measured in a dc field of 100

gauss is shown in Fig. 2 and shows an onset of diamagnetic behavior at 92 K.

The transition is complete around 30 K and corresponds to a flux expulsion

of greater than 601. Geometric considerations limit the precision of the

f£lux expulsion fraction.

%

STRXCTMR OF THE 0-.O.-ND

Unlike x-ray diffraction, neutron diffraction is strongly sensitive to

' the oxygen atoms and thus a rather precise determination can be made of both

position and occupation of the oxygen sites in these compounds. The "'

technique of total profile refinement was applied to the powder diffraction

data taken on the five-detector powder instrument at the National Bureau of

Standards Reactor. From this refinement it was determined that the compound

has orthorhombic symmetry of space group Pmm, and that the stoichometry of

the compound was YBa2 Cu3 06 0 with an uncertainty of 0.01 in the oxygen

composition. The lattice parameters (a0 - 3.8220 A: b - 3.8855 A, and c
0 '0

11.6797 A) and atomic positions determined from the refinement

were essentially identical to those found by Beech etal. from a sample

prepared by a similar procedure and having nearly identical superconducting

properties. The structure of this compound is shown in Figure 3. The
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essential features are that the copper atom Cu(1) is located at the center ..

of a distorted rectangle formed by two 0(4) atom and two 0(1) atoms. This

forms oxygen chains along the b axis, alternated with Cu (I) atoms. This b-

axis atom configuation is presumably responsible for the orthorhombic

distortion versus the a axis direction which does not have the oxygen

chains. The second Cu site Cu(2) is also surrounded by four oxygen atoms in

sites 0(2) and 0(3) which are almost co-planar and form a tetrahedron with

the 0(1) site. The Cu(2) atom is slightly displaced from the oxygen plane.

The 0(l), 0(2), and 0(3) sites are fully occupied in this compound, while

the 0(4) site contains a small deficiency of 0.05 atom (total oxygen

concentration is 6.95 atoms/formula unit).

It should be noted that the thermal factors refined from the neutron

data are of comparable magnitude for the 0(2) and 0(3) sites (2W m 0.6),

and is somewhat larger for the 0(1) site (2W - 0.92) and anomalously large

for the 0(0) site (2W z: 2.02). This suggests that considerable dynamic

fluctuations may occur for atoms in the 0(4) site of the b axis chain.

PONON DENSITY OF STATI-

The question of an electron-phonon driven superconducting transition in

these compounds makes a determination of the vibrational modes important.

Unfortunately due to the absence of large single crystals, a phonon

dispersion measurement can not perfomed. Instead a measurement has been

made of the wave vector (q) averaged vibrational density of states.

The vibrational density of states was obtained from the inelastic

neutron scattering data using the incoherent approximation; that is we have
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aeswied that the dynamic coherent scattering function can be replaced by its

ineoherent oowtmerpart 4 '5 . Within this formalism, the scattering function

6S
is given by

2. (W)gi(w)J1

where 1I(w) is defined by

rHee k and k' are the magnltudes of the incident and final neutron

vavmvectors, istesatrn etr ~)i h oeoccupation factor

for a vibrational state of energy w, and xt, ai Oil and t Ire the atomic

concentration, nuclear mass, total scattering cross section, and

dimplacement vector of the ith atomic species respectively, Wt is the Debye.

Wailer factor, which was assummed to be negliSbls the sample temperatures

in this study, and the brackets indicate that an average has been taken over

all sites of type i and over all modes of energy w. Finally, S ()

represents the density of states for the ith constituent, vhich is defined

by6
S(W') - S( ' ,,8 (3)

where the sum is taken over all normal modes. Therefore the scattering does

reflect the phonon density of states, however the contributions from the

different species are weighted by the values of Ii(w). From equation 2 one
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ses that the Important quantity In determining this veighting Is the total *.
'" '4

scattering cross section divided by the mass. For 0, Cu, Ba, and Y these

values are 0.26, 0.12, 0.043, and 0.08 (barns/amu) respectively. It is then

ev'idenC that our results will over-emphasize those modes In which the oxygen

&toms play a predominant role.

The Inelastic neutron scattering data were collected using a triple-

aXis Instrument located at the NBS reactor. The low energy portion ( S S 25

meV ) of the density of states was obtained using the constant Q mode with a

fixed final energy of 13.8 meV. Pyrolytic graphite ((002) reflection) was * ,

used for both the monochromator and analyzer and a graphite filter wes

placed in the scattered beam to remove harmonic contamination. The

collimation was 40'-40'-40'-80' yielding a resolution of about 1-3 meV in

the range of energy transfers probed with the triple-axis configuration.

Data were taken at several values of the scattering vector between 3.3 and ,"+ ,

5.0 and then averaged in order to assure that the incoherent

approximation was indeed satisfied. ."\ 4-

This spectrometer is also equipped with a Be-graphite-Be filter

analyzer assembly. In this case, the analyzer was fixed at a scattering :"

angle of 90" allowing Q to vary as a function of energy. Data were

collected between 20 and 40 *eV with a graphite monochromator and

collimation of 40'-20' yielding energy resolutions between 2 and 3 meV. At r

larger energy transfers ( 33 meV w : 130 meV ), a Cu monochromator ((220)

reflection) was used with a collimation of 60'-40' therby giving a

resolution of 2-6 MeV. No collimation was placed after the sample thus

yielding some averaging over the scattering vector, despite the fact that

data were collected at only one average scattering angle. In addition, the

scattering vector was relatively large, thereby minimizing the effects due
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to coherent scattering. Considering these factors and the results of

previous neutron scattering studies concerning the density of states of

coherent scatterers6"7  w ye conclude that any offsets due to coherent

scattering will only be manifested in the relative intensities of the

various features and that they will affect the relative intensities by at '

most 250, or approximately the size of the error bars.

The contribution to the scattering from the fast neutron background was

measured and subtracted directly. The scattering from the sample can was %

measured and found to be negligble. Multiphonon and multiple scattering '4

corrections were obtained by extrapolation from energies where one phonon

scattering is absent. The data were also corrected for all of the energy

dependent factors given In equation 1. Then, using the overlapping energy

region* as a guide, the density of states obtained in the three different

energy ranges was scaled to obtain a single density of states.

The neutron weighted phonon density of statec, j(w), of YBaCuO 7 at 120

2
X is shown in figure 4. Below 9 meV 1(w) displays the typical w dependence "

characteristic of three dimensional systems, At an energy of about 12 meV,

there is a small peak most probably due to a zone boundary interlayer shear

mode. The density of states then further increases, reaching a large

maximum at 19-20 wmV, after which it falls to shoulder at roughly 25 meV

before dropping precipitously to a minimum at 28-30 meV. There IG then a . -.-.

broad feature centered at about 34 meV where the data displays a great deal

of scatter which made the scaling difficult introducing some uncertainty in S

the relative heights of the low and high energy portions of the density of .4 '-

states. Close inspection of this region shows that there is more than one

point at several of the energies. These points correspond to data taken in- '

different data collection modes and indicate that the scaling which we have
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chosen Is certainly reasonable. At an energy of 44 meV, the data displays

another small maximum which in somewhat narrower than the feature at 34 MOV.e

Then above 50 &eV i(w) increases, diplaying a shoulder at about 60 meV and

then a peak at 70 meV before dropping to zero at about 90 m*V. The data

which is omitted around 53 meV corresponds to a region of anomalous

transmission of the filter analyzer making it impossible to determine the

density of states for these points. We also note that the high energy modes

certainly involve the 0 atoms therby increasing their relative weight in the

scattering. Thum the rather unusual relative height of the low energy and

the high energy density of states peaks is probably due to the the degree of

0 atom participation in the modes in these energy regions.

We have also measured the density of states in the superconducting

state at at a temperature of 12 K. The only difference which ye were able

to clearly discern was a slight shift ( roughly I meV ) in the energy

range of 10-20 mV which can be accounted for by rather typical anharmonic

effects, All other differences were so slight that they may easily have

been due to slight differences in the corrections applied to the data.
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Figure 1. Temperature dependence of the resistance of a sample of

YBa Cu 0 shoving that the sample is fully superconducting at 91 K.
2 3 6.95

Figure 2. Temperature variation of the magnetization in an applied field of

100 gauss. The Keissner effect is complete around 30 K.

Figure 3. Structure of the compound as determined from neutron diffraction

showing location of the four 0 sites, 2 Cu sites and single Ba and Y sites

(from Ref. 3).

Figure 4. Vibrational density of states as measured with inelastic neutron

scattering. The largest spectral weight is contained in peaks involving -

oxygen vibrations (see text).
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National Bureau of Standards, Gaithersburg, MD 20899

ABSTRACT

Since the middle of December 1987, the Naval Research Laboratory (and
its collaborators) has had a program to study the very exciting new class of
very high superconducting transition temperature copper oxides based on the ,
perovskite structure. We have attempted to assemble a synergistic
combination of physicists, ceramists, chemists, and metallurgists in order
to synthesize, and characterize these materials as well as to begin the
process of evaluating them for specific applications of interest both to the
DoD and the more general community. We have studied both the 40K
superconductors based on the K2 NiF 4 structure consisting of La2 %P

where M-Ba, Sr and Ca and the 95K superconductor based on the YBa2 Cu3O7  . .
structure.

The bulk samples were prepared using conventional powder ceramic 0

processing technique from powders of the metallic oxides or carbonates and r
calcined in air at temperatures ranging from 850-1000 C. The samples were
cold pressed into pellets and sintered in air and annealed in oxygen.

Film samples are being prepared by sputtering, electron beam
evaporation and chemical vapor deposition.

The samples were characterized electrically by a large number of 0

techniques including resistance, dc and ac susceptibility, magnetoresistance
and microwave impedance. The structure and microstructure were studied by
electron and neutron diffraction, scanning electron microscopy, transmission
electron microscopy, electron microprobe, x-ray and ultraviolet %
photoemission spectroscopy and electron spin resonance.

Highlights of the more significant result of our program are discussed S

below.

Structure and Microstructure

X-ray diffraction studies in the Y-Ba-Cu-0 system enabled us to S

isolate and identify the phase responsible for superconductivity and to
locate the sites for all the atoms in the structure as well as the space
group. A neutron diffraction study completely determined the precise atomic
positions and occupancy of all the sites in the unit cell. We associated
the superconductivity with Cu-0 chains in the Cu-0 plane between the Ba W

ions. By correlating the orthorhombic to tetragonal conversion in the
structure as the oxygen order or occupancy was changed. Microstructural
work showed that the fully stoiciometric compound was strongly twinned and
orthorhombic whereas the tetragonal phase of the structure forms well NO
developed elongated crystallites that are not at all twinned. '
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Electrical Measurements

The superconducting transition was determined by a combination of four I

lead resistivity and a and d susceptibility measurements. The critical
magnetic fields and critical currents were determined by a combination of
SQUID magnetization measurements to 9T and magnetoresistance measurements to
13T. The best 40K material had an extrapolated upper critical field of
about 90T and a low field critical current density well in excess of 1000 ,
A/cm 2 at 4W. The 90K superconductor had an extrapolated critical field in ',4

excess of 200T. The ac susceptibility showed a peak in the loss component
only below 70 Hz indicating that the material was a very good superconductor
with a resistivity of approximately 200pO-cm. The microwave surface
impedance measurements showed that the bulk samples had a sharp onset at
lOGhz with a very large penetration of the fields.

Inelastic Neutron Scattering

The phonon density of states was measured in both the 40K and the 90K
superconductors. The most significant results an La, SSr 2 CuO4 were that
there was a very sharp peak at 2.5 meV and a very large peak at 10 meV in
addition to a number of peaks at higher energy. Neutron diffraction on this
sample at 10K clearly showed that this sample had an orthorhombic distortion
of about 0.2%. Results on YBa2Cu3O7 are shown in Fig. 1.

YBa.CuO T = 120 K

C;)

I %IT T

CSS

0. i5. +O i5.v 60. 5. 90. 105.

Fig. 1. Vibrational Density of states as measured with
inelastic neutron scattering .

Ultraviolet Photoemission Spectroscopy

These measurements represent the first experimental investigation of
the electronic structure of Y" Ct . Resonant photoemission was used to
assist in determining the chemical origin of the various features in the
electronic structure. No sharp Fermi edge was observed and the density of
states at the Fermi level is relatively small. The binding energies and
widths of the various peaks are as follows:
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Level Energs FWHM

Cu3d/02p 2.3 2.0
Cu3d/02D 4.5 3.0
Y/Cu satellite 9.4 1.9
Cu satellite 12.4 2.5 I
Ba Sp 15.0 2.9
0 2S 20.1 3.3
Y 4? 24.0 3.1
Ba 5S 28.8 3.6

Spectra was taken at room temperature as well as just above and below the
transition temperature. No change in the valence band electronic structure s.
was observed within this temperature range. h
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HIGH TEMPRATURE SUPERCONDUCTORS

The superconducting transition temperature .by o f he Yj 8% Cus 01 mua er al i s sho wn in fi gre 3. ,,,e

It has a sharp transition to the aperconducting
D.U. Gubser, S.A. Wolf, H.S. Oofky,state at 92K with a prcursor to the transition

B.A. Bender, S.H. Lawrence, beginning over lOOK. The corresponding. dc
E.F. Skelton. and S.B. Qadri magnetic transition is shown in figure 4. This
Naval Research Laboratory transition has an oset of 90K and is broader /
Washington. DC 2C375-5000 than the resistive transition, presumeably do

to the granualarity of the sample itself. The
High t mperature superconducting materials total change in magnetic oment represents a e

have recently been found in a class of metallic 90 - 10 0 total flux expulsion from the
oxide ceramics(l. Superconducting transition sample.
temperatures Tc as high as 95K has been observed
in A BO.2 CulC samples where M is Y or any of In addition to the resistance and magnetic
the 4f rare earth metals except Ce and Pr12,31. transitions, w have masured the magnetization
Superconductivity has also been observed in curves as a function of temperature, critical

Lal.8 M. 2Cu104 where K is Ba, Sr. or Ca with Tc magnetic fields, crit l currents, and .%up, to 40I heemt rl form oxgn mgetc fed. rtcl curns n
up "to 4OK[4]. These materiis form oxygen microwave losses. ;b have made careful X-ray
defect, perovski e crystal structures with some structure measurements as a function of
unusual featres. temperture to determine the temperature dependent

structure variations. Thin film materials have
The crystal structures of these ceramic also been made and their superconducting

superconductors is shown in figure 1. The properties will be reported. in addition we
notable feature on the La, * Sr0 .2 Cu'1 0 system is have measured the phonon spectra in a
the Qa 0 planes perpendicular to the c as . col-laborative effort with the ,4ational Bureau of

These planes have two dimensional nature as Standards. These and other properties will be
evidenced both from the arrangement of the atoms discussed in the talk.[7] . ,

and detailed electronic band structure .

calculations. The YBa2 Cu3O7 compound has a References L
different atomic structure with two prominent
featuresr5l The first feature is that the Cu I J. G. Bednorz and K.A. Mueller, Z Phys. 864,

atoms have two nonequivalent sites, one having a 189 (1986)
5 fold coordination number. while the other
has a 4 fold planar syordination number. The 2. E. Wu, J.R Ashburn, CJ Torng, PH.

Cu - 0 bonding with four fold coordination form Hor, R.L. Meng, L. Gao, Z.J. Huang, Y.Q. Wang,
linear chains., or ribbons alung the b axis which and C.W. Chu. Phys. Rev. Latt. 58. 908 (1987) M -
leads to a sl ght orhorhomb.c elongation along
this axis. Erihaiced superconductivity has been 3. E. M. Engler. V.Y. Lee. A. Nazzal, R.B. _
correlated with the incegrty of these Cu - 0 Beyers, G. Lim, P.M. Grant, S.S.P. Parkin, M.L.

chains. Ramirez, J.E. Vazquez and R.J. Savoy, submitted

J. Amer. Chem Soc.
These ceramic superconductors are easily

prepared by mixing CuO, BaCO, and Y 0 together in 4. 0.U. Gubser, R A. Hein, SN. Lawrence,

the proper ratio and calcining for several hours M.S. Osofsky. DiJ. Schrodt. L.E. Toth, and S.A.
at temperatures near 950K. The resultant Wolf. Phys. Rev B (1987)
powders and then ground and pressed into pellets ?5.

for sintering at 900K followed by lower 5. F. Beech. S. Mliraglia, A Santoro, and
temperature oxygen anneals to obtain the proper R.S. Roth to be published and J. Rhyne to be
oxygen stoichiometry. Figure 2 shows the published

microstructure of a Y 1 3a2 Cu3C 7 sample which has
been prepared in the above manner. 6. L. E. Toth, E.F. Skelton, S.A. Wolf. S.B.

Polycrystalline samples with a Large number of Qadri, M.S. Osofsky, B.A. Bender, S.H. Lawrence, W,%
twinning plane defects are evidear in the and DOU. Gubser to be published
photograph. These twinning planes are easily

formed in the high Tc orthorhombic material 7 For a good review of the subject, see the
because and oygen defect can easily disrupt the proceedings of the MRS meeting. Spring 1987 -

1-dimension (L 0 chains and start growth of the edited by D Gubser and M. Schluter
chains in another direction,6: By quenching the
material from high tesperat._res a metastable %. '

tetragonal structure can be formed These
materials have the oxygen atoms in the 4 fold

coordination site randomly occupying the a and ," %'

b directional sites, show little evidence of
twinning plane faults. and have degraded

superconducting temperatures
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(a)

* IJ

(b) Figure 3. Resistive transition of the YJA&2 cu3o 7superconductor
Figure 1. Crystal structure unit cells the the

IAS~r~z~,04superconductor (a) and the Y1 A&2
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Figure 4. DC magnetic transition of th1
.Ba 2 CU3O7 superconductor

Figure 2. Photomicrograph of the Yl MzCu5Cr
ceramic sample. .
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mqnetc c Field Studies of the Lal NxMC"O 4 and ' 2T 1 'Cu3 O7 High Tc Superconductors r

W.w. FULLE, M.S. OSOSKY , L.Z. TOM"1 , S.D. QADRI, S.H. LAIRDCE, .A. REIN, D.U. GUBSENt
T.L.FUlCAVILLA. and S.A. "OLF

Naval Research Laboratory. Washinqton, DC 20375-5000. USA

We have prepared and characterized high T€ single phas samples of La N CO 4 (where N - Sr, Do, or

Cs and x -. 1. 0.2, or 0. 3) and Ba Y Cu 0. e0 report an the dc susceptibility, magnetization, end
m-g-mtoresistance. We have extractid yof the critical superconducting and normal state
parimters from the data.

1- INTRODUCTION K. Table I. The critical currents. estimated from

Superconductivity in La-Ba-Cu-0 at 30 K was the hysteresis in the N vs. H curve [7). are rather
reported by Bednorz and Muller (11 Since then low at 10 1. A series of measurements on
other coepounds with a transition temperature, Tc ,  La 8Sro 2CuO at several temperatures shows a

near 40 K have been reported (2), (3]. In the critical current of 4000 A/cm 2 
at 4.2 K which . -

y-Ba-Cu-O compound a T above 90 K was reported by degrades dramatically at higher temperatures. -

wu .t al. [4). We hae prepared a variety of these The 4.2 K magnetization data for the AaYCuO %
materials. 1&2 .z CuO4 (H - Sr. B. and Ca) and sample was highly hysteretic, Fig. 1. The lower er

Na2YCU3O7 , to undertake magnetic field studies of critical field was -2.5 UG (see insert on Fig. 1) -
suT percondutors. and the critical current was 10 A/cu consistent

these new high? ec with the results reported by IBM [8].

L, EXPERIM T" TKCHNIOUM. AND HEULTS The upper critical fields for these materials
The La 1 8Sr 0 2 CuO4 , La 1 . Ba .1Cu04 . and were measured by monitoring the samples' 4-probe ,2% .

La 7Ca 0 3 Cu 4 samples were prepared as described resistance as the temperature vas swept in a
1 constant magnetic field. The magnetoresistance of -'.-

in an earlier paper [5]. This procedure produced the carbon glass thermometer was taken into account ,- . ,

nearly single phase sample* with the K2NIF in determining the temperature. The critical

structure as determined by x-ray diffraction. The temperature in a &ivan field was taken as that h
2YlCU07 sampler were prepared under processin temperature where the sample resistance was 500 of . %2137 the normal value. % % .

conditions which produced an orthorhoubic structure The magnetic field significantly broadened the % % %
(as determined by neutron and x-ray diffraction) transition for the lower T materials. This is % % "%
with two one-dimensional Cu-O-Cu chains on the perhaps due to inhoogeneities in these samples. A % % " %
basal plane of he unit c ll i6n. field of 100 kG has a negligable effect on the

susceptometer in a small (typically 100 G) magnetic on temp ert r
field. The magnetization data (see Table 1) for In Fig. 2 the critical field is ploted as a
the La2 .HCuO 4 (H - Na and Ca) showed diamamgntic function of temperature for the La1 aSro 2 Cu04 and

onsets at 20 K and 31 K with 10% and 20% l Na2 Y1Cu 30 7 samples. From the slope2 1 7c2/dTIT,
expulsion at 10 K (the lowest temperature measured) c
respectively. The curves were not flat at 10 K one Is able to calculate a variety of the material

indicating that the samples were still expelling parametrs [,] Table I present the result ofthese calculations. The ranges given represent the
flux. The presence of these broad transitions with uncertaty in determining c2/

1  
For the

small flux expulsion along with the x-ray data un

indicating nearly single phase materials is L 2  CuO samples the B obtained from
manifestation of the oxygen's importance in the 2-a 1 co n
superconductivity (x-rays do not couple strongly to dHc2/dTIT and the resistivity, p. agree within a
oxygen), The M - Sr sample had an onset at 36 K c
with 40% flux expulsion at 10 K and the Ba2Y1Cu307  factor of two with the value obtained from the

sample shoved the onset at 93 K with 90 - 100% flux magnetization data. However, in ba2Y1Cu307 the

expulsion by 40 K. agreement is only to within a factor of three.The samples ere next armed above ther This is not oo surlPrizing since the calculations 0 •

transition temperatures, cooled in zero field and assume an Isotropic, 3D Fermi surface. These %
magnetization. M. versus field, H, measurements materials are known to be anisotropic, with the
were made with fields up to 80 kC. All of the superconductivity believed to be 2D for La 2 CUO4
samples have hysteretic N vs. H curves 2-x x 4
characteristic of type 11 superconductors with flux and ID for Ne2Y1Cu307 [6]. "r'..--'.

pinning centers. The lower critical fields, Hcl, Our value for -y. the density of states at the

for the La M Cu7 materials are 100 - 300 C at 10 Fermi level, is in the range 2500 - 4030 (ergs/cc
-K 2) for Ba2YICu307. This Is to be compared vith

COffice of Naval Technology postdoctoral felIlow 215 eg/c-K2)a bandfo h upiee Onf~ sabbatical aleave lfrom the ~~c~aNational Science 2150 (ergs/cc - K 2) as obtained from the jump in.." "t\-

?Oi ati cal eavh ron. te Sa i the specific heat [10). The agreement is quite %Fr stin, Washington. C.USA

%
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good considering the imprecision In determining '

, 2 / aJt n ,hp for this material,

Ws have performed a variety of magnetic field
measuremnts on the now mupercodue tore. The
I& O (K - ft. Sr. Ca) materials show

incomplete flux expulsion and very broad
transitions, both magnetic and resistive. tn
magnetic fields. The samples of A 2 YICu 3 07 show

negligible broadening of the transition at 130 k.
This result. along with processing [6) mnd neutron Tw4JK
studies, shove that good superconducting behavior
strongly depends upon the Cu-0-Cu chains in the .is

basal plane of the structure. The lower -So -40 40
dimensional nature of the superconductivity in
these materials manifests itself in the descrepency
between Hcl calculated from c Tand that N (KO)

r bto Thfc t Fig. 1. Mapetization versus magnetic fieldm easured by the magnetization. The fact that the hysteresis loop of be Y2¥00 at 4.2 I[. The

descrepency is less for the 1a samples than for the t l o 7
Y samples could be related to the 2D behavior of sample was cooled in zero field. The lower
the former and the 1D behavior for the latter, critical field. i s 2.5 kG (inset).

1) 3.C. ldnorz and K.A. Muller: Z. Phys. !Mk(1986)

2) 1.3. Cava. 1.S. van Dover. a. Sattlo., and B.A.
Ritman: Phys. Rev. Lott. 11(1987) 40B. u

3) K. Kishio. K. Kitazava, S. Kanbe. I. Yamada.

11. Sugii: Jpn. J. Appl. hys. (tobe 1 0  10, 10
published). e

Z4) 3..V .1.. Ashburn, C.J.Torig. P.M. Nor.
1.L. Hang. L. Gao, Z.J. Huang. Y.O. Wang, and
C.V. Chu: Phys. Rev. Ltt. U8(1987) 908. 5=

5) D.U. Cubsor, &.A. Hein. S.H . Lawrence. U.S.Osofsky. D.J. Schrodt. L.. Toth. and S.A.

Wolf: hys. Rev, LU(1987) 5350.
6) L.Z.Toth, 1.F. Skelton, S.A. Wolf, S.5. Qadri. a"

H.S. Osofsky, B.A. ender. S.3. Lawrence. and 0 .
D.U. Cubser: (submitted to Thys. Rev 1)T40 8 90 95 100 105

7) W.A. Fietz and WV. Vebb: Phys. Rev. 18(1969) 20 30 85 105

6.57. Trmpstu ) Tempermhu (K)
6) private communication
9) T.P. Orlando, 1.3. McNiff, Jr., S. Foner. and Fig. 2. The upper critical field as a function of

.R. Beasley: Phys. Rev 11(1979) 4545. temperature for Ial.8Sro.2Cu04 (left) and
10) A. Junod, A. lezinge, T. Craf, J.L. Jorda, J. Be23.Cu30 (right). The extent of the 100 - 90%

Muller, L. Antognazza, 0. Cattani. J. Cars, M. 1C 307
Decroux, 0. Fischer, H. lanovski. P. Genoud. L. points of the transitions are shown. The lines
Hoffmann, A.A. Manuel. M. Peter, Z. Walker, N. through the data points are guides to the eye.
Francois, and K. Yvon: (submitted Europhysics N.

Lett.) , '

Haterial 0 Tc(50%) dc/dTl H2 (0 a (0)I 1Ncl:T 'c(4K

*2A/cm %

(AD - ca (K) (kG/K) (kG) (A) (*rgs/cc - ) calculated "asure

Sr0 2  350 34 -13 - 330- 19 640- 76 - 0.180 0.35:4.2 4000 "

.40 930 31 2500 132 0.190

1&O. 1  350 27 -9.6 - 190- 34- 600- 65 - 0.134- 0.2:10

-15.6 280 42 1000 83 0.136

Ca0 3  350 15 -22 - 230- 35- 1370- 97 - 0.079 0.1:10_,

-26 270 38 1630 106 0.081

Y 200 95 -22- 1470. 12 - 2500- 75 - 0.620- -2.5:4.2 105
-36 2370 15 4030 95 0.870
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Preparation. Structure. and Magnetic Field Studies of High Tc

Superconduc tors.

1.S. OsofskyW. W.V. Fuller. L.E. Toth* .S.B. 1adri*

S.H. Lawrence++.R.A. Hein + . D.U. Gubser. S.A. Wolf.

C.S. Pande. A.K. Singh + . E.F. Skelton and B.A. Bender

Naval Research Laboratory. Washington. DC 20375-5000

We have prepared and characterized high Tc single phase samples of

La2xXxu 4 (where M=Sr. Ba. and Ca and x=0.1. 0.2 or 0.3) and Ba 2Y0 7.

Transmission electron microscopy of the Ba2 YQL3 07 samples reveals twinning

defects in the [110] direction which disappear when the sample is heated

above 4000C. We report on the dc susceptibility, magnetization, and
magnetoresistance. We have extracted many of the critical superconducting
and normal state parameters frem the data.

INTRlODUCTION(''"%
%rRwrc

Superconductivity in La-Ba-Cu-0 at 30*K was reported by Bednorz and
Muller [1] Since then other compounds with a transition temperature. rc

near 400K have been reported [2]. [3]. In the Y-Ba-Cu-O compound a T

above 90 K was reported by Wu et al. [4]. We have prepared La 2_xxO4
(M = Sr. Pa. and Ch) and BerYl(M07. for magnetic field studies of their .

suprcondmuc ting transitions. 0

SAM PREPARATO AND OARACTERIZATI"-

The Lal.soro. 2 O4 . Ll. 9 B.iCuO 4 . and Lal. 7 CaO3Cu0 4 samples were '-"

prepared as described in an earlier paper [5]. This procedure produced •
nearly single pbase samples with the K2 NIF4 structure as determined by

x-ray diffraction.
The Be. 2 Y1 z3 07 samples were prepared under processing conditions which

produced an orthoromic structure (as determined by neutron and x-ray
diffraction) with two o"e-dimensional O-O-Cu chains on the basal plane of 0
the unit cell [6). The procedures were: (a) Premix powders of Baa) 3 , CuO

03 Cu
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and Y2 03 . (b) Imers. mixture in alchohol and pulverize loose

agglcmamtes in an ultrasonic mixer. (c) calcine for 6 hours at 925-9°C

with intermediary grinding*. (d) grind and cold press into pellets and

sinter in air at 95-960C for 12 hours, and (e) move into an oxygen

furnace . heat to 960C for several hours and slow cool (1°/min).
Alternatively. step (e) could be equilibrate in oxygen, reduce the

temperature to 500-700C. hold for several hours and cool at a moderately
slow rate.

Samples made with these procedures consist of 10-20 micron single
phase grains surrounded by trace amounts of amorphous Y-Ba-Cu-0 compounds.
Extensive transmission electron microscopy of the individual grains reveal .

parallel 'domains' with an average width of 2000A (Figure 1). Electron *

diffraction shows that the boundaries between these regions are in the
[110] direction. The electron diffraction pattern (Figure 2) shows the
splitting of spots along only one diagonal with increasing separation in

higher order reflections. This can be explained by twinning on the [110]
plane in the orthorhombic crystals confirming earlier work [7]. In situ
heating and cooling experiments showed no changes in the diffraction
pattern down to liquid nitrogen temperatures. The domains disappeared

when the specimen was heated above 4000C. Many of the domains reappeared
when the sample was re-cooled. This behavior is consistent with the many

reports of a tetragonal to orthorhombic transformation above 400°C in .
these mterials.

Fig. 1. Transmission Electron Nicrograph of a region of .-
a grain of B2Ya'3P'7. The parallel domains average

20Xin width.
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Fig. 2. Electron diffraction pattern of Ba2YCUL307. Spots split : :

In one diagonal direction with Increasing separation in ''
higher order reflections Indicating twinning In the (110)
direction. " .

EXZPEPI3rDfTAL TECHNIQUES AN RESULTS /,

The samples were first cooled in a SQUID susceptometer in a small
~(typically 100 C) magnetic field. The mantization data (see Table I) -',

f or the LA2.,x~x=u4 (M = Ba and Ca) showed disam Iptic onsets at 20°K and '-%., -,

0S

31°K with 10% and 20% flux expulsion at IO°K (the lowest temperature ,),

mesasured) respectively. The curves were not f lat at 10*K indicating that .
tesamples were still expelling flux. The presence of these broad•
transitions with small flux expulsion along with the x-ray data indicating %.-
nearly single phase mterials is a manifestation of the oxygen's
Importance In the superconductivity (x-rays do not couple strongly to"-..
oxygen). -Them X = Sr sample bad an onset at 360KX with 410% flux expulsion .

at loOK a the 3o sample showed the onset at 93°X with 90 -1l07.

flux excpulsion by 40°K (Figure 3). 107
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Y Ba Cu 0 ..
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Fig. 3. Nhgnetization versus temperature for Ba2Y0 30 . The low

temperature diamagnetic signal shows nearly complete flux
expulsion.

The samples were next warmed above their transition temperatures,
cooled in zero field .and magnetization. ). versus field. H. measurements
were made with fields up to 80 k. All of the samples have hysteretic X a

vs. H curves characteristic of type II superconductors with flux pinning
centers. The lower critical fields. Hc1 . for the La2 xMXCO7 materials

are 100 - 300 C at 10 K (Table I). The critical currents. estimated from

the hysteresis in the X vs. H curve [8]. are rather low at 10K. A series
of measurements on Lal.SSro 2QCj0 4 at several temperatures shows a critical .

current of 12000 A/ca2 at 4.20K which degrades dramatically at higher
temperatures. Figure 4 shows J versus H for this sample. This curve is

typical of a superconductor with strong pinning centers (insert).

The 4.2 K magnetization data for the BaYQOj sample was highly
hysteretic (Figure 5). The lower critical field was -0.6 kG (Figure 6).
Figure 7 shows critical current versus field for this sample. At Hcl the

critical current is 2105 A/cm 2 consistent with the results reported by
UBN [9]. The shape of the low field region (insert) is typical of a weak
pinning superconductor.

The upper critical fields for these materials were measured by
monitoring the samples' 4-probe resistance as the temperature was swept in

a constant magnetic field. The magnetoresistance of the carbon glass

thermometer was taken into account in determining the temperature. The

critical temperature in a given field was taken as that temperature where

the sample resistance was 50% of the normal value.
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Fig. 4. Critical current versus magnetic field for La SroCuO

1.8 0.2Cu40
(estimated from the hysteresis in the X vs. H curve). The low
field data is typical of a superconductor with strong pinning
centers (insert).
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Fig. 5. Magnetization versus magnetic field hysteresis loop of

YQi3O7 at 4.2 K. The sample ws cooled in zero field.
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Fig. 7. Critical current versus magnetic field for Ba 2 YICO 7

(estimated from the hysteresis in the X vs. H curve). The low
field data is typical of a superconductor with weak pinning
centers (insert).
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Fig. 8. Resistance versus temperature of (a)Lal.SSro 2 i0-O4 and

(b)Ba2Y 1 %Cu07 in 0 and 10 Tesla magnetic fields.
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Fig. 9. The upper critical ield as a function of temperature for"
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10% - 90% points of the transitions are shown. The lines through _#'
the data points are guides to the eye. ,,,

The magnetic field significantly broadiened the transition for the /,e ,
lower T . Tmeterials (Figure 8). This Is perhaps due to inhomogene(tKes in

these 9.Tles. A field of I00 k has a necllgable effect on the onset
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Table I. Parameters calculated from the dc mgnetization and critical .
field data.

.-trulT(N lad X2( -C 1(0) I 1'T J. ) ( . me ~ u

() (-M) (IM) (A) ( . -os t) () IC) eWp: K

calculated mured W/ m a atic at uW

OrO. 2  -3 - 33D 19- 00- 4.5 - 76- 0.10- 0.36:4.2 1.2K10
4  

38 40

-11D O 31 350 7 1.m Ogo "

2.2 110"1

27 46- i - 4 m- 3.0- 05- 0.134- 0.2:10 - 31

-15.6 3@ 2 lowo 3.6 83 0.136 57" .

o .
7.6-10"

N.3 '6 --- -3 - - 2.4- 97- o.M- 0.1:10 - IN 16

-38 TM~ 30 14 2.6 106 0.081 12. 33

3.Gx10"1

4.2 01 I-

369 -a- 1470 12- 2WO- i.- 75- 0.20- -0.6.4.2 2.10
5  

93 100
-u 270 25 4M M. 96 0.,

Note: For the resistivity we used p--350 pf--cm for the Sr. Ba. and Ca
compounds and 200 p4-ca for the Y. This was measured for the Sr and
compounds and assumed for the Ba and Ca. S

bracketed values are theoretical values for J at O°K.

J measured at 10 0 K..

the higher T material. In Fig. 9 the critical field is plotted as a
c

function of temperature for the La1 8 Sro. 2 C0 4 and Ba 2 YICUL3 07 samples. r:,-e

From the slope. dHc/dTITc  one is able to calculate a variety of the -

material parameters (10]. Table I presents the results of these - "
calculations. The ranges given represent the uncertainty ih determining '""

dHc2/dT . For the La2 _MxCUO4 samples the Hcl obtained from dHc2/dT 'T "#
c c

and the resistivity. p. agree within a factor of two with the value
obtained from the mgnetization data. In Ba2 YI1 %307 the agreement is

quite good which is surprising since the calculations assume an isotropic, 5,,'--..

3D Fermi surface and these materials are known to be anisotropic. with the
superconductivity believed to be quasi-2D for La,2 _ xMxO 4 and possibly

quasi-ID for Ba 2 YCU307 .(6).

Our value for -Y. the density of states at the Fermi level, is in the

range 2500- 4030 (ergs/cc -K2 ) for Ba2YC0 7 . This is to be compared .
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with 2150 (ergs/cc - K2) am obtained f rom the jump In the specific beat
[11]. The agreement is quite good considering the imprecision in

determining dHc2/dTIT and p for this material.

We have prepared, characterized and performed a variety of magnetic

field measurements on the new superconductors. The La2 _x xMa04 (X = Ba.

Sr. Ca) materials show incomplete flux expulsion and very broad
transitions, both magnetic and resistive, in magnetic fields. The samples
of BaI 7 which have extensive twinning domains due to the crystal's

orthorhombic structure, show negligible broadening of the resistive
transition at 130 kG. This result, along with processing [6] and neutron
studies, shows that good superconducting behavior strongly depends upon
the Cu-O-Qi chains in the basal plane of the structure.
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First-principles methods arc applied to investigate the electronic structure and electron-phonon Z

coupling in the end-point members x -0 and x- I) of the new high-transition-tcmprature (T,)
superconductor La2-,BaCuO 4 and their counterpart cubic pcrovskites Lai-.Ba,CuO5 . Alloying
with Ba (A -I) induces non-rigid-band changes in the Cu and 0 density of states, but the Cu
charge state changes rather little. The calculated McMilian-Hopficld parameter q coupled with
soft phonon modes provides a strong electron-phonon interaction 1-2.5 that can account for the .1
high T, of -30-40 K in these systems.

LC3674BR 1987 PACS numbers 74.10.+v 63.20.Kr 74.70.Ya

Within the last few months a new class of superconduc- We also investigate the role of the perovskite-typc layers ,
tars has been discovered. Bednorz and Miller' firs! re- by performing parallel calculations for the perovskite
ported the occurrence of an apparent superconducting compounds LaCuO 3 and BaCuO 3. For purposes of com-
transition at 30 K in the oxide material La2-1 Ba5 CuO4, parison, the lattice parameter for the perovskites was
with x -0.15 and y > 0 (probably small) which has the chosen by taking a weighted average of the in-plane short
tetragonal layer-perovskite K 2NiF4 structure. This result Cu-O bond and the long Cu-O bond along the normal %
has since been reproduced and improved by alloying with direction.
Sr instead of Ba. 2"6 In this paper we report results of The calculations for La2CuO 4 and LaBaCuO 4 were'
first-principles band-structure calculations which assess carried out with the self-consistent linearized-augment-
the'relative contributions of the oxygen, copper, and other ed-plane-wave (LAPW) method' within the framework of
metal atoms to the states which drive the superconductivi- the local-density-functional approximation using the
ty as well as identifying changes in ionicity and other Hedin-Lundqvist exchange-correlation potential. This
effects of alloying. We also investigate the importance of method employs shape-unrestricted charge densities and
the perovskite substructure in these materials, especially potentials and basis sets of 500-600 LAPW's. Two "en- 0
on the electron-phonon coupling strength. It is found that ergy windows" were used so that the "semicore" O(2s)
T, in these layer perovskites can be explained by conven- and La,Ba(Sp) states could also be treated variationally.
tional phonon-mediated superconductivity in which soft Similar calculations were performed using the APW
phonon modes due to the vibrations of the light 0 atoms method (in the muffin-tin approximation) for the
play the main role. perovskite LaCuO 3 and BaCuO 3 compounds with the

Our primary interest in these materials is in under- same treatment of semicore levels and exchange correla-
standing what interaction between electrons is responsible tion as in the LAPW calculations. Self-consistency in the S
for producing the superconducting state. Conventional LAPW calculations was achiewcd using a mesh of 16 spe-
superconductors utilize the electron-phonon interaction cial k points in the _L th irreducible Brillouin zone (IBZ),
(EPI), which is normally enhanced by a large electronic and three special k points for the semicore states. In the
density of states (DOS) at the Fermi level and by a strong final iteration, energies and wave functions were calculat- A
electron-ion scattering.7 These new alloys, however, are ed at 135 equally spaced k points in the IBZ for further
oxides and not at all usual metals, with resistivities above analysis. A Fourier-series spline fit, 9 which is constrained
T, which are more than an order of magnitude larger than to pass smoothly through all 135 points, was then used to S
the resistivities of conventional superconductors, i.e., they generate 542 points in the IBZ to calculate the density of '-
might be semimetals. Since they are not good metals in states (DOS) using the linear analytic tetrahedron meth-
the usual sense, the pairing interaction may be different od. The APW DOS was calculated in a similar manner .-..10
from the conventional one. Suggestions include electrons using another scheme to generate energy bands at 165 k
coupled by two-dimensional plasmons, polarons, or bipola- points from 35 first-principles APW points in the 1 zone. .e Z.,r

tons, although a novel kind of EPI is also a reasonable For the layer perovskites, the lattice parameters were tak-
guess. In this paper we provide an accurate description of en to be a -7.1622 and c-24.964 a.u. The out-of-plane
the electronic structure of pure La2CuO 4 and LaBaCuO 4  0 distance was taken as z -4.543 a.u. and that of the La
(i.e., replacement of one of the La atoms in the unit cell (Ba) atom was taken as z -3.445 a.u. The muffin-tin
by a Ba atom) in order to elucidate the effects of alloying, sphere radii are given in Table I. The cubic-pero~skite

115 % %' % ,,%

%1 % *•



TABLEt. Sphere radii (au.) and valnce-ectron charge in- 22.0 Tot
side the various spheres. The Sp semicore electron charge is also 11.0

given for the La and Ba spheres. 0.0

Rs La2CuO 4  LaBaCuO4 .t C

La 2.90 1.263 1.240 0.O Cu,%
o cu.% u0

Ba 2.90 ... 1.208 'o. ,La(Sp) 2.90 .599 .616 
5 .-

Ba (Sp) 2.90 5.058 5 Cu0 tC o It
Cu 1.95 9.180 9.058 I

0., 1.55 3.460 3.378 0.0 0
0,. 1.55 3.349 3.272 2.5 , *,-

0'.. 1.55 3.349 3.267 O.O 0
-8-6-4-2 0 2-8 6 4 2 0 2

E (eV) E (oV)

lattice parameter was set equal to a -7.8234 a.u. and the FIG. 2. Total and projected DOS (per atom) for LaCuO)'
sphere radii were 3.576 a.u. for La and 1.956 a.u. for Cu (left panel) and BaCuO) (right panel).
and 0.

An overview of the electronic structure can be seen in
the DOS. The DOS of the layer-perovskite compounds %

are shown in Fig. I and that of the cubic perovskites in has two inequivalent O atoms, one which is nearly copla-
Fig. 2. In both Figs. I and 2 the Fermi energy (E,) nar with the La atoms while the other lies in a Ba layer.
moves to lower energy upon replacement of La by Ba, and Although La (Ba) may not be fully trivalent (divalent), '

as seen in Table II the DOS at Ef, N(E.r), increases. nevertheless the La sphere is essentially one unit more ion-
Matheissti and Yu and Freemant 2 have also obtained the ic than Ba. [Since the La and (especially) Ba 5p core
La 2CuO4 band structure with the LAPW method. The states are quite extended, we have used rather large li..

DOS in Fig. ](a) is very similar to that given by spheres and treated the 5p states variationally in a '%' " "

Mattheiss.ti It is immediately apparent that while one separate window. As a result of the large sphere radius,

might have expected simple rigid-band behavior in going the valence charge (see Table 1) in the sphere is 1.24 for
to the 50% Ba compound, this is not at all the case in gen- La and 1.21 for Ba, approximately one electron of which
ero/. One prominent change is the shift in spectral weight can be attributed to overlapping oxygen states.] Due to
on tlfe Cu atom from higher to lower energy. This is also the unit difference in ionic charge between Ba and La the
seen in the perovskite compounds in Fig. 2, and represents O.a. atoms experience a less attractive electrostatic po-
primarily a rearrangement of 121 spectral weight. It is tential than do the O.L. atoms, which ccounts for the
also interesting that the Cu tz, contribution to the DOS at 0,.B. DOS being nearer EF than the 0," DOS. For the .

E, is zero. In both structures Cu-O dpa-type bands cross 0,.B. atom, N(Er) is also about 10% larger than for the

Er. O,, atom. In addition, there is more spectral weight
While the in-plane O, DOS in the layer compound is above EF on both 0, atoms compared to Fig. 1 (a), i.e.,

changed relatively little by the addition of Ba, there is a adding Ba causes the originally 2 - O ions to become
significant change in the 0, DOS. The 50% Ba compound partially metallic.

Rigid-band behavior does appear to hold near EF, how-
ever, where only the broad d1 2 -p (,) band contributes %
to N(E). From Figs. I (a) and I (b) it is evident that there %
iTt s similar structure in N(E) in the region of

6.0 EF(La 2CuOi), with the prominent feature being the van

0.0 Hove peak 0.1 eV below EF in Fig. I(a) which occurs at a
> Ci c concentration x -xc, = 0.14 of Ba. This peak is of similar _

uheight in the two calculations, and %x,, defined from the

~°~ ~~ ~oLa 2CuO 4 DOS, lies within about 0.03 eV of the peak in

.o0 1 LaBaCuO4 . Thus using the rigid-band m odel for x 0.2-

02.0 should T e anrHoea k
0 2 02 o Le The van Hove peak, which defines x, occurs very near

0 the concentration of Ba (and Sr) here T, is highest. The1: 02 peak results from a saddle point in the d2- ,'P,t,.l band ::

2 slightly beyond the zone boundary along tle x (and y)
0 0 axis, which lies midway between the nearly touching

corners of the La2CuO 4 Fermi surface (see Fig. 3 of
E (Ov) E (Ov) Mattheiss''). At x-x , the Fermi surface transforms

FIG. I. Total and projected DOS per atom for La2CuOa (left from distorted holelike cylinders along the : axis centered

panel) and LaBaCuO, (right panel). The dashed line indicates at the A' ("corner") point to distorted electron cylinders

E,. centered at r. Many transport and thermodynamic prop- -. i
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TABLE !1. Total DOS at Er (states/e\') and the McMillan- I P
Hopfield parameter q pWr afoin (eVk 1). .o I

LaaCuO4 LaBaCuO 4  LaCu03 BaCu0s3*'Id;

N(Er) 1.24 3.69 1.42 2.70 30. .

(h 0.00 0.08 0.00
. .. 0.16 0.012 20

lea 0.62 1.08 0.89 1.65 % %

19 , 0.72 0.32 0.48 0.60 Y-..

23TI.. 0.04 0.,5 %o .
0.04 0.33-d

100. 1.50. 200. ZStO. ?0C.

erties can be extremely x dependent l near x==xcr. FIG. 3. Values of X and T, (from the Allen-Dynes equation)

Whether T, in these compounds arises from EPI is a as a function of no. The bottom curve in each case corresponds
question of fundamental interest. To investigate this to La2CuO 4 (stars and diamonds), while the top curves (trian-
question, the Fermi-surface-averaged electron-ion matrix gles and squares) correspond to La 2 -,Ba.CuO 4, x-0.14, in the

elements were evaluated using the rigid muffin-tin approx- rigid-band picture.

imation (RMTA) of Gaspari and Gyorffy." 4 Quantities
entering the calculation of the McMillan-Hopfield con-
stant i7 are presented in Table II. The main features of T, and X as a function of fLo for both x -0.0 and x -x,.
the calculations of r are the following. The La and Ba These results indicate that for mean oxygen frequencies of
atoms always have very small r's within RMTA. The Cu about 200 K, X is about 2.6 and T, exceeds 34 K in the '
atoms have moderately sized values of r7 which are case x -x, Experimental values of T, are sample depen-
enhanced by the replacement of La by Ba. The 0, atoms dent but lie in the range 30-40 K and peak near x -xcr. r
have very small i's in La 2Cu0 4 but are moderate in size (Note that for X > 2 it is important to include the prefac- ,',-,
in LaBaCuO 4. The O,. q7 is larger than for O but is re- tors ft, f2 in the Allen-Dynes equation 16 for T,.) These %/, '

duced in LaBaCuO 4. The contributions to 77 come conclusions are in agreement with those of Weber.'5 Our
predominantly from the Cu(d)-O(p) interaction. While results also indicate that, were it not for the electronically
replacement of La by Ba triples N(EF), the 77's do not in- driven structural transition", 2 for x -0.0, the pure com-
creasi proportionally. It is interesting to note the approxi- pound would also be a superconductor with a somewhat
mate transferability of the r/ values, that is, those in lower T, within the same frequency range for no. On the
La 2 CuO 4 are comparable to those of LaCuO 3 : 0cu 0 .6 2  other hand, Weber expects additional softening as x is de-
(respectively 0.89), 70o.1o1t- 1.52 (respectively 1.44) creased from 0.15 which would raise T, contrary to ex-
eV/A^. This suggests that the cubic-perovskite structure, perimental evidence. Both analyses give strong support to
if stable, might also provide high-T, materials. Because the assertion that soft phonon modes due to the vibrations % W be

the i's are significantly smaller than those of typical of the light 0 atoms are the main cause of superconduc-
high-temperature superconductors (e.g., A 15 compounds, tivity in these compounds. This is reminiscent of the situa- 0
NbN) it appears likely that the layered perovskites pos- tionil in PdH, where the hydrogen optic-phonon modes
sess soft phonon modes as found by Weber. i play a key role in the occurrence of superconductivity. .

The quantity which characterizes the contribution to To summarize, we have shown that replacement of La
the clectron-phonon interaction strength X from a given by Ba in La-Cu-O compounds leads to large changes in
type of atom is' the Cu and 0 spectral density without inducing large ,ed

, - o,/(M, ~) (I) changes in their charge state. Although these compounds
display an unusual mixture of ionic and metallic character S

uhere 1) is an rms vibrational frequency. We propose an not seen in other high-T, superconductors, calculation of -% ,.
EPI mechanism for superconductivity with the transition the EPI strength indicates that it may be of the magnitude
temperature given by the Allen-Dynes equation 6 necessary to account for the high-T, values in these
T,-TAD-(q,,p.u,n), where p*-0.1 is the Coulomb systems.
pseudopotential.

In the absence of experimental information on the pho- This work was supported in part by National Science
non spectrum, we use for the spectral function a 2F a two- Foundation (NSF) Grant No. DMR-84-16046 and by •
peak Einstein model with frequencies fcu and n0. Since Office of Naval Research Contract No. N00014-83.WR- • .,.-.*-.
the important vibrations are expected to involve Cu-O 30007. The computations were carried out under the
bond stretching i s and since each Cu-O force constant auspices of the NSF on CRAY X-MP's at the University '..
contributes equally to Al i12 projected onto each of the of Illinois and at the University of Pittsburgh. We thank
atoms, we assume c -Afoin and study the effect L. F. Mattheiss, A. J. Freeman. and W. \Veber for copies
on T, of varying no. Using the rigid-band model dis- of their papers prior to publication. We are plesed to
cussed above for La2-,BaCuO4 for x-xc,-0.14. we thank P. B Allen, R. E. Cohen, D U. Gubscr, B M. S
find qcO.-74 and r7,,.-22 eV/A . In Fig 3 Ae show Klein, and S A. Wolf for helpful discussions.
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ELECTRONIC STRUCTURE, BONDING AND ELECTRON-PHONON 6
INTERACTION IN La-Ba-Cu-O SUPERCONDUCTORS

W.E. PICKETT*, H. KRAKAUERt, D. A. PAPACONSTANTOPOULOS*, L.L. BOYER* %

* Naval Research Laboratory, Washington D.C. 20375-5000
t College of William and Mary, Williamsburg, VA 23185

The discovery of superconductivity above 30 K by Bednorz and MUller '

[1] in the La-Ba-Cu-O system was a breakthrough in the field of
superconductivity. The superconductivity has since been established to be
associated with the layer perovskite K2NiF4 -type structure, with the peak
transition temperature Tc above 40 K occurring in La2.xMxCuO4 at an
alkaline earth (M-Ba,Sr) concentration x-0.15 [2]. Central questions to
consider then are: what is the interaction responsible for such bigh
temperature superconductivity, in what way is the crystal structure
responsible for this interaction, and what apparently crucial role is the
alkaline earth substitution playing?

To address these questions we have begun a study of the electronic
structure of the layer perovskite La-Ba-Cu-O compounds and their cubic
perovskite counterparts MCuO 3 , M-La,Ba,Sr. We use the local density
approximation within the (both linearized and unlinearized) augmented . Y
plane wave method, and details of the application to these systems has
been presented elsewhere [3]. Here we summarize results of studies of
La2CuO4 and LaBaCuO4 in the layer perovskite structure and the cubic
perovskites mentioned above. Differences between these layer perovskites e
focus attention on the effect of alloying La with Ba, while comparison of
the layer structures with their cubic counterparts may illuminate
important structurally related similarities or differences.

As reported previously [3-5], the Fermi level EF in both the layer
and cubic compounds lies in a region crossed by a single O-Cu pdo band,
and near EF a rigid band model appears to be reasonable. Within this
picture a van Hove peak occurs in the density of states below EF in the
layer perovskites corresponding to a concentration x-0.14 of Ba or Sr,
i.e. just where Tc is found to peak, and it seems clear that this van Hove
singularity is intimately related to the enhanced superconductivity. Well
below EF, however, strongly non-rigid band behavior occurs in the local '

density of states of the Cu and 0 atoms neighboring the dopant, reflecting
the change in crystal field when La3 + is replaced by Ba?+ .

Investigation of the electron-phonon interaction (EPI) strength A is
* important; in fact, Bednorz and Muller were studying these systems in

anticipation of observing very large EPI. We have evaluated the Fermi
surface averaged electron-ion scattering constant q for La2.xBaxCuO4,
x-0.0, 0.14 and 1.0, and for LaCuO 3 and BaCuO 3 [3]. In all cases the
contributions come primarily from the Cu and 0 atoms, and compared to ,,.

transition metal superconductors are rather low. However, this can be %

compensated considerably by the small 0 mass and low frequency lattice %
vibrations. Assuming (MW2)Cu-(MW2)0 [3] and using a McMillan mean oxygen
frequency of w0-200 K, which appears to be consistent with what neutron
scattering information is available, we find Tc-35 K for x-0.14, with
' =2.5. The pure La compound (x-0.O), if it were to remain in the
tetrahedral structure, would have a Tc 10 K lower. More detail of these

studies are given in Ref. 3.
Phonon frequencies and eigenvectors are particularly important in

determining whether pairing results from the EPI. Since these are
extraordinarily difficult to obtain from first principles (eg. from ""

frozen phonon studies) we are investigating the predictions of the "- .1
Potential Induced Breathing (PIB) model [6] which is an overlapping ion,

* """"
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Gordon-Kim type ab initio approach developed for ionic oxides. For both
the layer perovskite structure and the experimentally observed
orthorhombic structure, the lowest phonon branch along r-x is unstable.
For the tetragonal structure, this branch is the oxygen breathing mode
discussed by Weber [7] at X, but changes continuously into a mode at the
zone center which involves only sliding motions in the x-y plane of the La
and Oz atoms.

These compounds display an unusual combination of ionic and metallic . V
characteristics, especially for high Tc materials. The PIB model provides
a reference ionic charge density that allows us to see the bonding and
density distortions more clearly. Figure 1 shows the difference (LAPW
minus PIB) in total charge densities, with contour interval of 0.005
el/bohr3 . The very small differences around the Oz atom verify that it is
fully ionic. The small differences near La are due to orthogonalization
of OZ states to the La core and/or small amounts of La / character. The -

major differences are in the Cu-Oxy plane. Figure 1 shows that, compared PIP
to the overlapping ion reference, charge moves away from the Cu-0 line
except for a small bonding increase at the midpoint. The result is to
produce non-spherical Cu and Ox y ions. This illustrates the usefullness
of comparing with overlapping spherical ions, because these distortions ,
are not discernible in crystal density plots alone.

Since the Cu d and Ox,y p shells are not completely filled, one 9
expects non-rigid charge rearrangements to be dominated by charge
fluctuations on these atoms. We have studied the charge density
rearrangements due to small atomic motions. When the Oz atoms are moved
directly toward the Cu from above and below, the primary non-rigid charge
shift, shown in Figure 2, is from the Ox,y atoms _t the Cu d(x2 -y2). It is b- .

somewhat surprising that this movement causes charge to move onto the Cu,
and it is more unexpected that the change on the Oxy atoms appears to be
isotropic rather than purely p(x,y)-like. Furtner studies may be
necessary to provide an understanding of this mixing of ionic-metallic '
character.
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Figure 2. Charge rearrangement (from self-consistent LAPW calculations)

due to displacement of the Oz atoms toward the nearest Cu (arrows) by
0.05 A, shown in the (100) and (110) planes. Solid (dashed) lines denote

increases (decreases) in density and +(-) signs denote regions where large
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BAND STRUCTURE AND ELECTRON-PHONON INTERACTION CALCULATIONS FOR PROPOSED

HICH-TC SUPERCONDUCTING OXIDES: MCUO 3 (M - LA. BA, CS, Y) IN THE
PEROVSKITE STRUCTURE.

D. A. Papaconstantopoulos and L. L. Boyer*

Metal Physics Branch and *Condensed Matter Physics Branch .
Naval Research Laboratory
Washington. DC 20375-5000

The crystal structures reported for the recently discovered high-T c
superconductors containing copper and oxygen have one thing in common;
structural similarity to ideal perovskite. The systems which superconduct
with Tc - 35 K, e.g., La2.xBaxCuO4 with x - 0.1 - 0.2, either have the
tetrafonal K2 NiF 4  structure or small orthorhombic distortions there- V

from.I'4 The K2NiF 4 structure can be described qualitatively as alternat-
ing layers of perovskite (KNiF3 ) and rock salt (KF) structures. The

structures reported for the Y-Ba-Cu-O systems, which have Tc - 90 K, are
described approximately as an ordered superlattice of oxygen deficient

-p. perovskite cells. 5 7  The common elements in all the superconductors

discovered so far with Tc > 30 K are copper and oxygen. These results

suggest that the local environment of the copper and oxygens in the
perovskite structure is somehow conducive to high temperature superconduc-

tivity.

In an effort to explore these ideas theoretically we have carried out

electronic band structure calculations for MCuO3 (M - Cs, Ba, La and Y) in
the ideal perovskite structure. Band structure quantities were calculated
using the self-consistent APW method in the muffin-tin approximation with
a local density approximation8 for exchange and correlation. From these
quantities we determine values for the McMillan-Hopfield parameter q
(total and site decomposed), using the rigid muffin-tin approximation,

9 to
provide some indication of the strength of the electron-phonon interaction

in these idealized systems.

The calculations for M - La, Ba, and Cs were carried out for a P., -.
lattice constant a - 7.8234 a.u., which is two times the average copper-
oxygen separation in the La 2CuO4 compound. A smaller value, a - 7.2943
a.u., was selected for the M - Y compound to correspond approximately to
the difference between the ionic radii of Y and La. The muffin-tin radii

used in the calculation were chosen to minimize the interstitial volume: % p I

RM - 3.5761 a.u. and RCu - RO - 1.9558 a.u. for M - La, Ba, and Cs; Ry -

3.3343a.u. and RCu - RO - 1.8236 a.u. for the yttrium compound. States b 4
falling within - 1.5 Ry of the Fermi energy (EF) were treated as bandb in

a semirelativistic approximation
1 0 . These include, of course, the valence

bands, which are predominantly Cu-3d and O-2p. and O-2s, La-5p, Ba-Sp, Cs-

5p and Y-4p states as well. Deeper core levels were allowed to relax self
consistently using a fully relativistic atomic code.

= . • •
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The band structures and total densities of states N(E) are shown in V
Figs. 1-4 along with selected contributions to N(E), N(Cu-t ) N(Cu-eg)
and N(O-p). which reveal the predominant character of the valence bands. U.

The La-f decomposed density of states (DOS) is also shown since this is a
prominent feature in the conduction bands for the La compound. For the ,.

La, Ba and Y compounds, N(EF) is composed mainly of Cu-3d states with eg
symmetry and O-2p states, while for CsCuO3 , there is a large contribution'

from the t symmetry copper states as well. This can be understood as ano-
nearly righd band shift of the Fermi level into the Cu-t bands which are .

fully occupied for the La, Ba and Y compounds. The adgitional contribu-
tion from the Cu-tg bands approximately triples the total DOS at EF for
CsCuO 3 . The band structure Of CsCuO3 differs from the La and Ba compounds
in another respect: the M-5p states (not shown for K - La and Ba) shift -;

from --0.5 for La to --0.35 for Ba to --0.1 for Cs, where for Cs they
hybridize with the valence bands.

The electron-phonon interaction parameter A, which governs Tc in the

conventional theory of superconductivity, is given by A - N(EF)<I2>/F,
where F is a force constant which gives an average stiffness of the P
crystal against phonon modes, and <12> is an average electron-phonon V

matrix element. We have calculated values for qs - N(EF)<I2>s using the
rigid muffin-tin approximation to evaluate the average electron-phonon
matrix elements <12>s for each site s. These results are listed in Table
1 along with the total and decomposed DOS at EF, which enter the calcula- , ,
tion of qs.

The calculated values of qs for the Y compound are qualitatively
similar to those for La and Ba compounds, the latter of which were
reported and discussed in a previous paper11 . In Ref. 11 it was argued .
that Tc could be calculated as a function of a single parameter represent-
ing an average Cu-0 force constant. The argument was based on the result
that qM was nearly zero for these materials. Calculations of Tc as a
function of this parameter showed that Tc's of 30 to 40 K could be ,
achieved with a modest amount of phonon softening. The same conclusion is
probably true for the Cs compound, although a similar quatitative
analysis would not be valid owing to the substantial contribution of 'Cs.'
In spite of the large increase in N(EF) for CsCuO3, q is about the same as-,.,\
for the Y. La, and Ba compounds. Unfortunately, the large increase in
N(E F ) is approximately cancelled by a corresponding decrease in the size
of the matrix elements for the Cu and 0 sites.

Our calculations suggest that the ideal perovskite analogs of the *6

high-TC oxide superconductors would themselves be high-Tc materials if.Z,
they were to form in the ideal (no defects) perovskite structure. It ',
seems unlikely that this conclusion would change if the calculations were _%., '
carried out using more reliable estimates of the lattice constants. We
plan to carry out total energy calculations on these idealized materials
in the future to answer conclusively this question and to investigate the ,

stability of the perovskite structure.

I
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Table 1. Fermi energy EF (Ry), decomposed and total densities of states
(states/Ry) at EF and contributions to q (eV/A2 )from the M, Cu,

and 0 sites in MCuO3 . I..

M-La M-Ba M-Cs M-Y
EF 0.382 0.280 0.233 0.551 Ned

N(M-s) 0.0042 0.0071 0.0645 0.0050 ,

N(M-p) 0.0189 0.4968 15.7506 0.0095
N(M-t2g) 0.0442 0.1601 0.3147 0.0307

N(M-e ) 0.0034 0.0013 0.1767 0.0060
N(M-f) 0.0956 0.0899 0.4303 0.0244

N(Cu-s) 0.1219 0.1205 0.0743 0.1205
N(Cu-p) 0.2607 0.4087 0.2578 0.1923 . ,.

N(Cu-t2g) 0.0754 0.7294 6.6017 0.0156
N(Cu-e) 7 .3835 4.9116 3.6857 7.0666
N(Cu-f) 0.0181 0.0890 0.0628 0.0119

N(O-s) 0.2175 0.1614 0.1058 0,2733
N(O-p) 9.6388 26.4336 61.3162 6.8178 V'

N(O-t2g) 0.0144 0.0135 0.0238 0.0136
N(O-e ) 0.0868 0.0765 0.0581 0.0982
N(O- ) 0.0229 0.0099 0.0190 0.0277

N(EF) 19.3697 36.7274 94.9097 15.8271 %
t 0.000 0.012 0.485 0.000

VICu 0.894 1.650 0.815 1.127
,O 1.433 1.810 1.528 2.139
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Abstract

The anisotropic resistivity pct, and Hall coefficient Rc 7 of La2 .xMxCuO4

are analyzed as a function of x using a rigid band treatment of the previously •

given LAPW bands of tetragonal La2CuO4. The experimental pxx(T) is used to

extract Atr- 3 .8 , which permits a conventional electron-phonon interpretation

of the high Tc. The Hall coefficients are qualitatively explained, including S

sign discrepancies in published measurements.
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In cubic metals, band theoretic analysis of transport properties has

given insight into electron-phonon interactions and superconducting proper-

ties.1 .2  Here we present a similar analysis for the new super.onducting

materials based on La2CuO4 , with Tc-40K. A new feature of this analysis is

that, unlike materials studied previously, these have highly anisotropic

transport behavior. Our conclusion is that a consistent picture of both

transport and superconductivity can be based on the standard electron-phonon

model, using available density-functional band structures. 3 ,4 This conclusion ,, '\

agrees with the calculation of Weber,5 and Pickett et al. '4 and is not .,

directly contradicted by any experimental evidence (the zero isotope effect 6  
-

has only been reported in YBa2Cu3O 7).

The Bloch-Boltzmann theory of transport properties, 7 like the BCS-Eliash-
8.,

theory of superconductivity,8 rests on the Migdal approximation8'9 and isb e r g t e r f s p r o d c i i y . -

believed to be quantitatively reliable provided three circumstances hold: (1)
b

the dominance of electron-phonon (as opposed to Coulomb) interactions, (2) the

availability of the correct quasiparticle band structure, and (3) the small- >" /

ness of the parameters N(eF)AwD and N((F)A/r where N(cF) is the Fermi-level
I

density-of-states, wD is a characteristic phonon frequency, and 1/t the ,i

electronic scattering rate. The degree of success of our calculation serves *

,S. %, •

as a test of the conjecture that circumstances (1) and (2) hold; circumstance *

(3) is directly checked later in the paper.

The free-electron formulas o-ne 2 r/m and RH--I/ne are meaningless except

in cases where bands are parabolic, which does not apply here. On the other .

hand, a complete treatment using Bloch-Boltzmann theory is impossible until I

more is known about the phonon spectrum. Therefore we use an intermediate *"

level of theory, where the collision term in the Boltzmann equation is repre- "'* .

2 .
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sented by -(Fk-fk)/r, Fk and fk being the non-equilibrium and equilibrium ..-.

(Fermi-Dirac) distribution functions. This model does not adequately describe /:

effects due to inelastic or anisotropic scattering, but such effects are quite

unimportant1 except below T-OD/2. The correct semiclassical dynamics is used.

giving the results: 10

a. - e2i(n/m)0p - (e2T/0) VkaVk 6 (k-(r) (2)
k •

oI7 *(e3v2/hc) L vka VkXPk)7vk 6(ck-(F) (3)

k

where flvka-ack/ak, and C is the volume of the crystal. We use the body-

centered tetragonal (K2NiF 4 ) unit cell with a-3.79 A and c-13.21 A. The

tetragonal symmetry makes ap diagonal with oxx- 0 yy Ozz , and o vanishes

unless the tetragonal axes a,0,7 are all different. The Onsager antisymmetry

combined with tetragonal symmetry shows that there are only two

independent components, Oxyz (when B is parallel to the c axis, ^) and

Cyzx-Ozxy (when B is in the basal plane). The corresponding elements of the V"

Hall coefficient tensor are 
.

Rxyz - Ey/jxBz - Oxyz/oxxoyy (4)

with Ryzx-Rzxy given by cyclic permutation. The formula for r is in general
1 1  'A..

quite complicated, but at temperatures of order 0 .70D or higher, a good I1 I

approximation is 
i%

/- 2xAtrkBT/Fth (5)

Fth _a 03882/T2) "1  (6) .,

Here Xtr is a close approximation to the coupling constant 1 2 A which fixes Tc,

and Fth is a thermal correction factor. The value of Atr can be deduced by

13" 0

- .. .
-, * **) 

q . " . . . . , . , . . ,, 
*.. 

. . .. . ., 
*, 

. . . . .. . . . . ..-
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comparing Eqs. (2) and (5) with the experiment. In the approximation used

here, r cancels from Eq. (4) for RH.

Energy bands ek were taken from Ref. (4). The effect of alloying with V

divalent atoms (Sr, Ba) in place of La was treated in rigid band approximation %_j.1

by lowering the Fermi level appropriately, to accommodate x holes per primi-

tive cell according to the formula La2.xMXCuO4. For small x an orthorhombic ". .

distortion occurs which opens a gap, converting pure La2CuO4 into a semicon-

ductor. The calculation was for the hypothetical tetragonal metal which

presumably closely approximates the actual structure of the superconducting

phase. For purposes of performing the Brillouin-zone sums in Eqs. (2,3), the

tetrahedron method was used on a dense mesh of -1000 inequivalent k-points. ,

The values of (k on this mesh came from a careful Fourier interpolation based
.% ,

on LAPW calculations at 135 inequivalent k-points. -

Numerical results are shown in Fig. 1 and Table I. There is inevitable .% 1.

noise in Brillouin zone sums which stems from the finite number of k points at "

which the bands ck are actually computed. Fourier interpolation can also . .

introduce unphysical oscillations, but we minimized these using variations of

the scheme of Koelling and Wood.1 3 Nevertheless, mild unphysical oscillations

exist, which are magnified in second derivatives of ek, especially in the z

direction where dispersion is small and sampling was sparse. Therefore the

Hall tensor (which involves second derivatives) is especially noisy, and this ' .

shows up in Fig. 1 as a discrepancy between Ryzx and Rzxy, which are supposed

to be equal by symmetry. The computed Ryzx is quite smooth, whereas Rzxy

(which alone involves 82c/akz2) has kinks and oscillations. The magnitudes

are always in quite good agreement, especially in the range near x-0.15 of

optimum Tc. The small kinks seen in N(c) in Fig. 1 line up with the large
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F kinks in Rzxy, showing that these are also numerical noise. ,0

A convenient formula which follows from Eq. (2) and (5) is

Atr/Fth - 042x "3(p(295K)-p.(0)) 2 (7)

where p is measured in pn cm, p(O) is the residual resistance and the Drude

plasma frequency (in eV) is defined by

2 - 4we (n/m)p - we2N( F)<vkavkP>/()cell (8)

where .cell is the volume of a unit cell and the average over the Fermi%

surface denoted by < > is defined by comparing Eq. (8) with Eq. (2). Figure 1 ".

shows that whereas the density of states N(cF) is rapidly varying as x varies

(this is a 2-d logarithmic saddle point feature, broadened into a bump by the

weak z-direction dispersion of the band) the Drude plasma energy is smoothly *

varying and thus presumably insensitive to the minor discrepancies between the

various energy band calculations of Refs. (3,4). Since Qp is the only

theoretical input needed in Eq. (7) to obtain A from p, this method is

especially reliable, provided single-crystal resistivity measurements are

used. A large single crystal was measured by Hidaka et al. Unfortunately

the superconducting and transport properties are not perfect enough for our 4

purposes. Very beautiful measurements were obtained by Suzuki and Murakami
1 5

on a thin film single crystal of La2.xSrxCuO4 with x-.06 and a superconducting

transition between 15 and 23K. The film was grown epitaxially on SrTiO 3 (100)

and has the c axis perpendicular to the film. The measured value of Pxx(O)

was extrapolated to be -250 pil cm, and pxx(295K)-pxx(O) is -450 AO cm. Taking

fp-2.9 eV from Table I, Eq. (7) yields Atr/Fth-3. 2 . The thermal factor Fth is

greater than 1 and probably less than 1.2 yielding Atr- 3 . 2 - 3 . 8 which can %'

easily give Tc-40K or higher. This conclusion is consistent with estimates

made in Refs. 4 and 5. Gurvitch reported 16 a preliminary estimate of Atr .
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using an isotropic average Op from Mattheiss4 and polycrystalline data for

p(T). His estimate of Atr was similar in magnitude.
I

An important question is whether the measured temperature-dependent

resistivity is actually caused by electron-phonon interactions and can be

analyzed using Bloch-Boltzmann theory. The data of Ref. 15 give very strongly

the expected appearance of an electron-phonon mechanism, except that the value

of p is larger by 10 than in other good electron-phonon metals. This mag-

nitude is accounted for in our model by the smallness of (n/m)eff and the

strength of the scattering as measured by X. A test of the validity of the
,0

analysis is to compute the dimensionless ratios N((F)A/r and a/I. Both are

about 1 at 295K in our analysis. This is common in good superconductors such

as Nb3Sn.
2 However, in the past whenever these ratios became as large as 1, a

P .
strong "saturation" effect1 7 occurred in p(T), indicating a failure of Bloch-

Boltzmann theory, whereas no sign of saturation appears in the data of Ref. "A

15. A difference between La2CuO4 and Nb3Sn is that in Nb3Sn there are for

almost all k at the Fermi surface, other bands within h/r-0.3 eV of (F, which

mix with the band at (F at higher T due to virtual phonon scattering. In

La2CuO4 , with an even larger h/r-0.6 eV, there are no other bands this close "

for most k. Allen and Chakraborty 18 have shown how the virtual interband

scattering effect provides a plausible mechanism for the saturation effect,

and the present data add weight to the argument.

A prediction of the present calculations is the anisotropy ratio

2 2 V
szz/Pxx'(Mxx/%zz) which is 28 at x-O.15. This anisotropy has not yet been

measured in crystals with good (Bloch-Boltzmann-like) conductivity. However,

Shamoto et al.19 have reported "preliminary measurements" of the critical

field (Hc2) anisotropy for T close to Tc, obtaining (Hc211 /Hc21)2 _170 and 40
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for crystals doped with Ba and Sr respectively. This ratio should approxi-

mately equal Pzz/Pxx.

The Drude plasma frequency is in principle accessible to optical measure-

ment, from the formula 2 0  .01

2
O p /4 i interband M .

For w>wD, the phonon part of A(w) decays to zero and the phonon part of I/r %

becomes a constant. A non-phonon (e.g. ordinary Coulomb) contribution to A

may remain at w=% however, which will affect the apparent measured value of

as will structure in the interband part. Single crystal infrared data

have not yet been reported, but would be very useful. On polycrystalline "-'

samples, Tajima et al.21 have reported a plasma edge at wavelength 1.5 pm or N

AD-O.83 eV, which can be compared with our values of 2.9 eV and -0.5 eV for

light polarized i or to the c axis.

Finally we discuss the Hall coefficient. The only single crystal

measurement reported so far is Rxyz , with the B field perpendicular to the

same film1 5 on which pxx(T) was measured. The result has an interesting T .d ,l

dependence not contained in the simple theory of Eqs. (2,3). However, the

accuracy of Eqs. (2,3) is expected to be less for RH than for p. The reason -.

is that these equations are equivalent to an ansatz that the distribution

function F is displaced rigidly in reciprocal space by an amount proportional

to E (when B-O) and by an additional amount proportional to ExB when BID. The

variational principle 7 (which holds for p but not for RH) ensures that an

20
error of order e in F translates only into an error of order 2 in p, but

remains on error of order e in RH. In Nb and Cu,1 0 Eqs. (2,3) do quite well .- ,

for RH at T-300K, while in Pd, 22 large curvature anistropy caused an error of ,.
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a factor of 2. At lower T, significant T-dependence occurs in RH of Cu, which

has been explained 2 3 semiquantitatively by including corrections in F due to
I

inelasticity and anisotropy. The temperature dependence of Rxyz reported in

Ref. 15 is not entirely unlike that seen in Cu, and may be explainable as an

electron-phonon effect when a more complete calculation is possible. The

measured magnitude of Rxyz at 300K is +92xlO' 1 1 m3 /C, larger by a factor 2.6

than our calculated value of 36xlO 11 m3/C at x-0.06. This discrepancy is not

much outside our previous experience in better understood metals, and the sign

is correct (hole-like). It is interesting that Rxyz is predicted to switch to

electron-like at x>0.24. This result underlines the fallacy in interpreting

RH as -1/ne. Such a picture would require a diverging number of holes as x

increased toward 0.24, which converts instantly to a diverging number of

electrons as x increases further. It is also interesting that when the B

field is oriented parallel to the metallic xy layers, the Hall coefficient is

predicted to be electron-like. This helps explain why measurements on

polycrystalline samples24 by different groups have yielded differing signs of."

RH.

In summary, our results show that the biggest puzzle, the origin of the

high Tc, is compatible with p(T) and band theory in a conventional electron-

phonon interpretation in La2CuO4 -based superconductors. This makes the zero

isotope shift of YBa2Cu3O7 all the more puzzling. A new puzzle is exposed,

the absence of saturation in p(T) when a/1 - 1, and a possible resolution is

offered.

, - ]
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Figure Caption

Figure 1. Rigid band calculations of density of states N(eF), Hall coeffi-

cients, and Drude plasma energies of La2.xMxCuO4 versus x, the concentration ,'

of the divalent atom M. Negative x could be achieved by doping with a

quadrivalent atom.
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Table Caption %

Table I. Rigid band calculations as in Fig. 1 at various concentrations x of

divalent atoms.

x 0.00 0.05 0.10 0.15 0.20 unit

N(cF) 16.0 19.2 25.3 28.4 26.6 (state/Ry cell) _J%

3.0 2.7 2.3 2.2 2.2 (107cm/s)

0.32 0.36 0.37 0.41 0.46 (107cm/s)

%0Pxx 3.0 2.9 2.9 2.9 2.8 (eV)

IIPZZ 0.32 0.38 0.47 0.55 0.58 (eV)

Rxyz  46.7 37.8 28.3 18.4 8.4 (10"llm 3/C) •
L'V.'

Ryzx -151. -122. -107. -94. -96. (10"1 1m 3/C) %

0

d 5,

%, "
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High Temperature Superconductors: Electronic Structure Changes due to Replacement of La with Ba "
and Sr in the Cu-0 - based Systems -%

H. KRAKAUER,* W. E. PICKETT, 0. A. PAPACONSTANTOPOULOS, AND L. L. BOYER

*College of William and Mary, Williamsburg, VA 23185

Naval Research Laboratory, Washington, DC 20375-5000

The replacerent of some La in La2 CuO4 witr divalert atoms has been fo.nd to lead to high
temperature superconductivity with Tc30-40 K. These Superconductors have a bct layer perovskite
structure with large anisotropies in their electronic band structure. Using first principles
local density methods applied to both layer perovskite and the related cubic perovskite .'
structures, we find that alloying on the La site leads to large changes in the chemical bonding of
both structures, except near the Fermi level where a rigid band picture is reasonable. Large
changes in the spectral density near the "dopant" atom occurs on both the nearby 0 and Cu atoms,
and is not simply described by a Cu(2,)-Cu(3+) valence change. lhese results are consistent hith % w-.%

recent x-rav' absorption studies by lrdnquada eta). %

1. .O i j is the role of the alkaline earth alloying. Does

The discovery of high tA- ;e-at7re serord ', - this replaceient simly "dope" the sem=coiducting
tivity in rare-earth copper oxides by B dnorz and crtorhanbic ptase, thereby causing it to b-c- e
.luller [1) and the subsent extension of the ietallic, and therefore s4_xconducting? Does
cr;t;cal tamperature (TC) to the 90-100 K range addition of Ba or Sr move the systen away fr-. an
by a large nuber of laboratories has raised electronic instability, and therefore restore a
int-guurng questions regading the origin of the crystal structure w.hich is sipercnc-ting? This
co rq ec-e-anin in these raterials. The point of view has been taken by Mattheiss [7) and

,--:ir--&nt qestions are more fuand&-intal even by Weber [8], w.ho fLd a strong coupling between
t.n-.&- the origin of the pairing interaction, the in-plane Ca-O breathing mode and electronic
hever, since these copper oxides are qualita- states near the Fermi level. Finally, ther is
t-ively different frcm previous high Tc spercon- even the possibility that the divalent cation is
d .:tors. These copper oxides are ceramic which essential to the pairing of electrons, such as
-.n spite of being metallic possess a large degree right result fr= a Cu(2+) to Cu(3-) vale.-e nc.
cf ionic character. As a result, the electronic change or fluctuation._%
sz-racnire and response, the effects of alloying It is such questions as these which have led
a-d the character of the electron-toinion interac- uS to study the influence of Ba on the electronic
tlon ray be qualitatively different frcm conven- structure of La2CuO4. The qcuestion of the
t'..nal s-zpermiuctors, valence change is clear in our calculations: the

electron which is lost when one La atm per urut
2. CE /IC0V OF Th- CA TCS cell is replaced with a Ba atam oures more or

We have used the L-n rized Aurnted Plane less equally from the Cu and the four 0(x,y)
Wave (LAF.W) method (2) to investigate the atcas, that is, it sinmly comes fram the O-Cu
electronic structure of LaZCU0 4 and LABaO= 4 . band crossing the Fermi level. Thus we find no
Since the layer perovskite stricture is a support for the widely discussed Cu(2+1[-<1(3+)
relatively low syretry bt structure and valence change, and this is in a"rea'.ent with the
displays an unusual nixture of ionic and metallic x-ray absorption studies of Trarquada et al. [9]
c aracteristics, it is preferable to use the By coaparing the density of states N(E) of
fully general form for the density and potential La2 CuO4 aid LaBaCtO 4 near the ntmher of el r

wtich we have irple-rrnted in cur LAPW. For the for x=0.0-0.2, we can ascertain whether a rigid r
c-.bic perxyvsktes MCu3, M=:La,Ba, we have used band model is reas-iable for describing the bards
the A ugented Plane Wave mthod in the muffin-tin near EF in La2 _xBax t1 4 . The rigid band picture
aprpzxration. In both sets of calculations the has been invoked without explicit Justification %
Hed-Lr.-idqvist form of local de-sity exchange- by several workers, base. on its sucess (for
correlat'on potental was used. A more complete small alloy concentrations) in many metallic -".-
description of tte methods has been presented systers. In the present raterials, which have a

eswee[3]. high degree of ionic character aid f or whichi the
alloying involves replacing the La3 * ion with a

3. DISsi BaZI ion, t'he rigid band picture rust be suspect.
A s-Topsis of the pheomeriology of the La-02-O 1 Cr results show, however, that near EF this

system is this. The pure :a corpond, whi-ch picture should give a reasonable description of e:
Frobably contains a few percent 0 vacancies, N(E), and therefore apply about eqially well to P ".-
appears from the rise in resistivity at low boith Ba and Sr addit1on5. Well below EF, on the

te-verature to be sernuconduc-ting. Investigation other hard, the spectral density on both te Cu .
of its crystal structure revealed a unit oell- and 0(z) atcm, near the Ba atom is rearranged
doubling distortion to an orthorhiamric structure sibstantially. "These shift-s may procde chAnges
(4). VZ-,en Sr or Ba is rub tituted for lA, in the polarizability of the material -.hich will
hoever, the orthortia-bic distortion is inhibited affect the electronic response, u.ich rould in

(or very nearly so), the material shows metallic turn be irportnt in either phoeonic or ele-

resistance behavior, and it becomes superoordjct- tronic pairing rec2-.&nSsir."
ing at 30-40 K (1,5,6). A central question then
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Figure 1. Band structure of La2CuO4 along several directions, given in units of (na, w,'a, 2'1c),
h112. High symmetry points are labelled at the top.

Using the rigid bard picture, then, we can RENCM
give the barnd theory prediction~ of the affect& of (1] J. G. Bednorz aid K. A. Killer: Z. Phys. B!L4,
varying the Ba (or Sr) oncoentration x. A van (1986) 189.
M ove singularity occurs in the density of statas (2) S.-H. WeIi and H. Krakcauer: Phys. Rev. Lett.
(published previously (3)) at x-0.14, which is 25, (1985)1200, aid refereicm therein.
also very near the concentration at wfirJ the (3) W. E. Pickett, H. Krakcauer, D. A. Papac- -

mbeasuJred Tc is foun to be a raxinn. 7he band stantopoloe aid L. L. Boyer: Phys. Rev. BU,
F, structure along~ several dreon is sho~n in (1987) )OC

Fig. 1, where the pos;tion of the van Have (4) J. D. Jorgensen et al.: Rhys. Rev. Lett. 58,
singularity along the (k,,O,O) direction is (1987)1024.
reflected in the bard which comes within 0.1 eV (1) J. G. Bednorz aid K. A. Huller: Z. Phys. Bk4,
of EF. We find N(EF,c-0.14)-29 St~AtOS/RY-cell, (1986)189.
Compared to N(EFX-O.0)=16 stateS/RY-Cell, which (5) R. 3. Cava, R. B. van Doer, B. Batlcqq. and
leads to an inreaase in the Mct±11an-Hpfield E. A. Rietzuan: Fhys. Rev. Lett. M , (1987)408.

*parametr (one copxonent of the elactr-ponon (6] C. W. Chu, P. H. Hor, R. L. Pleng, L. Gao, Z.
intexacticrl strength) by 20% for the Qu atani aid 3. Huang, aid Y. Q. Wang: Riys. Rev. Lett. .5, p
nearly 50% for the in-plane 0 atam. The Stuies (1987)405. 4
of the electron-ponon CMupling strength aid (7) L. F. M'attheiss: Thys. Rev. Lett. ~

0 result.Yig values of Tc are presented elsewhere in (1987) 1028.
0these proceeings. [8) W. Weber: Phys. Rev. Lett. U, (1987)1371.

(9) J. M. Tmiquada, S. H. Heald, A. Mooeraug
4. AQOaQGJUI'DM and H. Suenaga: Phys. Rev. B25, (1987,%om.
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P Calculations of the Superconducting Properties of CuO0 Based Perovskite-Like Structures

0. A. PAPACO?4STA1470P3)ULOS, W. E. PICKETT, H. KRAK:AUER,* AND L. L. BO3YER

N~aval Research Laboratory, Washington, DC 20375-5000 .A
College of William and Mtary, Williamsburg, VA 23185 r

We h~ve used the results of first principles local density Land structure c& cu).!ions to
cal cul te the F.:wPi 11an- Hcpf ieid parameter n in a series of ordered cubic perov, it,: ind l ayered
perovikite structures of the form MAN Cu~z, %,here M and N are La, Ba, and Cs. We find relati',ely .-

low values of n~ compared to those of Itransition. metal superconductors, but withir a range of soft
oxygen phonon modes the resulting electron-phvnon coupling strength x is large (..-2.5). This
strength appears to be sufficient to explain the high transition temperatures TC-30-40 K in these
raterials within the usual electron- phonon mechanism.

_____r~des assoCia&ted with hydran vibrations have
7!%e recanrt re:-.arkable discoveries ri-4] of bef-r sho.jr to be respzons;Jole for the el'ectronx-

tr&siin tu1eares T. in the ph-no -Jpling (7).

e- sstans. we nestigate * i qiestlon a high DWregion (N(Ey)=3.48 St .ASs/eV/S'p:n) b~t r ~
_- a et-,o uli_ ha ben idg'Ll socesfu Oe t adecrease in <2 the values of 7i, with

:-ne-a:~btr thes_;-,or-izin poprtis f heexception of ncre:-air close to toeo

2. A2O~S k DIS7ZJSSXTJ phsnon ocypling - as follow~s. We frturt
We !..tve pexfo-ned tand strjuture caclatiois; as a s-rr of contribjtiois for the differe-nt%

15: for the systerr La Caz'uO4. with X-O,1 and atac.ic sites, i.e.
y--0. 71his alloy 4s a h~gh t.-pxture srvon-
djct-or for s-.sll val:ues of x and y, with a Z nu
rL.z-r? TC=.40 Y, at x=0.15. We have used the a=+ 10(1
res_.!.ts of the band calcalations and the t~iecz-y K4 _,_
of Gespari and Cyorffy [(I to calcuilate the

V--ofedparameter 7l=N(yFl'<12>. The utere <_2> is an nrs vi. -tioral f reqarey.
val ues of n , tocether w.ith thes average electrorr- Beas we findj that~ na0 and because ,,>M

0 :c:%~ ratlriX iele-,nts <1>are given in Table I for we can write,%
ejazh cz0-po-vent. of the laye-red ccr-pcyds ILa2 CuO 4  n

an-d L.hC'u01 and for the X-=0. 14 r~aterial in the - Ca + (2) N.
r.g-*d tA-xd apprOxirnetiOri. For varonwe have 2 2 2
ai5.3 pezrlornriad sirdilar cal.iations for the cubic clU Cu 0t % *

;*rcvto-ates taCuo 3 , SaCJ01  a-i. CsX0 " the
res.0lts are included in Table I. Frrn Table I wehe average phonds freuenrcies Cu &-id -0 ray .-

be obtainable fran Born-vcii Yarran fits to
note .that N(EF) is significantly larger for thePba - nfortlieLa -iro-rd. H~mvr, i th Ba riejtron sCatterr3 mAsurenents. Ho6ever, sixce

ha hanfo th L C3X).dS X~~e<12 n s.jt' analysis is niot available at presenrt we have-.% .

vc-cx~ -.e ratrix ele.-'eints >x decrease -i h i-piyn sV~nt t:
-cxzcratey for the Cu site a.d susantially for .etesr2:yqa -to tZ.t
z.!e C s.ites.

&-d .12, dosn' _nr prtoiortionally to MU-l . 3,7

in NEr-. Anin facetin on of th at threae to Fe-r.i surface electrons. Trat y -0 as a

'alues of 'nCu an n r fairly close be-.men -xtibl of *;-eter, we hv a calate Tcs

La2CjC) 4 a-rd LaC'ju 4ch sj. oests th'at the Cubic- usnth le)-7-seqain[:
p.-c.sl,.t zutir if stable, irught aso = ~ P 0(. ~

If we rznsde~r the per atcor value of both 1.20.2p
NE)a.rd q i n tes ra.erias it 5---s la,e-re m*=0.1 is the Cojlath pseuj ptent.al the

t.a_, Lley both are significantly M-alusio of te r~ctr f r f r
t-iuceeio of the~osl refctr fe tod as aan e.ee

-crc~ of revousl rerrtor (Al 5ag t , r, *r* irportant for l arge values of x as discussed by
te o(e ad A 5 acor-CkaLi s c ntH et.) drklle-n an-d t>rnes. .

on ~ ~ ~ ~ ~ ~ ~ ~ ~ e th t~ ~da _aoq a edanwt u results f or bioth A and Tc as a function Of V b
pt1D u.'ch has 1J(Er)=O.46 states/eV, npd-0.86!- , 9.1 a.-e sh.,n in Fig. 1 for x-0.0 a-d for X-0.1 4

A 2 ased on a rigid Land riodel eealuaticxi (justified0
)=0. 3 9 aj- d Tc 10 K. In Pd4 so ft ph"ini else,-Itru) of N(EF) wnd n.]
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Table I. Densities of states at IF (states/eV/spin), electron-ion matrix element <12> (eV/A)2 and
McMillan-Hopfield para.reter q (eV/A2) per atom, and the total ," for all 0 atoms in the cell. For the
LaBdCuO4 compound, the La and Ba quantities have been averaged. - ,

La2CuO4  La1.8 Bao 14Cu04 LaBaCuO4  LaCuO3  BaCu03  CsCu0 3

N(EF) 0.62 1.08 1.85 0.71 1.35 3.48

'c12)>LaBa,Cs 0.0 0.006 0.07 0.0 0.009 0.14

<12>Cu 1.00 0.69 0.59 1.25 1.22 0.24 " -

<1%>, 1.16 0.94 0.17 0.68 0.4 0.15

<12>0z 0.06 0.10 0.13 %

"La,BaCs 0.0 0.006 0.12 0.0 0.012 0.49

Cu 0.62 0.74 1.08 0.89 1.65 0 82 '*' ,

IOy 0. 72 1.00 0.32 0.48 0.60 0.51

00.04 0.10 0.24 .z d
1tot 1.52 2 20 1.12 1.44 1.80 1.53 ,
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PREDICTION OF ANISOTROPIC THERMOPOWER OF La2.xMxCuO4

Philip B. Allen,* Warren E. Pickett, and Henry Krakauer**

Condensed Matter Physics Branch, Naval Research Laboratory, %

Washington, DC 20375-5000, *Department of Physics, State
University of New York, Stony Brook. NY 11794-3800,
**Department of Physics, College of William and Mary, 4Y,

Williamsburg, VA 23185

INTRODUCTION

The thermopower tensor S (T) of a tetragonal or orthorhombic crystal
is diagonal in the crystallographic axes and equals, according to

-S, Boltzmann theory1  %

S..(T) e a .df) (L-) /fdt._(.! ) a.

0,(t) - e2 N() v2()r(c) (2)

where N(t), va 2(,), and r(i) are the density of states, mean square
velocity (a-component) and scattering lifetime, averaged for states with "
energy . If a Sommerfeld expansion of oa(t) is valid, the integrals in
Eq. (1) yield a result linear in T and proportional to 0' (p)/°e()
However, the integrands in Eq. (1) do not become vanishingly small until
±lOkBT-.O2Ry (at 300K) above and below 'F, so the Sommerfeld expansion
fails and S is not linear.

We have used the band structure of Pickett et al. 2 and the rigid band

approximation to calculate Sxx(T) and Sz(T) for La2.xMxCuO4 where M is
Ca,Sr, or Ba. The values of N(e) and v, 2 ( c) come directly from the
calculated eigenvalue spectrum, whereas r(t) requires an additional
calculation. If electron-phonon scattering dominates (which provides a ,,.' -.
reasonable and conservative explanation3  for the measured pa,(T) in
samples with linear T-dependence and rrra4) then r(C) is given by .5

1/r(C) - 2pr.(c)kBT/h (3)

and X(e) can be approximated by Z q (C)/M <&2> where q (C) has already

been calculated2 in the rigid muffd' tAn mogel. Alternafely. if impurity t"
scattering dominates, one might assume 1/r(e) a N(t), or possibly 1/r(t) -

const. The resulrs for o,,(e) and Saa(T) for all three models are shown-
in Figs. I and 2. All three models predict moderately large positive
("hole-like") behavior of Szz and smaller, negative ("electron-like")
behavior of Sxx. In polycrystalline samples, Maeno er al. 4 have reported
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a positive and nearly T-independent S(T) 25pV/K at x-0.15 and T-300 K.
We find a fairly weak x-dependence of S, as shown in Table I. It is

amusing that the "sign of the carriers" predicted in our thermopower %
calculation switches depending on crystallographic orientation, just as
our prediction of the Hall tensor,3 but in an opposite way: the Hall
coefficient is "hole-like" if the orbits are in the xy plane, whereas Sxx

- Sy is "electron-like'.

% %
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Table I. Thermopower (in pV/K) at 300 and 600 K for various
concentrations x (the crystal structure is assumed tetragonal
K2NiF 4 -type; the scattering rate 1/r is taken proportional
to Z na/Ma).

' X Sxx(30OK) Sx(600K) Szz(300K) Szz(600K)

0.00 -15. -20. 59. Ill.
0.05 -17. -19. 61. 105.
0.10 -15. -14. 60. 97.
0.15 - 6. - 7. 57. 87.
0.20 6. 1. 50. 76.
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CHARACTER OF STATES NEAR THE FERMI LEVEL IN YBa 2Cu 3O7

H. Krakauer* and W. E. Pickett**

*College of William and Mary, Williamsburg, VA 23185

**Condensed Matter Physics Branch, Naval Research
Laboratory, Washington, DC 20375-5000

INTRODUCTION 0

The discover of very high temperature superconductivity in copper ". ,
oxide materials1 ' raises a number of fundamental questions. Many of
these are related to the fact that these oxides are qualitatively dif- %

ferent than nearly all other high temperature superconductors (they are N

similar in some ways to the Ba-(Pb-Bi)-O system). Preparation requires
techniques which are used in the preparation of ceramics, and their
properties are similar to many ceramics - brittle rather than malleable,
strongly tending to crack rather than bend. Yet, at high temperature they
show conductivity characteristic of low density of states metals, and
become superconducting in the range Tc - 30-100 K.

Band structure calculations3-5 indicate these materials are metals 4%%.P
with bands crossing the Fermi level which have Cu-0 d-p character. They
are relatively broad bands, nearly 10 eV wide, which arise from the strong
Cu-O overlap due to Lheir small separation. In the La-Ba-Cu-O system the
bands at EF are dpo antibonding bands, and several studies3'5'6 have shown
that these states are strongly modulated by the relative motion of the
atoms, that is, there is a strong electron-phonon interaction (EPI)
These studies and others7 indicate that the EPI is strong enough to
account for the observed Tc - 30-45 K in this system.

In the YBa 2Cu 3O7 system (including materials obtained by the replace-
ment of Y by a number of rare earth elements), there are several indica-
tions that the EPI may not be responsible for the superconductivity. The
high values of Tc, in the 90-100 K range2 , alone are enough to suggest
that a novel mechanism is responsible, and recently two laboratories 8 9

have found no detectable dependence of Tc on the mass of oxygen. The
replacement of Y by a number of rare earth elements which have masses up
to twice as large and Tc over 90 K also suggests that superconductivity is

independent of the mass of the trivalent atom in this structure Prelim-"

inary studies tO of the calculated EPI in thiks material (using the rigid
atom approximation) also suggests it is no larger than that in the
La-(Ba,Sr)-Cu-0 system.
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Whatever the mechanism giving rise to superconductivity in YBa 2Cu 3O 7 , "

there seems to be little doubt that it is due to pairing of electron
states at the Fermi level EF. Therefore it is of central interest to
investigate the character of the states at and near EF and their energy-
and real-space distribution. In this paper we present results of detailed

Linearized Augmented Plane Wave calculations of these properties.

CALCULATIONAL RESULTS

The atomic geometry of YBa 2 Cu3O7 has been determined by several
groups.1 1 The unit cell is orthorhombic with space group Pmmm, containing
one formula unit per unit cell. The structure can be pictured as a defect
perovskite structure, with a superlattice-like ordering of the Y and two

Ba atoms along the c direction serving to define the unit cell. In
addition, the oxygen atom is missing from the Y layer, and in the Cu-O

layer sandwiched between the Ba planes one of the two oxygen atoms is
missing. The structure then consists of the Y and two symmetry-related Ba

atoms, Cu(l) and O(1) atoms in the Cu-O chain with 0(4) oxygen atoms above

and below the Cu(l) atom, and two Cu-O corrugated planes with Cu(2), 0(2) ,'" ,

and 0(3) atoms in each. We find that, although the interactions between . %
the two planes and between the planes and the chains are small, they are

larger than the interactions between the Cu-O planes in the La2 CuO 4

system.

The details of the calculations will be given elsewhere. We note

here only that although this material has a very large unit cell with low

symmetry, we have carried out very well converged calculations. The
charge density and potential were expanded in the interstitial region in

14600 planes waves and inside the inscribed spheres around each atom in
lattice harmonics through 1-12. The secular equation dimension was about p

850. The densities of states and band structure plots given below were 1-.

obtained from disciplined Fourier series representations based on 165

first-principles points in the irreducible zone. The present calculations
are much more highly converged than those of Mattheiss and Hamann1 2 (who

used a geometry which has since been shown to be incorrect) and are also
more extensive than those of Massidda er al 13

The density of -tates (DOS) of YBa 2Cu3O7 is shown in Fig. 1. The A

same DOS is also shuwn on an expanded scale in Fig. 2 for energies within
0.4 eV of the Fermi energy. The values of the projected DOS at EF are

summarized in Table I and compared to those of La2x(BaSr)xCuO4. Among

the notable features seen in Figs. I and 2 is the nearly identical
character of the 0(2) and 0(3) DOS, reflecting the nearly identical

chemical environment of these two atoms due to the small size of the
orthorhombic distortion. By contrast, the spectral weight of the 0(1) and

0( .) atoms is shifted to higher energies, and at EF, the DOS of the 0(l)

and 0(4) atoms is more than twice as large as that of the 0(2) and 0(3)
atoms and comparable to that of the Cu atoms. The linear chain Cu(l) atom

is four-fold planar coordinated with the O(1) (along the b axis) and 0(4)

(along the c-axis) atoms, and this accounts for the overall similarity of

the spectral densities of the O(1) and 0(4) atoms. There is a sharp peak

0 C eV below EF on the 0(l) atom and, slightly reduced, also on the 0(4) ?. .
atom EF itself falls on a rather smooth region of spectral density.

The DOS at the Fermi energy N(EF) of the 0(l) and 0(4) atoms is much "

larger than that of the 0 atoms in the La-Ba-Cu-O compounds. For the

ideal compounds (6-0 and x-O in Table I), the DOS of the 0() and 0(4)
aorrs is more than four times larger than on the O(x,y) atom in La2C- 4

Highest Tc's have been achieved in Y-Ba-Cu-O compouT ds with oxygen
vacancies as low as 6-0 03, 1 4 while x-O 15 seems to yield the highest Tc
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in the La-Sr based systems. For these compounds, the rigid band values in
Table I still give O(1) and 0(4) N(EF)'s which are more than twice as
large as that on that on the La-(BaSr)-Cu-O compound. Furthermore, N(EF)
on the Cu, O(1) and 0(4) atoms are more nearly comparable to each other
than are those in the La-based compounds.

The "rigid band" values presented in Table I have been determined
using the standard procedure whereby the oxygen is assigned the nominal
02, character, and the creation of an oxygen vacancy implies the loss of 6
0 p states below EF while the removal of the neutral 0 atom subtracts only
4 p electrons. Thus the creation of 6 0 vacancies provides 26 extra
electrons for the band states above EF. This picture is certainly not
strictly correct when O-related bands cross EF , both because the 02.
designation is not correct and because the 0 p states which are removed in

forming the vacancy do not lie entirely below EF. Other problems with the
rigid band model for oxygen vacancies are discussed in the next section.
On the other hand, the rigid band model should be more appropriate for
substitutional fluorine in place of oxygen.1 5  For the Tc-150 K compound
in Ref. 15. YBa 2Cu 3F2Oy (assuming the same structure and y-5) this would
increase EF by about I eV into a region of reduced N(EF). -- ,

The band structures near EF are shown in Figs. 3 and 4. Since it is
essential to identify the contributions of the chains and the planes

separately, the bands which are strongly associated with the chains, that
is, the Cu(l), O(i) and 0(4) atoms, are emphasized in Fig. 3. In Fig. 4
the bands associated with the layers, comprised of the Cu(2), 0(2) and
0(3) atoms, are emphasized. There are four bands which cross EF (numbers
33 to 36. to accommodate the 68 electrons per unit cell). The layers give

rise to two of the bands crossing EF, corresponding to one band for each
layer. These bands are similar to those crossing EF in La2 CuO 4 , but
differ here in that they are not precisely half filled. The Cu-O chain

gives rise to one steep band crossing EF, which is strongly dispersing
only in the chain direction, that is, along X-S and F-Y. In addition
there is a flat chain-related band just at EF alon the Y-S direction.
Here we show the bands only in the kz-O plane, but there is some small but

important dispersion along the c direction which will be discussed
elsewhere.

From Fig. 2 the peak in N(EF) 0.1 eV below EF is seen to be as-
sociated solely with the chain-related O(l) and 0(4) atoms, and does not

show up at all on the Cu(l) chain atom. Therefore this peak arises from
states which lie along the chain but avoid the Cu(l) atom, and apparently
relating primarily to O(l)-O(4) ppo interactions. Figures 3 and 4 show
there are mostly chain derived states, rather than layer-derived, within
0.5 eV below EF, and the peak is associated with the flat portion of the ,

uppermost filled band midway between r and S.

DISCUSSION

Th- presence of a more complex unit cell here than in the La2CuO 4
compound leads to bands which are not half filled and have more complex
Fermi surfaces. The chain-related bands crossing EF may lead to qualita- bo

tively new processes related to its strong one-dimensional character, and
due to the two dimensional planes and one dimensional chains the elec-
tronic properties have strongly anisotropic character in all three
directions.
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p

In the La-(Ba,Sr)-Cu-O system we have shown that a rigid band model "*
should be realistic for moderate (15-20%) substitutions of La. In the
present system one would expect because of the similarity of the materials
that a rigid band model should also work for substitution of Y on Ba
sites, and vice versa. The results given in Table I should be applicable P
for this case, although substantial variation away from the Y:Ba ratio of
1:2 leads to the formation of other phases. 2  One is tempted to apply a
rigid band model to the case of oxygen vacancies (which occur on the O(1) * 4
sites along the Cu-O chains under non-optimum conditions), but caution is
necessary in this situation. The change in the on-site potential due to
the removal of an oxygen atom is drastic, and several possibilities arise.
The extra electrons originally on the 0 ion when the neutral 0 atom is
removed may go equally into the bands crossing EF, but they may also
perhaps remain in part on the empty site, stabilized by the Madelung
potential as in the F-center in ionic oxides. Not only is the on-site "
change in potential large, which will alter the band structure, but the

coordination of the neighboring copper atoms decreases from 4 to 3. As a "

result, oxygen vacancies will result in both a change in the Cu(l) states
as well as a disruption of the one-dimensional chain structure. I

It is evident that the disruption of the chain, such as by the
removal or displacement of an 0(l) atom, can have serious consequences for
transport properties if the one dimensionality is strong, because an ,

electron cannot avoid a defect in one dimension. If, as seems to be the ,
case in La2CuO4 , that the Cu has a tendency to become magnetic, the N
lowering of its coordination will suppress the banding of the d-states and I
enhance magnetic tendencies. [Vacancies are a necessary precondition of
the antiferromagnetic state in La2 CuO4 .] Although there have been studies
in YBa2 Cu3 O 7T 8 of the effects of oxygen vacancies, from near 6-o to 6-1
per formula unit, no magnetic transitions have been reported. It has been
found, however, that superconductivity is strongly depressed as 6 is

increased, and a metal-to-insulator transition occurs at 6-0.5. Such a -a

transition is not predicted by the rigid band model, again suggesting it
is not applicable in describing oxygen defect compounds.

This work has been supported by the National Science Foundation (NSF) . -

Grant No. DMR-84-16046 and the Office of Naval Research Contract No.
N0OOO4-84-WR-24055. Computing was done under the auspices of the NSF at

the supercomputing centers at Cornell University and at the University of

Pittsburgh, as well as the Naval Research Laboratory. p
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Ark.

TABLE I. Comparison of Fermi level densities of states N(EF)(in states %
/eV-atom). Also shown are rigid band values of N(EF) cor- %
responding to oxygen vacancies in Y-Ba-Cu-0 and alloying with Sr
or Ba in La-Cu-0.

YBa2 Cu307 .6  %

EF(Ry) EF(eV) 6 holes N(E) Cu(l) Cu(2) Cu-avg 0(l) 0(4) 0(2) 0(3) 16

.4412 .000 .00 .00 4.78 .352 .602 .519 .518 .452 .175 .175 0

.4446 .047 .10 -.20 3.77 .316 .571 .486 .319 .246 .171 .168

.4490 .107 .20 -.40 3.02 .257 .501 .420 .195 .155 .155 .152

.4542 .177 .30 -.60 2.62 .229 .451 .377 143 .117 .143 .141

La2 .xSrxCu04

EF(Ry) EF(eV) x elect N(E) Cu O(z) O(x.y) 0

.5590 .000 .00 .00 1.24 .540 .039 .113 " '

.5530 -.082 .14 -.14 2.03 1.045 .108 .181 ,
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EFFECT OF LOW DIMENSIONALITY ON THE '

PARAMETERS OF HIGH T¢ SUPERCONDCUTORSC, %

V.Z Kresin

Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory, University of California, Berkeley.
CA 94720, U.S.A.

S.A. Wolf
Naval Research Laboratory Washington, DC Ahbi-r*

A method of determining the values of main parameters
such as the effective mass, the Fermi energy, and the, %
coherence length for the new high Tc superconductors is > ".-.
developed. The method is based on specific heat data.
The new Tc materials are low dimensional systems and
this feature plays a crucial role in the analysis. The
parameters are calculated for La _XSr CuO4, x=0.2.
Particularly interesting is the small value of the Fermi S
energy. %

1. INTRODUCTION 2. THEORY

Since the recent discovery of very high transition 2.1. 2D case
temperature superconducting ceramics 'V there has been
great activity associated with characterizing these materi- Consider a model containing 2D sheets. Each of
als. In order to carry this analysis forward one must be them contains a 2D Fermi gas of carers. There are a
sure to take into account the dimensionality of the car- small number of interlayer transitions which are impor- .,
rers that are a consequence of the constraints of the tant if we are concerned with 2D fluctuations. But for
structure. In the course of determining the structure and our present purpose we can consider isolated 2D subsys-
affects of the structure on superconductivity it has been tems. Superconducting pairing occurs between two dec-
concluded that these superconducting oxides are lower trons (or holes) belonging to the same sheet. The energy
dimensional systems. In fact. the superconductors based in the normal state is equal to:
on the KZNiF 4 structure such as La, _Sr CuO, (x =. 2) are E ..' *f ,
highly two dimensional,2 while those based on the E f (It f,."),
YBaCu30. structure contain one dimensional chains.3,  w e..(.)2-s

This paper is therefore concerned with the determination where 0. V I 
2D 

, V
2D - 2(dp dp/dt,)., (2v h)-- is the

of the materials parameters when the dimensionality is 2D density of states (DOS). 5, is the area, 0
reduced. Expressions for effective mass, Fermi energy, f,- exp(-( ,- F)/T " )- 1 - , is the Fermi level for-

the i-th sheet: the summation in (1) is taken over all 2DFermi velocity and coherence length will be derived for sheet the ase n be itten in the" ~sheets. The DOS in the 2D case can be written in the" -
both one and two dimensional systems.

. We will attempt to evaluate many of the materials form

parameters based on some recent experimental data. ' V, 2 - m, (2,r h 2)' (2)
Since man% of the important parameters can be estimated where m, is the effective mass defined bv the relation: S
using only structural information and knowledge of the
Sommerfeld constant -. the most reliable source for this m, - f dlv: here v, = d ,/ap and the integration is over
constant is electronic heat capacit, measurements. For the Fermi curve. For a simple quadratic dispersion rela-
isotropic superconductors. -I can be estimated from the lion m, = p, v,. Calculating the energy with the use of the
slope of the upper critical field Hc, at T a However for expression E - E0  6o o/aF (kBT). we arrive at the '-
pol.crstalline samples containing anisotropic crystals following expression for the specific heat: C =-T. where
this is not ver% reliable. In this paper we focus on the k

determination of the main parameters from the expert- W - (v,3 h ) ki S, m, (3)
mental data on heat capacit.

Consider the case when all the 2D sheets are
The paper consists of two parts In Sec. 2 the equisalent and equidistant Then we obtain

expressions allowing us to determine the parameters
directls from heat capacit. measurements will be derived ( V iT 3 Mi mk a erg K cm3  (4)

We considered both the 2D and I D cases. It ill be Here a is the inierlaer distance. m' m, ke is the 0
shown that the parameters are %er sensitie to the Boltzmann's constant It is essential that in the 2D case -
dimensionalit%. and the anal.sis should be carried out in does not depend on the electron concentration The
a consistent %wax set of parameters for the La-Sr-(u-O situation is entire, different in the ID (see below) and "'
sxstem is obtained Sec 3). 3) cases
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The quantity - can be measured experimentally; 5 X 1021 cm-'. For the purpose of an estimate, we can

then the effective mass can be determined directly from put -v = 10 mJ/mole K2, n 5 I I cm - 3.
the equation The effective mass m" can be calculated with the use

m* - (3 0/i kof Eq. (5); a - 6.6 A 121. Then we obtain m z,5.5 in-,
The value of prF can be calculated with the use of Eq. (6).

We will use this expression in order to evaluate m" and we obtain pr - 5 X 10
-

2 g--cm/sec. It is interesting Lz

for the La-Sr-Cu-O system (see Sec. 3). to note that despite the relatively small value of n, the •
We have noted that -y for a 2D system does not value of pr is close to that in some metals. This is due to

depend on the carrier concentration. The latter affects the 2D structure of the material. The Fermi energy is
noticeably the Fermi momentum which is equal to (see small - 0.15 eV. because of the large value of m'. %
e.g.. ref. [9]): Superconductivity in materials with such a small .' -

- (2v N,) / A h (6) Fermi energy is quite unusual. The fact that E and the
N" energy gap are comparible is unprecedented. The small

where N, is the surface concentration. In our case value of EF might have a strong impact on lattice instabil- .

N, - na, where n is the usual volume concentration. The ity. This problem will be discussed in detail elsewhere. -%
values of the Fermi energy #F - pJ/2m" and the Fermi The Fermi velocity is equal to vF = 8 X 106 cm/sec,
velocity can be evaluated with the use of Eqs. (5), (6). and the coherence length to - A vF/21kTc appears to be
Then the coherence length 1o - (h vF/2wlkTc) can be also about 25 A.
calculated (see below. Sec. 3). We have estimated the parameters by putting y 10 -

m/mole K2, n - 5 x 1 0 21 cm - 3. It is important to stress

2.2. ID case that the exact values of the parameters can be obtained
from Eq. (5); their accuracy can be improved with more -

Consider the model which is a set of ID channels precise measurements of -y and n. .

(lines). The energy can be described by Eq. (1) with the A detailed analysis has been carried out in '51; the
substitution ,,2D.. VID. where 1,D is DOS in the ID case. magnetic field dependence of the specific heat was stu-
As a result we obtain the following expression for -f: died. According to [51, the value of -y is within the inter- ,

k val 6.5 mi/mole K2 < y < 8.5 mJ/mole K2 (the spread is
- (r/12 A) ki I, v- ; (7) due to the uncertainty in the value of Hd which deter-

mines the amount of the normal phase present). A close ,
where I, is the length of the i-th line. If all lines are value of -y was obtained in [6] by a different method. The
equivalent, we obtain: parameter values obtained from Eq. (5) with y 7.5

-Y - (r/12 h) kia-2 v - . (8) mi/mole K2 and n - 3 X 10' cm - ' are given in thetable. *., ,,'

Here a- 2 is the number of lines per unit area. Note that Recently heat capacity measurements for Y Ba, S

in the ID case the Fermi momentum is equal to (see e.g. Cu 3 0 were carried out in 1121. If superconductivity in
Ref. 9) pr - 2r h NL. where NL is the linear carrier con- this material is confined to ID chains only (this problem
centration. is still unresolved), then one can show with the use of

Consider the special case when the system is a com- Eqs. (9) and (10) that one is also dealing with a very
bination of 2D and ID structures (probably, it is related unusual system with a large m and small y This prob-
to Y, Ba2 Cu3 0, structures, see Ref. 3.4). Namely, the lem will be discussed in detail elsewhere. Thsp"

system is layered, similar to the case studied in p.]. but w

each layer consist of a set of I D parallel chains. In this ..

case.
(9)4. CONCLUSIONpr - 2w nab(

where b is the distance between neighboring chains The values of the parameters depend strongly on the
(within one layer). The effective mass is described by the dimensionality of the system. The new high Tc supercon- -"
expression ductors are low dimensional materials and the evaluation S
m" t2( k- 1 ab)2 "• (t0) of the pararmeters should be carned out with considerable

care. In many instances, 3D expressions have alread.
been used. leading to incorrect results. In this paper we

3. THE PARAMETERS OF THE La-Sr-Cu-O SYSTEM denved the expressions for such parameters as m*.
Pr. VF. eF and to based on specific heat data. We calculated

Eqs. (5) and (6) can be used in order to calculate the the values of the parameters for La,_ SrCuO,. x - 0.2.
main parameters of high T, 2D superconductors. In this In particular. we would like to stress the small value off
section we apply the method described in Sec. 2 for a cal- the Fermi energy. The low dimensionalit. plays a crucial
culation of the parameters for La2_,Sr,CuO,. x 0.2. role in this analvsis.
Our method is based on the heat capacity measurements.
These measurements are difficult because of a large lattice
contribution. The experiments have been camed out b%
seseral groups' b. %anous methods. Different values of 4cknovledgmnent-s -- The authors are grateful to Prof. A.

- have been reported. For example. according to refs. StacN for a valuable discussion. This work was supported -
5.6 -, 75 mJ'mole K2. The value - 12 mJ/mole K in part b the Office of L' S Naval Research under Con-
was obtained in 7. The value n depends on the qualit. tract No N00014-86-FOO15 and carmed out at the %I
of the sample. on the concentration x. according to exper- Lawrence Berkele. Laborator\ under contract No. DE-
imental da,a' ° ' n is %ithin the interval 10" cm - < n < AC03-76SF00098"
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Table 
Ir

Parameters for La 2_ CuO4 0

m °
vPM prF V FN

4 m 3.7 x 10 - gm X cm/sec 0.12 eV 9.25 x I0' cm/sec 23.5 A

p 

I-

REFERENCES 8. T. Orlando et al. Phys. Rev. B35, 5347 (1987).
9. V. Kresin, Phys. Rev. B25, 157 (1982); B34, 7587

1. J. Bednorz and K. Mller. Z. Phys. B66, 189 (1986). (1986).
2. M. Tahagi et al. Jpn. J. Appl. Phys. 26, L123 (1987). 10. A. Panson et al. Appl. Phys. Lett. 50. 1104 (1987);
3. F. Beech et al. (prepnnt). M. Tonouchi et al. Jpn. J. of Appl. Phys. 26 L519
4. L. Toth et al. Phys. Rev. Lett. (submitted). (1987); N. Ong et al. (prepnnt).
5. N. Phillips ei al. (preprint). .-a . 5 9
6. B. Batlogg et al. Phys. Rev. B35, 5340 (1987). I1. W. Kwok et al. Phys. Rev. 835. 5343 (1987); S.
7. S. Tanaka et al. Proc. of MRS meeting (Anaheim, i

Uchida et al. Jpn. J. of Apph Phys. 26, L443 (1987). -s

1987; in press). 12. H. Junod et al. (preprint). .

- %

%'%

%'

.* %

5.0

163
-, 

-



PARAMETERS AND EXOTIC PROPERTIES OF HIGH Tc SUPERCONDCUTORS

V.Z. Kresin
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University of California
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S.A. Wolf
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Washington, DC 20375

ABSTRACT

A method of determining the values of main parameters such as the
effective mass, the Fermi energy, and the coherence length for the new
high Tc superconductors is developed. The method is based on specific
heat data. The new Tc materials are low dimensional systems and this
feature plays a crucial role in the analysis. Particularly interesting is 5
the small value of the Fermi energy. The result of the analysis shows
that we are dealing with unusual systems. Energy gap appears to be com-

N.i parable with EF, and the coherence length is small. Contrary to the usual
case, the large fraction of carriers is paired.

INTRODUCTION

Since the recent discovery of very high transition temperature super-
conducting ceramics[l] there has been great activity associated with
characterizing these materials. In order to carry this analysis forward
one must be sure to take into account the dimensionality of the carriers
that are a consequence of the constraints of the structure. In the course
of determining the structure and affects of the structure on superconduc-
tivity it has been concluded that these superconducting oxides are lower
dimensional systems. In fact, the superconductors based on the KiNiF4
structure such as La2xSrxCuO4 (x - 2) are highly two dimensional. 2i while
those based on the YIBa2Cu3O 7 structure contain one dimensional
chains.[3' 4] This paper is therefore concerned with the determination of
the materials parameters when the dimensionality is reduced. Expressions -.

for effective mass, Fermi energy, Fermi velocity and coherence length will %
be derived for both one and two dimensional systems.

We will attempt to evaluate many of the materials parameters based on 0
some recent experimental data.( 5 "7 ] Since many of the important parame-
ters can be estimated using only structural information and knowledge of
the Sommerfeld constant 7, the most reliable source for this constant is
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electronic heat capacity measurements. For isotropic superconductors,
can be estimated from the slope of the upper critical field Hc2 at Tc. [ i

However for polycrystalline samples containing anisotropic crystals this
is not very reliable. In this paper we focus on the determination of the
main parameters from the experimental data on heat capacity. It will be '_

shown that we are dealing with an exotic system with unusual properties.

The paper consists of two parts. In Sec. 2 the expressions allowing
us to determine the parameters directly from heat capacity measurements
will be derived. We considered both the 2D and 1D cases. It will be
shown that the parameters are very sensitive to the dimensionality, and
the analysis should be carried out in a consistent way. A set of parame-
ters for the La-Sr-Cu-O and Y-Ba-Cu-O systems is obtained (Sec. 3).

THEORY

2D Case

Consider a model containing 2D sheets. Each of them contains a 2D
Fermi gas of carriers. There are a small number of interlayer transi-
tions which are important if we are concerned with 2D fluctuations. But

for our present purpose we can consider isolated 2D subsystems. Supercon- .
ducting pairing occurs between two electrons (or holes) belonging to the
same sheet. The energy in the normal state is equal to:

E - f *i fi (d)

2D 2D 2 (2A 2

where e " Vi iD, i - 2(dPxd d'd')SI (2w A) is the 2D density

of states (DOS), S is the area, f - [exp (- (ei - (Fi)/T + 1)]-, eFi is

the Fermi level for the i-th sheet; the summation in (1) is taken over all S,

2D sheets. The DOS in the 2D case can be written in the form

2D 2 -l"(2)
V - mi (2 A (2)

where mi is the effective mass defined by the relation: mi - f dlv here

v- de/aPi and the integration is over the Fermi curve. For a simple

quadratic dispersion relation mI - Pi/Vt. Calc lating the energy with the .
(T)2 "4.. !

use of the expression E - E0 + (801i)F (kBT) , we arrive at the fol- -'
i

lowing expression for the specific heat: C - 7T, where

-(w/3 A ) Sm. (3)i-1 -:. ,''

Consider the case when all the 2D sheets are equivalent and equidis-
tant. Then we obtain

r - (u/3 )m* kB a erg/K cm 3 (4) .-

Here a is the interlayer distance, m - mi , k is the Boltzmann's con- .4

stant. It is essential that in the 2D case 7 does not depend on the elec-
tron concentration. The situation is entirely different in the ID (see
below) and 3D cases.

The quantity 7 can be measured experimentally; then the effective "

mass can be determined directly from the equation
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- 3 A 2/f) k- 2  a 7 
(5)

We will use this expression in order to evaluate a for the La-Sr-
Cu-O system (see Sec. 3).

We have noted that 7 for a 2D system does not depend 
on the carrier

concentration. The latter affects noticeably the Fermi momentum which is

equal to (see e.g., ref. [9]):

F"(2* Ns / 2 , (6) -- '

where N is he surface concentration. In our case N - na, where n is _/

*the usul volume concentration. The values of the Fermi energy cF~2 *
PF/2m and the Fermi velocity can be evaluated with the use of Eqs. (5),

(6). Then the coherence length o - (A V,/ 21kTc) can be also calculated
(see below, Sec. 3). i /

1D Case

Consider the model which is a set of ID channels (lines). The energy "
2D ID D

can be described by Eq. (1) with the substitution v 2D , where 1 is

DOS in the ID case. As a result we obtain the following expression for 1: %

2 k7"(*/12 h) k B  1i l v l ; Z7""

i
%

'

where 1i is the length of the i-th line. If all lines are equivalent, we
obtain:

2 -2 -1 J-
- (x/12 A) kB a vF (8)

Hee-2
Here a is the number of lines per unit area. Note that in the ID case
the Fermi momentum is equal to (see e.g. Ref. 9) pF - 2w h N where NL  ?.
is the linear carrier concentration. L' L

Consider the special case when the system is a combination of 2D and
ID structures (probably, it is related to Y1 Ba2 Cu3 07 structures, see ,

Ref. 3,4). Namely, the system is layered, similar to the case studied in
p.1, but each layer consist of a sct of 1D parallel chains. In this case,

PF - 2r hnab (9)

where b is the distance between neighboring chains (within one layer).
The effective mass is described by the expression

m* -12(11 - b)2

m kB ab) n y . (10)

THE PARAMETERS OF THE La-Sr-Cu-O AND Y-Ba-Cu-O SYSTEM

Eqs. (5) and (6) can be used in order to calculate the main parame-
ters of high T 2D superconductors. In this section we apply the method
described in Sec. 2 for a calculation of the parameters for La2 xSr C

x - 0.2. Our method is based on the heat capacity measurements These •
measurements are difficult because of a large lattice contribution. The
experiments have been carried out by several groups[ 5 "7 1 by various
methods. Different values of 7 have been reported. For example, accord-

2 2ing to refs. [5,6] 7 7.5 mJ/mole K . The value y 12 mJ/mole K was
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obtained in (7]. The value n depends on the quality of the sample, on the
concentration x; according to experimental data 10-ll] n is within the

interval 1021 cm- 3 < n < 5 x 1021 cm- 3. For the purpose of an estimate,

we can put 7 - 10 mJ/mole K 2, n - 5 x 1021 cm- 3.
.

The effective mass m con be calculated with the use of Eq. (5); a - . _
6.6 A (2]. Then we obtain . - 5.5 me. The value of pF can be calculated

with the use of Eq. (6), and we obtain - 5 x 1020 g-cm/sec. It is
interesting to note that despite the relatively small value of n, the
value of pF is close to that in some metals. This is due to the 2D struc-
ture of the mateiial. The Fermi energy is small - 0.15 eV, because of the
large value of a

Superconductivity in materials with such a small Fermi energy is
quite unusual. The fact that E and the energy gap a are comparible is
unprecedented. The small value-of EF might have a strong impact on lat- ,.

tice instability. This problem will be discussed in detail elsewhere. *

6
The Fermi velocity is equal to vF 8 x 10 cm/sec, and the coherence ",

length v /21kTc appears to be about 25 A. .

We have estimated the parameters by putting 7 1 10 mJ/mole K2 ,

n - 5 x 102 cm- 3 . It is important to stress that the exact values of the '

parameters can be obtained from Eq. (5); their accuracy can be improved
with more precise measurements of 7 and n.

A detailed analysis has been carried out in [5]; the magnetic field
dependence of the specific heat was studied. According to [5] the value
of y is within the interval 6.5 mJ/mole K2 < y < 8.5 mJ/mole K (the : .

spread is due to the uncertainty in the value of Hc2 which determines the
amount of the normal phase present). A close value of 7 was obtained in
[6] by a different method. The parameter values obtained from Eq. (5)
with -7.5 mJ/mole K2 and n -3 x 1021 cm- 3 are given in the table.

The measurements of heat capacity for YI Ba2 Cu3 07 have been per- .

formed [13,14]. Our analysis in this case is based on Eqs. (9), (10). We I
use the values I = 20 mJ/mole K2 [13], n 5 x 1021 cm- . The obtained
values of parameters are presented in the table.

CONCLUSION

I
The values of the parameters depend strongly on the dimensionality of .

the system. The new high T superconductors are low dimensional materials
and the evaluation of the parameters should be carried out with consider-
able care. In many instances, 3D expressions have already been used,
leading to incorrect results. In this paper we derived the expressions
for such parameters as m , p, vF , eF and o based on specific heat data.
We calculated the values of he parameters. In particular, we would like
to stress the small value of the Fermi energy. The low dimensionality '.'

plays a crucial role in this analysis.

We would like to stress two important results. First of all, the
ratio A/Tc is much larger than for conventional superconductors. It means -*% "
that a large fraction of carriers in the new materials are paired. Note I

that the expression o A v (2T is valid, if A << e (see, e.g.
o F cF

[15]). The smallness of the coherence length also makes the systems
unique.
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p al.Sro2CuO - •u 3.7 x 0 2  mxc/e .2eV 9.25:x10 c:/:s 23.5 A

AV~pestB( " snot applicable for this case for such small Fand.-

such lare T
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COMPLEX HAMILTONIANS: COMMON FEATURES OF

MECHANISMS FOR HIGH-T AND SLOW RELAXATION

K.L Ngi, .W.Rendel. and A.R. Rajagopal

Naval Research Laboratory
Washington, D.C. 20375-5000, USA

INTRODUCTION -0

Tedi coveries ofthe new ceramic superconductors La2 A CuO and
YBa Cu 0 with T of about 40K and 90K respectively have given aew

23 7- xc
impetus to the discussions of high-T mechanisms. The specific mechanism
by which electrons lower their energy by pairing in these superconducting
ceramics is at issue. Conventional lattice vibration mechanisms nay be
inappr~priate in view of experimental evidence of the absence of an isotope
effect , and inadequate on theoretical grounds for the high transition tem-
perature. For these reasons, alternative models have been seriously con-
sidered. By now, a number of mechanisms for high-T superconductivity have
either been proposed specifically for these new materials or suggest them-
selves to e possible candidates. 5 T ese include the resonating valence

mondl the negative-U models ,the Bose condensation of bipolarons
models the d-wave pa ing near a spin-density-wave instability of a

positiy ~Hubbard model the surf e or two-dimensional p4. 'g

models ' .acoustic pla on models , t-he excitonic models' , the *

dynamic instability model ,and many others that possibly we are not aware
of. The answer to which one of these many theoretical ideas is ultimately
responsible for the superconductivity in these ceramics will have to wait
for further experimental investigations of both the normal and supercon-
ducting states. Arguments have been given that existing experimental data
including the linear specific heats at low temperatures seems to eliminate
even some unconventional versions of BCS theory of coupling be,-'Ieen elec-
tron pairs and phonons, and indicates some models are favored. The pos-
sibility ghilld also be considered that the linear specific heat
observed ' at low temperatures in these new high-T materials may con-
tain contributions from excess modes such as two-levei-systens.

It has been recognized that in these high-T oxides, defects are pre-
sent. Some of the defects are definitely relateS to vacancies caused by
deficiency in oxygen. Studies of La Sr uO perovskite have shown that

T is dramatically affected by subtle ha ges in oxygen content, Similarly,
cganges in oxygen content in the 90K sey es R EBa Cu 0 also drastically

i 2. 3 7-x
affect their physical properties and T c. Even in undoped La CuO th
occurrenct9 of trace and filamentary suecodcitys extremely p ocess
dependent . It can be reversibly removed or restored by heating th 0

material in argon or oxygen. Moreover, the antiferronagnetism found in

La 2CuO 4yis quite sensitive to the oxygen concentration parameter y. The

II 0
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antiferromagnetic ordering temperature determined from neutron scattering %,
rose from 50K to 150K with annealing in a vacuum to remove oxygen. The

existence of a small oxygen vacancy concentration (y>O) appears to be cru-:%

cial tor promoting antiferromagnetism. Changes in the oxygen content may
affect the average copper valence via corresponding changes in the oxida-
tion states of copper atoms. ThI8 average valence of copper increases with

the oxygen content. For example , it was found in YBa Cu307 that the oxy-

gen content can change from 6.7 to 6.2 resulting in a c~ange in the average
valInce of copper from 2.2 to 1.8. The valence implies the formation of

Cu*. This change of the oxidation state has a number+of implications
including the 2?ossible charge fluctuations between u 0 and Cu 0 in the

Cu0 1+x planes , the spawning of 3 negatiIe-U centers , and the possible
modification of the suggested Cu - Cu - like charge fluctuations which "

induce attractive interact ons (-U centers) both in the chains and to the

2-dimensional (Cu2) bands. Oxygen vacancies may also modify the RVB or

spin-liquid model in the present form. The occurrence of *unsynchronized" "*
res?9ance in the RVB model due to oxygen vacancies has also been pointed %

out .

The discussions in the previous paragraph serve the purpose of empha-

sizing that the real high-T materials are more complicated than the repre-
sentations given by the model Hamiltonlians of the proposed mechanisms.
Some interactions are neglected and provisos are missing in the description -*-

of the realistic superconducting ceramics in the context of any one of

these proposed models. In writing down the Hamiltonian for any of these

models with a specific mechanism, a simplified form of it is usually
adopted. The actual Hamiltonian may be more complex. For example, the
negatIve-U Hamiltonian of a double-valence fluctuating molecule hybridized

with the conduction-electron band is often drastically simplified to have
the manageable form as given in References 5 & 6 for calculations of

enhancement of Tc by use of perturbative techniques and Monte Carlo simu-attriv ierctinwe odcine *n" aetasere yhbi- .'
lation techniques. A negative-U term Un n.1 is used to describe the
attractive interaction when conduction e.[ ctons are transferred by hbrid--
ization onto the negative-U centers. The actual picture may be more

truthfully described by orbitals, potentials, lattice distortions and

kinetic degrees of freedom of both the conduction electron and the impurity S
electron. For the purpose of addressing the problem of enhancement of %

soerzonductivity, the simplification is not a problem and the approach

adeQuate. However, a full representation of all the details and compli- , .
cated aspects of the physics corresponding to any of these mechanisms would
require a Hamiltonian more complex than is given. A large class of complex

Hamiltonians possesses the generic feature of low-lying near degenerate 5

states. The latter are particularly prominent if electron-electon corre-

lat:ons are important which appears from experimental inference to be the

case in La Cu0 . Low-lying near degenerate states are characteristics of2 4- -.
metastability ann the glassy state. However the existence of these near
degenerate states does not necessarily imply metastability. In either

case, a subset of these near degenerate states are responsible for the
slowing down of long time relaxation processes resulting in slow nonexpo-

nential relaxations of the type commonly observed in equilibrium viscous

liquids as well as in nonequilibrium glasses . The existence of these . %

near-degenerate states for quantum Hamiltonians in which there are strong

correlations between different degrees of freedom has been documented to be
a generic property. We will refer to systems with this property as complex

Hamiltonians. In the corresponding classical limit, Hamiltonians are
generally nonintegrable and possess a characteristic structure of regular

and chaotic orbits in phase space. In either the quantum or the classical .'.

I S



context, we have provided a framework to show how the respective generic
property manifests itself in slowing down of the primary relaxation rate W R/_m

to have the self-similar time-dependent form of W(t) - W (w t) n , O<n<l, 0

for w t>l. From this, the fractional exponential relaxation (Kohlrausch)

function 4(t) - exp(t/r*) I along with additional predictions follow.24

Another approach based on classical mechanics with time-dependent Dirac O
constraints and statistical mchanics of irreversible processes has also
led to the same conclusions.

From the previous discussions, it is clear that slow relaxation may

naturally arise from the complex and non-integrable (in the classical
mechanics sense) nature of the total unabridged Hamiltonian for many of the

proposed high-T mechanisms if realistic interactions, conditions such as
the existence of clusters and their different phase coherences, and imper-
fections in material are taken into account. If any of these proposed

mechanisms turn out to be correct, then both high-T superconductivity and
slow relaxation are two accompanying consequences of the same complex

Hamiltonian. We are led to expect that in some of the high-T supercon-
ducting ceramics we may be able to observe experimentally a slow relaxation
phenomenon. This turns out to be indeed the case and will be discussed in

the next section. By contrast, the conventional BCS phonon mechanism for

superconductivity in simple metals does not involve a complex Zamiltonian
and slow relaxation is not expected there. Slow relaxation will provide,

in addition to superconductive and magnetic properties, another handle on 0

the physics of the high-T materials. A parallel study of superconduc-
tivity and slow relaxations and a comparison of their variations with con-
ceivable modification of sample structure and defect concentrations by

various means including heat treatment and sample preparation method, etc.
may reveal correlations of their variations. The result may be able to

provide some guidance in the search for the origin of high-T in these 0

ceramic materials. c

INFERENCES FROM EXPERIMENTS

In the previou5 section, we discussed that any alternative models to 0
the BCS theory of phonon mediated superconductivity to account for the

high-T superconductivity in the ceramics are likely to involve a complex
c

Hamiltonian. Whichever it and the mechanism it represents may be, slow

relaxation will be an accompanying feature as expected from our general
considerations of reliations in complex systems. In fact, Muller, '-

Takashige and Bednorz have found signatures for both a glass state and
slow nonexponential decays from susceptibility and magnetic moment
measurements in powder samples of La Cuo :Ba. The experimental data and

the sample properties suggest the picture f coupled superconducting clus-
ters or grains each with size small compared with the London enetration

2L .enetration
depth and are weakly coupled into closed loops. The picture is similar . ,,.

to a spin glass. This state in La Cuo 4 has been called the superconduc- .

tive-glass state . An estimate oi the Single phase area and the grain
size has led to the conclusion that the superconductive-glass state is

present in the La2CuO :Ba gr ns. The Hamiltonian describing the entire
array of weakly coupled grains involves the sum over all distinct pairs

of grains of terms J. .cos(O.-.-A. .) where i and *. are phases of the com-

plex energy gaps andii. is'a iagnAtic field phase ?actor. Slow relaxation
is attributed to correlition, cooperativity and coupling between grains.
It is argued that *the phase coherence for a certain cluster has to become
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close enough to neighboring ones that it can relax. This becomes less pro-
bable when the system evolves in time, and large volumes with different -
phase coherences are present'. This qualitative argument for slow relaxa- .4

tion is consistent with our view of the slowing down of the relaxation rate
by the coupling between clusters with Hamiltonian 1Ji cos(#i-j-A ij).

Measurements of the real and imaginary parts of the ac susceptibility -
of the Y7Sa-Cu-O system have been made over a frequency range of a few

2a
decades . The susceptibility exhibits frequency dependence at tempera-
tures below 70K. The complicated temperature and frequency dependences of
the susceptibility are attributed to inter-grain boundary effects. In the
future, we can expect more investigations of relaxation properties in the

high-T ceramics to be reported. The results will be useful for correla-
tion with the superconductivity properties and their relation to the micro-

structure and chemical constituents of these materials.

COMPLEX RAMILTONIANS

In addition to the complex Hamiltonian discussed in the previous sec- .

tion that arises from coupled superconducting clusters that are present in
some though perhaps not all of the high-T oxides, another source of com-

c
plex Hamiltonian comes from the electron correlation effects that are

important in any of the mechanisms for high-T superconductivity. Again
let us consider the negative-U models or bipo~aron models. The interaction
for zero and double occupancies at the negative-U center usually involves
significant lattice distortions and hence nonlinear potentials in the

dynamical trapping of the pair of electrons. There are examples of such
nonlinear Hamiltonians which in the classical context gives rise to chaos
in phase space, and in the quantum context to near degenerate levels with a
distribution conforming to so-called Gaussian Orthogonal Ensemble (GOE) of

random matrix theory. These include several Hamiltonians with two degrees

of freedom coupled by nonlinear potentials in the coordinates.

H - 1(pi 2/2m i ) + V(qq2) (i)

For a large class of potentials V, the quantum energy levels are found to

exhibit level repulsion and their fluctuation properties conform to well-

defined statistical distributions as a increases and the correlations
between degrees of freedom become i~portant. An example is the Morse
potential, V - [l-exp[-a(q2 - ql)] 1 , which is often used to represent

molecular bonds. This is also equivalent via canonical transformation to a
Hamiltonian with coupling in the kinetic energy. The quantized energy
spectra of the Morse potential system has been studied numerically. In

particular, the nearest-neighbor level-spacing distributions were con-
structed for different values of the Hamiltonian parameters. In the limit
of strong coupling, where the Hamiltonian is expected to be compl x, the

calcilatid distributions are closely described by P(S/S) - (TS/2S ) exp
(-TS /4S ), where S is the nearest-neighbor level spacing and S is the
mean spacing. This is the Wigner distribution which also closely describes
the GOE of random matrix theory. The same limit of strong coupling in this
system corresponds to classical motlo. which is nonintegrable and predomi-
nantly chaotic as exhibited by trajeccvries in Poincare sections of the
Hamiltonian. As a decreases and the interparticle correlations become less
important, P(S/S) tends instead to a simple Poisson distribution and the
corresponding classical motion becomes dominated by regular trajectories.

These quantum and classical results are borne out by explicit solutions of

many other nonlinear potentials.
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In addition to these explicit numerical solutions, arguments have been
proposed by Pechukas, and improved upon by Berry and Yukawa, to understand "

the spectral proper56 es of Hamiltonians in a more general context as a
varies in strength. These are based on the observation that for complex
Hamiltonians, there are no strong selection rules and the off-diagonal. 0

matrix elements of V between nearby states are large and of the same
average strength. These matrix elements also fluctuate rapidly with a.
However, for simple Hamiltonians, with strong selection rules, off-diagonal 41
matrix elements are small compared to the mean level spacing. Within this % %1%

context, an explicit analytical construction of the level spacing distri- %.4 '

bution functions were developed by supplementing the Hamiltonian H - H° 
+

aV with statistical mechanical arguments. For Hamiltonians representing
qu&ntum systems with time-reversal symmetry, the results (in arbitrary

number of dimensions) are again in accord with GOE when the Hamiltonian is
complex and a is large and makes a transition to the Poison distribution
as a decreases. More recently, Nakamura and Lakshmanan have proposed a

9 rigorous basi3 for these developments based on Lax forms and their solu-
tions. Berry has also discussed the generic occurrence of level repul-
sion in connection with the Wigner-von Neumann theorem for energy level * ..

* degeneracies. Thus there is increasing understanding of how specific fea-
tures of complex Hamiltonians influence the generic features of level spec-
tra. Others have suggested the use of Lanczos-Haydock-Heine tridiagonali-
zation methods to study the spectra of electronic bands in imperfect

solid 9  A simple example of this was actually studied previously by
Berry for motion in a 2-d lattice of hard scatterers (i.e. quantum
billiard). Solution of the KKR determinant of this system revealed a GOE

spectrum. The corresponding classical behavior is strongly chaotic.

* Consider next the RVB model with inclusion of possible oxygen vacancies
and frustrations. The RVB or spin singlet liquid state has been suggested
as being t-he appropriate ground state for S - 4 Heisenberg antiferromag-
nets. The characterization of quantum and classical generic features in "

lattice spin systems has recently been addressed by Muller. Spin systems .r

containing N spins can be studied in the limit of N finite, S4' (classical
limit) as well as in the limit of S finite, N m (thljmodynamic limit). The
classical limit was examined by Nakamura and Bishop by explicit calcula-
tions on a three-spin triangular lattice with antiferromagnetic coupling:

Z Z
H = Jj(S! + aSiSi) (2)

i 1 i i41

where J>O,-lSa<O and i - 1,2,3. Boundary conditions are periodic. The .-.

triangular lattice with antiferromagnetic coupling is frustrated in the
sense that tihere are competing interactions, especially for small values of

S. For S - 4, the presence of ftustration will enhance the formation of
the RVB. For S>A, the classical dynamics of this system appear to be non-

integrable (excluding the isotropic limit a - 0) and the semiclassical
quantum spectra exhibits level repulsion. A sufficient number of levels to

explore the statistical properties of the spectrum were available even for -
the three-spin cluster by using spin values as large as S - 36%. From

these results, the authors expect studies with even larger S will reveal a
Poisson distribution for a - 0 and a Wigner distribution for a<0. Muller
expects this situation to be generic for the classical limit of spin

systems. He also discusses the work of Frahm and Mikeska on a driven one-
spin system who found both a Wigner distribution and nonintegrable classi- •
cal dynamics in the S>>l regime. Thus the behavior of spin systems in the
classical and semiclassical regimes is accessible by study of small spin %
clusters of large but finite S. Here the generic level spacing structure
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is a precursor of classical dynamical chaos. For the situation representa-

tive of the high-T ceramics, the Hamiltonian is far more complicated thanc %
the simple Heisenberg system in Eq. (2). Of more immediate interest is the

study of the appropriate Hamiltonian in the complementary limit of small S

(e.g. S - X) and a large spin cluster, i.e. the thermj9ynamic limit. This
is more difficult to analyze theoretically but Muller has suggested that e
the spectrum of quantum spin systems is generically irregular in this limit

with strong level repulsion due to the lack of a sufficient number of con-

servation laws (i.e. selection rules). He discusses and presents evidence

for the emergence in this limit of an irregular spectrum which is not con-

strained by a piece-wise smooth energy density with isolated van Hove

singularities. Muller presents the N-* limit of quantum spin systems as a

regime of quantum chaos for which the long time dynamical behavior will be

% modified. Although the corresponding spectrum has not yet been completely

studied, it can be expected that large numbers of quantum spins with com-
plicated and frustrated interactions will introduce some type of generic
complexity into the Hamiltonian.

Let us finally return to the other class of complex Hamiltonians
describing the coupling between superconducting clusters in some samples of

the high-T ceramics. The diamagnetic response 2 weakly linked supercon-

ducting clusters was modeled by Ebner and Stroud in terms of coupling

between the host material and the grains according to the Hamiltonian

H- 1Ji cos(#i-0i-Aij) (3)

where J.. is the coupling energy between grains i and j, and the phase

factors'A. are due to the presence of a static external magnetic field.

This "Josehson tunneling" model is characterized by frustration in that

any cluster of grains has numerous competing ground states with nearly
equal energy. Such frustration is familiar from previously studied systems

such as spin glass models. Randomness can enter through the Josephson

coupling energy J. and also through the grain sizes. The existence of

many local energylinima in classical XY systems and planar spin models
with random J. similar to Eq. (3) are known from numerical studies. For

the purpose ot3relaxation, this situation leads to a picture in which some

clusters must wait to relax until the phase coherence becomes close enough

to neighboring ones. Such cooperativity due to correlations between

degrees of freedom has many of the ingredients present in our discussion of -

relaxation of complex Hamiltonians. It is possible that a system described
by a Hamiltonian such as Eq. (3), supplemented by other additional inter-

actions and randomness which will inevitably be present in a realistic

representation of t ceramics, may constitute a complex Hamiltonian in

this sense. Efetov has given an example of an electron in which the pre-

sence of a random distribution of impurities induces a complex level

spectra described by the GOE distribution. Simple driven spin systems in

the regime in which the driving force acts as a random interaction also

exhibit the generic GOE level spectra. The more complicated granular

superconductor system must then be seriously considered as a possible com-

plex Hamiltonian.

SLOWING DOWN OF RELAXATION RATE

We have seen that it is likely that the complex Hamiltonians proposed

for high-T will give rise to low-lying degenerate levels. A possible :
source of he latter is the strong electron correlation effects common to a
number of these complex Bamiltonians. If we pick out a dynamical variable

176

.VA~~~ % A %A .A



(say the spin) and consider its relaxation, then the electron correlation .
effects present would make the relaxation process difficult to describe.
Basically, we have to deal with a many-body problem in an irreversible -
process for which there is no standard method of solution. We have recog-

sized the possibility that the dynamical variable is being coupled to

others and its relaxation rate is slowing down with time by the constraints
imposed by the others. The idea that the relaxation rate that enters into
a master equation can be a time-dependent function is a central idea of our

models and this is physically reasonable for relaxation in complex systems
with correlations. Rates for kinetic equations are known to be generally

time-dependent and constant relaxation rates have been derived only for
simple integrable Hamiltonians under some simplifying assumptions of the

heat bath such as the weak-coupling limit. Intuitively, a time-dependent
relaxation rate W(t) can be motivated by cooperativity which entails .-P
dynamics of other variables sequential to the initial relaxation of a

primary variable. It is also consistent with general properties of

relaxation functions. Remarkably, the only time-dependence of W(t) which
guarantees that a change of temperature will change only the timescale but

not the functional form of the relaxation function of a relaxation process ,
(i.e. thermorheological simplicity) has the monomial form of

W(t) _ W (,tc)-n (4) %

where W is the primary relaxation rate, w is a characteristic frequency
0

and n is a fraction of unity. We can arrive at the same result by another

requirement for the stability of the relaxation spectrum in forming the .

macroscopic relaxation spectrum by superposition of microscopic relaxation

spectra. In addition to these general considerations, W(t) can be derived
on the basis of Hamiltonian dynamics where the generic properties of com-

plex Hamiltonians are taken into account. We have modeled the sequential

dynamics of the other variables by the transitions among the low-lying near

degenerate levels of the complex Hamiltonian. If the initial (at short
times) relaxation rate of the primary variable is Wo, then the accompanying

t y it to have the time-dependent form of Eq. (4). This can

also be derived directly in terms of the corresponding classical generic

property, classital chaos. The current understauding of the relation
between kinetic equations for the approach to thermodynamic equilibrium and

microscopic equations of motion are based on the methods developed by van

Hove, Prigogine, and others. A Hamiltonian H interacting with a heat bath
S

will systematically produce irreversible kinetic equations with constant
relaxation rates W . Previous workers have only derived kinetic equations0
corresponding to integrable Hamiltonians HS, whereas it has become known

that HaIltonians are generically nonintegrable. We have recently

derived kinetic equations directly from the equations of motion for clas-

sical nonintegrable H 's interacting with a heat bath. In the weak-

coupling limit, we find that the effect of nonintegrability for a large

class of systems is generally to modify the constant relaxation rates by a

multiplicative time-dependent factor: W f(t). The form of f(t) has been
0

investigated both analytically and numerically and its origins can be

traced to the mechanism of classical chaos. The results are again con-
-nsistent with: f(t) - 1, w t<l and f(t) - (w t) w t>1 where O<n<l. Thisc c t/ )_ n ] aogwtth .'

leads directly to nonexponential relaxato [( along with the
modified relaxation time T* - [(l-n)acnWo] as has been experimen-

c 0 a a eneprmn
tally documented for glasses and polymers. These are examples of our con- 0

tinuing effort to improve our understanding of relaxations in complex

systems which may include some of the high-T materials.
c
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LOW TEMPERATURE STRUCTURAL PHASE TRANSITION IN La2 CuO4  %' % I
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Abstract

Electrical reistance and x-ray diffraction measurements have been S

made on several samples of La 2 CuO 4 . The electrical data on one sample

show the presence of a semiconductive to metallic transition on cooling
near 35 K; this could be evidence of superconductivity. The x-ray data
reveal the presence of one (possibly two) structural phase transition(s) at
32-34 K and below 15 K. The lower transition is reversible and seen in all
samples, along with remanents of the orthorhombically distorted
K2 NiF 4 -structure of the parent phase. The observed peaks in the low

temperature phase can be indexed to a monoclinic lattice. It is believed
that the orthorhombic phase is responsible for the recently discovered
superconductivity in some La 2 CuO 4 samples and that the monoclinic

polymorph reported here is responsible for the low temperature
semiconductive behavior of most La 2 CuO 4 samples. These conclusions are -

in agreem ent with recent theoretical predictions. % " --
'.. -
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Recently, there has been a tremendous interest and excitment
generated by the new class of oxygen defect, perovskite related, copper
oxide superconductors. All of this was initiated by the discovery of
superconductivity at temperatures in excess of 30 K in La-Ba-Cu-oxides
[1] and the subsequent discovery of superconductivity in excess of 90 K in
Y-Ba-Cu-oxides.[2] The prototypical compound for the lower transition ;- .,
temperature materials is La 2 CuO 4 in the orthorhombically distorted "% '

K2 NiF 4 -structure. It has recently been shown that the superconducting

compounds La 2 xMxCUO4, where M - Sr, Ba, or Ca, are also orthorhombic

above Tc.[3,4] Based on first-principles calculations, Pickett et al. :" -,

predicted that tetragonal La 2 CuO 4 should be superconducting.[5] Very

recent band structure calculations and group theoretical analyses of
Kasowski, Hsu, and Herman [6] indicate also that orthorhombic La 2 CuO 4

should also be metallic and superconducting. Indeed, recent experiments
performed here and elsewhere on La 2 CuO 4 -samples quenched from high

temperatures (> 800" C) show evidence that portions of the sample are
superconducting.[7]. Thus, it has been a mystery why single phase
samples of La 2 CuO 4 show a semiconducting-like behavour at low

temperatures. Kasowski et al.[6] suggest that there is an additional phase
transition occuring at low temperatures from the orthorhombically
distorted K2 NiF 4 -structure to a lower symmetry structure, possibly ,

monoclinic. Detailed temperature dependent x-ray diffraction data .-
reported here show unambiguously that indeed a structural transition (or
possibly two transitions) does occur at low temperatures. We believe that
the orthorhombic phase is responsible for the recently discovered
superconductivity in some La2 CuO 4 samples and that the low temperature ..

polymorph is responsible for the low temperature semiconductive behavior
of most La2 CuO 4 samples. These conclusions are in agreement with recent

theoretical predictions. 5 -

Test specimens were prepared by mixing appropriate proportions of
reagent grade powders of La2 0 3 and CuO to yield a product of La 2 CuO 4 . ...

The La 2 0 3 was 99.99% pure and contained 1 ppm of Ca, with no Sr or Ba

detected; the CuO contained 1 ppm Ba and less than 1 ppm Sr. The powders
were reacted in air at 950" C for 6 h, with one grinding after 3 h. The
powders were again ground and pressed at 20 kpsi into 1/2-in. diameter
pellets, sintered at 9500 C in air for 15 h, and then slowly cooled .
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(-2"C/main). These samples gradually fell apart in a matter of days when

left exposed to air at room temperature due to the absorption of water.
The crumbled pellets were again resintered at 940" C in air and furnace
cooled to 400" C. At this point the samples were transferred to a
dessicator where they remained stable. One sample (referred to below as
quenchedo) was reheated to 900" C in air overnight and then rapidly

cooled in air.

Resistance measurements were made using standard ac, four-probe
method with currents of 5 and 50 t.A. Results of these measurements are
shown in Fig. 1. The sample which was slowly cooled showed no evidence
of metallic behavior between 295 and 5 K, in contrast to this, the sample
which was quenched, exhibited an maximum in resistance on cooling at 0

about 36 K, below which it did behave as a metal. It is possible that this
indicates that portions of the material are superconducting. We note that
Grant et al. recently reported evidence of superconductivity in these
materials, but found it to be trace-like, filamentary, and very sensitive to
stoichiometry. [7]

Portions of the two La 2 CuO 4 samples were separately ground, mixed -'-.

in a dilute solution of celvacene and acetone, and evaporated onto a
conductive sample mount. The samples were mounted in an x-ray cryostat
and studied in a manner similar to that recently discussed for
Lal. 9 Ba 0 1 CuO 4 .[8] A diffraction spectrum taken of the slowly cooled

sample at 295 K is shown in Fig. 2a. All of the major peaks can be indexed Al.

on the basis of the orthorhombic lattice initially reported by Longo and ... ',.'

Raccah.[8] Unit cell parameters determined from this spectrum are: a =

5.363±0.010; b - 5.400±0.012; c - 13.16±0.02 A; these are in agreement
with those reported by Longo and Raccah.[9] Similar results were obtained
for the quenched sample.

On cooling, there was no evidence of of any structural change above '

about 15 K. Below this however, there was a major change in the
diffraction spectrum. Fig 2b is a spectrum of the quenched sample -
recorded at 11.5±0.5 K. There is a small fraction of the sample which is
still in the orthorhombic phase; diffraction peaks marked by the arrows
correspond to this. However, the major portion of the sampe has
undergone a phase transformation as indicated by the other peaks in the
pattern. Although attempts were made to index the low temperature
pattern to higher symmetry lattices, the best fit was found for a
monoclinic lattice with the following parameters: a - 6.495±0.005 A; b
4.163±0.002 A; c - 5.522±0.002 A; 0 - 96.15±0.05".
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It is our presumption that this new phase is responsible for the
semiconductive behavior at low temperatures, as predicted by Kasowski et
al.[6] However, the fact that this semiconducting behavior can be seen at
higher temperatures, suggests that there also may be other, more subtle,
mechanisms involved, such as the charge-density wave distortion
predicted by Mattheiss [10] and possibly seen by Stavola et al.[11]

In an attempt to identify the structural transition temperature, the :
x-ray detector was centered with a wide angle window on the prominent
diffraction peak in the low temperature phase at 27.5' 20. The intensity
of this peak was monitored as the sample was slowly warmed; see Fig. 3.
At approximately 27 K, the intensity began to decrease; background leve "

was attained at about 37 K. On cooling, the reverse transition, as
determined by the growth of this peak, was not observed at temperatures
above 15 K, however below this a steady growth took place. If a portion of ."

the sample had already partially transformed, a substantial increase in the
magnitude of this peak could be produced by repetitive cycling between 27 %
and 10 K.

In a few cases, on warming through the transition near 35 K, the
declining intensity would pass through a small local maximum before
dropping to the background level. We suspect that this may be indicative
of a possible second, intermediate phase encountered on warming and we
have provisional x-ray data to support this. Further investigation of this
is underway. It is unclear to us why other reported low temperature
structural investigations of this material have not seen this
transition.[12-14] A possible explanation could be the sluggish nature of
the transition on cooling, especially if cooled quickly and held at very low
temperatures.

The point that we are making in this letter is that there exists a
heretofore unknown low temperature phase in La 2 CuO 4 . It is presumed

that this is the phase predicted by Kasowski et al.[5] and that responsible
for the low temperature semiconductive properties of mos# ,
La2 CuO 4 -samples. All samples that we studied also exhibited evidence of

residual elements of the orthorhombic phase at the lowest temperatures, ..

the amounts of this phase varied from sample to sample. We believe that
it is this phase which is responsible for the superconductivity seen in
some La2 CuO 4 -samples. These results are consistent with the recent

discovery by Grant et al. [7]
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Figure Captions

Fig. 1: Temperature dependence of the ac resistance of quenched and
slowly cooled samples of La 2 CuO 4 .

Fig. 2a: X-ray diffraction spectrum of La2 CuO 4 recorded at 295K.

Fig. 2b: X-ray diffraction spectrum of La 2 CuO 4 recorded at 11.5±0.5

K; the upper curve is the same spectrum with the scale factor of the
ordinate multiplied by 10. The arrows indicate peaks believed to be
associated with the high temperature, orthorhombic phase.

Fig. 3: Temperature dependence of the diffracted intensity near 27.5'
20 recorded on cooling (lower curve) and warming (upper curves).
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2 4
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INTRODUCTION

Recently there has been an explosion of activity focused on the new

class of oxygen defect, perovskite related, copper oxide superconductors.
All of this was initiated by the discovery of superconductivity at temp-
eratures in excess of 30 K in La-Ba-Cu-oxides[I] and the subsequent dis-
covery of superconductivity in excess of 90 K in Y-Ba-Cu-oxides.[2]
The prototypical compound for the lower transition temperature materials
is La CuO which, at room temperature, crystallizes in an orthorhombic
distortion of the K 2NiF 4-structure.[3,4] It has recently been shown
that the superconducting compounds La M CuO , where N = Ba, Ca, or Sr,
are also orthorhombic above T .[5,6] -x er B C o-c

Based on first principles calculations, Pickett et al. predicted
that tetragonal La CuO should be superconducting.(7] However, resist-

24ance measurements of Jorgensen et al. on La CuO indicated that the %'- Z
material is metallic down to about 100 K, belot w-Ach it behaves like a 0
doped semiconductor.[4] Most recently Grant et al. reported evidence of
superconductivity below 40 K of 1 part in 6000 of La CuO .[8] In con-
sideration of the presence of both metal-like and 1emconductor-like
behavior in this material, Kasowski et al. performed band structure
calculations and group theoretical analyses.(9] From this, they suggest-
ed that La CuO may undergo a structural phase transition at lower S
temperatures from the orthorhombic phase to a lower symmetry phase,
possibly monoclinic. We have found evidence of such a transition and
find that it is correlated with a change in the resistance near 30 K.

EXPERIMENTAL PROCEDURES 5

Test samples were prepared by mixing appropriate proportions
of reagent grade powders of La203 and CuO to yield a product of La 2 CuO4 . .

* %V.-l :-KK.•



The La 0 as 99.99% pure and contained 1 pps of Ca, with no Sr or
Ba dete- id the CuO contained I am Ba and less than I ppm of Sr. The ..

powders were reacted in air at 9500 C for 6 hr, with one grinding after ' .
3 hr. The powders were again ground and pressed at 20 kpei into pellets, "
sintered at 9500 C in air for 15 hr, and then slowly cooled (20 C/min). _.

Simultaneous resistance and x-ray diffraction measurements were
performed in a temperature controlled cryostat. The resistance measure-
ments were made using standard ac, four probe methods with 100 aLicroaaps '
of current at a frequency of 31 ha. The x-ray data were collected on a
coputer controlled diffractometer using Cu K-alpha radiation. Add-
itional details are given on our earlier report on the superconductor

= - a
La ,a co ..101

Fig. 1 (left) : X-ray dif fraction spectra recorded at 295 K (lowest .
curve) and 10-12 K (upper curves). Fig. 2(right): Temperature depend- -'.'

ence of the electrical resistance and x-ray intensity at 27.30 20. "- °

-a,

RESULTS AND DISCUSSION

A diffraction spectrum taken at 295 K is shown in Fig. 1 (lowest

curve). The positions of all the major peaks are in agreement with
the orthorhombic lattice reported by Grande et al.[3] and our measured
intensities agree with those calculated from their structure. Expressed
in the standard setting, the space group is Cmca; a least-squares fit to ell
37 diffraction peaks between 600 and 120* yields the following unit cell ' "
parameters: a - 5.361+0.001; b - 13.151+0.003; c = 5.408+0.001 A.

The temperature dependence of the resistance is plotted in Fig. 2. .,

On cooling from room temperature, there is initially a gradual increase
in the resistance, near 100 K a significant increase begins which I
peaks to a local maximum near 36 K, the resistance then drops until.'d
about 25 K below which it monotonically rises. The resistance curves
are reversible and seen in every sample. A crystallographic phase ,-
transformation accompanies this resistance anomaly. The upper dif- .
fraction spectra shown in Fig. 1 are of the same material, but recorded
at 10-12 K. There are 17 additional diffraction peaks between 200 and
800 29. We have tentatively indexed these peaks to a monoclinic
lattice; attempts to fit lower symmetry lattices were unsucce-ssful. We
are in the process of determining the structure of this new phase.
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Magnetization measurements made on a squid susceptometer show
a diamagnetic onset at about 35 K. The magnitude of the signal indi-
cates that one part in 5000 of the sample expells flux, if the dia-
magnetism is due to superconductivity.

To determine the temperature at which the structural transition

occurs, the x-ray detector was centered on the prominent diffraction
peak in the low temperature phase at 27.3' 20. The other curve shown 0

Fig. 2 represents the temperature dependence of this peak and hence
the relative amount of the low temperature phase. Repetitive cycling

f through the transition clearly establishes a connection between the two
phenomena. However, the magnitude of the resistive anomaly near 30 K

shows no measurable relationship to the magnitude of the x-ray peak at
27.30. But, the magnitude of the low temperature resistance does •
increase with increasing magnitude of the x-ray peak. This implies that
this new phase is responsible for the semiconductor-like behavior at low

temperatures. The kinetics of the structural transition are very J).
S.sluggish on cooling. Moreover, in addition to the new diffraction peaks

in the specta at low temperatures, remanente of the orthorhombic struc-
ture could always be seen. Comparisons of peak intensities in the
vicinity of the transition reveals that the low temperature phase grows
at the expense of the orthorhombic phase.

It is our belief that these observations confirm the predictions of 0.
Kasowski et al.(9J, viz. that it is this new phase which is responsible
for the low temperature semiconductive behavior of La 2CuO . We further .
speculate that this phase transition inhibits the suterconducting
transition in most of the material; as noted above, superconductivity
has been reported only in small fractions of these materials.(81 We, as
well as others, have searched without success for structural transitions
in the superconductor La Ba CuO .[4,10] We believe that one
effect of the introduction ' thO• 1metaf inpurity (Ba, Ca, or Sr) is to
suppress this phase transition and thereby allow a substantial portion
of the orthorhomibic phase to become superconducting. A series of low
concentration alloys is under preparation to test this hypothesis.
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La-Sr-Cu-O by DC Sputtering
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0

DC sputtered filra samples of La-Sr-Cu are found to be noncrystalline.
Annealing in air at temperatures as low as 3500 C yields crystallization of the
structure of the superconducting phase of La-Sr-Cu-O. We present x-ray spectra
showing the continuous development of the La-Sr-Cu-O phase and a decrease in the
c/a ratio upon further annealing in air for temperatures up to 600 C.
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:" discoveryl,2 . ;
The discovery of high temperature superconductivity in La-Sr-Cu-O and in

the Y-Ba-Cu-O system has created an enormous research effort directed at

understanding and utilizing these materials. We report here on one aspect of our

effort. Specifically, in order to study the formation of the superconducting phase of

La-Sr-Cu-O, we have annealed sputtered metallic films of La-Sr-Cu. We have
found that these films are initially noncrystalline, but begin to crystallize at a low
temperature, 3500 C, into the necessary3 tetragonal K2NiF 4 structure type for

superconductivity at 35 K. Subsequent annealing at higher temperatures improves "

the long range order as evidenced by additional diffraction peaks. The information

we are reporting should prove useful in understanding the superconducting phase '-

of La-Sr-Cu-O.

The films were prepared by DC sputtering from a single inhomogeneous target .
of the three metals onto quartz substrates. Some control of the sample composition

could be achieved by varying the substrate position and the argon pressure. The

base pressure before admitting the argon was 2-3x10 -7 mm of Hg. Typical film

thicknesses were in the range of several thousand Angstroms. Before annealing all

the films were metallic and noncrystalline.

The annealing was done in air by raising the film temperature to the annealing

temperature (Ta) over a period of one to two hours. The films were cooled from

Ta in a shorter time, usually in approximately one half hour.

Figure 1 shows a series of x-ray scans of one of our films taken with Cu

radiation and a graphite monochromator as deposited and after it had been annealed
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in air at successively higher temperatures for 15 minutes at each temperature. We

found that annealing the film for an additional hour had a negligible effect on the

U x-ray pattern. Seven of the peaks have been identified as belonging to the

superconducting K2 NiF4 -type phase of La-Sr-Cu-O. Four of the peaks we have

tentatively identified as belonging to either LaO or SrO. After annealing at only

350 °C, the prominent peaks belonging to the superconducting K2 NiF 4 -type

structure can be seen. The growth of this phase is enhanced at higher annealing a.

temperatures. .

The intensities of the peaks belonging to the superconducting K2NiF4 -type

structure change after being annealed at succesively higher temperatures and begin

to approach the intensities expected for a polycrystalline sample of the

superconducting K2 NiF 4 -type structure. However, the intensities have not reached

the calculated intensities of the superconducting K2NiF4 -type structure at 600 °C.
2. 4

At least part of the reason for this is that the crystallites comprising the film have a S

preferred orientation. The effect of this preferred orientation is demonstrated in

* Fig. 2 which shows a Read camera x-ray photograph of the film after it had been

p annealed at 600 °C. The non-uniformity of the rings shows that the crystallites are

not randomly oriented and that they have a preferred orientation. In contrast to the
• - ......

low temperature at which the superconducting K2 NiF4 -type structure appears, the

LaO phase only starts forming at 500 C. S

By fitting the position of the peaks in Fig. 1 to the superconducting K2 NiF4 -type

structure we have obtained values for the tetragonal lattice constants, a and c. These

values are plotted as a function of Ta in Figures 3 (a) and 3 (b). One sees that as Ta ,

is increased, c and a decrease and increase, respectively. Presumably this implies

IN that atoms move out of the spaces between the planes in the superconducting
& 1

-V.

-p
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K2 NiF4 -type structure and the planes become better formed.
_.., ..

IThe average composition of the metals in the film was determined by x-ray

fluorescence to be (La0 .9 5 9 Sr 0 .0 41 )2 Cu1 . This is the average composition. -

Because of the inhomogeneous nature of our target, the copper composition varied

by approximately 40% over the length of the film. Although our average Ba

composition is above the minimum Ba composition for which van Dover et al.

observed4 superconductivity, it is not much above it. In any case we did not observe

a resistive superconducting transition in this film. The c/a ratio is approximately

3.57 after the 350 °C anneal. The value of c/a after the 600 0 C anneal is 3.47 which -

is below the values for which superconductivity has been observed. 5 The

composition variation within our films may be responsible this low value of c/a and

the absence of superconductivity. The unit cell volume decreases approximately 1 %

as we increased the annealing temperature.
I

We have found the K2 NiF4 structure type is also formed in other La-Sr-Cu-O

films at approximately the same low annealing temperature. We infer that this

result can be expected to occur rather generally in this system. We have obtained

quite different results in our investigation of Y-Ba-Cu-O films. In this case, we

started with a film with the composition Y1 Ba 2 Cu 3 , i.e. the correct composition for .,
I

obtaining a superconducting transition temperature above 90 K. Again -

crystallization occurs at a low temperature of 300 IC. However for the Y-Ba-Cu-O

film, the structure formed at 300 0 C was not the correct structure for observing

high temperature superconductivity. Further annealing this film at temperatures as

high as 850 IC did not produce the correct structure.

In conclusion we have found that the superconducting K2NiF4 -type structure
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starts forming at a remarkably low temperature, 350 OC. The structure st~arts
forming at a lower temperature than LaO. The low temperature required to

activate crystallization, shows that the activation barrier that must be overcome in

going from the noncrystalline phase to the structure of the superconducting phase is
very low. Considering the complexity of the structure, it is perhaps surprising that

it forms at such a low temperature.

4,. %

0
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Figure Captions

1. X-ray scans of the film after annealing for 15 minutes at the temperatures ..

indicated. (See the text for a more complete description of the annealing

procedure.) The peaks corresponding to the superconducting K2 NiF 4 -type
40

structure have been identified by their Miller indices. The peaks that we associate

with LaO and SrO are also labeled.

2. Read camera photograph taken with x-rays from a Cu tube of the La-Sr-Cu-O -

film after it had been annneal at 600 C.

3. Variation of the tetragonal unit cell parameters, a (upper) and clower), with 0

annealing temperature, Ta. The straight lines represent linear fits to the data.
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Plasma Sprayed Superconducting Oxide Coatings
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Abstract

A new technique for plasma spray processing high

temperature superconducting oxides is discussed. Powdered

superconducting material is fed into the plasma flame and can be

deposited onto suitably prepared substrates. A post-spray 0

anneal yields coatings with transition temperatures above the

boiling point of liquid nitrogen. .

Introduction

Superconductivity above 30 K was reported by Bednorz

and Muller in the La-Ba-Cu-O system [1]. Subsequently, Wu and

co-workers announced the discovery of a 93 K transition

temperature in the closely related Y-Ba-Cu-O system E23. Cava ....
et. al. identified the superconducting phase as a layered,

orthorhombic perovskite with stoichiometry YBa=Cu*O. where x is

around 6.9 E3]. Other work indicated that the critical fields

associated with these new metallic oxide superconductors were

very high E4]. With the announcement of critical temperatures
.,~ %J

above the boiling point of liquid nitrogen at 77 K, the need to

develop technologies capable of processing these brittle

ceramics into commercially usable forms became apparent. This
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letter presents the results of a study in which plasma spraying

was used to produce superconducting coatings of Y-Ba-Cu-O.

These plasma sprayed coatings offer the advantages of high -

density, which will lead to the ability to carry high currents;

high mechanical strength and durability; applicability to a wide

range of substrate materials; and flexibility in spraying a

large range of geometries and thicknesses.

Experimental Procedure

The powder for plasma spraying was prepared by mixing ri.

high purity Y=O., BaCO=, and CuO in the correct ratios and

reacting the mixture in a fashion similar to those described

elsewhere [3,4]. The reaction yielded a hard, brittle, and

black material which was reduced to powder by grinding.

The substrates selected for spraying were steel

rectangles 12 m x 51 am x 3 m thick. The coupons were

degreased and grit blasted with coarse SiC and then bond coated

with a 0.13 m thick layer of NiCrAlY. The coupons were mounted

on a carousel for spraying the superconducting powder.

The powder was led into the plasma flame and was "

deposited onto the substrates. During the spraying process, the

plasma gun moved slowly up and down in front of the rapidly

* spinning carousel. The deposited coatings were uniform, 0.13 m

thick, black, and essentially non-conducting.

After spraying, the coupons were heat treated to 2.

restore the superconducting properties of the sprayed material.

Temperatures as low as 600 C and as high as 1100 C were used for

times as short as 5 minutes and as long as 60 hours. .3-.3.
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Results and Discussion

Figure I shows a typical x-ray diffraction pattern

from an as-sprayed Y-Da-Cu-O coating. Note the presence of a

broad peak extending from 28 to 35 in 2 , indicating that the

coating contains highly distorted, poorly crystallized material.

Such broad maxima are commonly observed in plasma sprayed

coatings and result from the rapid solidification (as high as - .'.

10& degrees/sec) of the molten droplets on the cold substrate.

The as-sprayed coating is not superconducting. 0

In order to recover the superconducting properties of

the Y-Ba-Cu-O, the coating must be annealed. Figure 2 is an x-

ray diffraction pattern taken after a five minute exposure at C

950 C followed by an air quench. The pattern shows that the

Bragg peak intensities have increased considerably as compared

with Figure 1 and that the broad maximum is gone. These results 0

show that the coating has recrystallized into the

superconducting crystal structure. Closer examination of the x-

ray diffraction data shows that the crystal structure is not ,

tetragonal, but rather that there is an orthorhombic distortion .

in the crystal which grows larger with longer annealing times.

This result can be explained by the diffusion of oxygen from the

air into preferential sites in the copper oxygen planes of the

layered perovskite structure. Work by Skelton et. al. showed

that larger distortions gave rise to sharper transitions at

higher temperatures (53.

The annealing temperature has been found to be "

critical to the recovery process. X-ray patterns taken from

samples annealed at 600 C show that the amount of
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superconducting phase continually decreases with time and that

SaCO69 YaO3, and CuO appear and grow. Presumably the barium .

reacts with 1CO 3  in the air to form the carbonate. At

temperatures above about 1000 C9 the superconducting phase is

observed to disappear. After &ven short exposures to these high

temperatures, the superconducting phase is replaced by several

pe-'~videntified phases. in. the temperature range from 850 C

to 1000 C, the coatings recrystallize into the proper structure.

Figure 3 is a resistance versus temperature plot for

one of the heat treated coatings. The data was taken using a -

standard 4 point ac resistance probe. The coating shows a two

degree wide transition which is complete by 86 K. Magnetic

a susceptibility measurements have not been made on this coating,

* but a measurement done on the feedstock powder exhibits a broad

transition indicating the presence of diamagnetic material. A

Conc lusions

It has been found that plasma spray processing can be

used to fabricate superconducting coatings. The as-sprayed

coatings are not superconducting, but a post-spray anneal in the

*appropriate temperature range can restore or improve the

superconducting properties of the original materiar. Because of

the highly flexible nature of the spraying system, virtually any

substrate material which can survive the post-spray heat 1!

treatment, and a wide range of substrate geometries can be given

a superconducting coating. The plasma spray approach has many

potential applications including the fabrication of high

strength superconducting magnts, coatings for the electronics

industry, and superconductor coated wires.
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Abstract . "

Coatings of Y-Ba-Cu-oxide superconductors have been produced by
plasma spraying the reacted powders. The spraying process disrupts both
the structural and the electrical properties of the material, however the _

desired properties can be restored by heat treatment. Short times (5 to 20 . --

min.) at high temperatures (900 ° to 1000" C) produce coatings which are
predominantly the desired YBa 2 Cu3 O7 -phase and exhibit on-set of
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superconductivity above 80 K. Details of the effects of heat treatment on "

the structural, electrical, and chemical properties are reported.

I. Introduction

The discovery of superconductivity in La-Ba-Cu-oxides at
temperatures in excess of 30 K [1] and in Y-Ba-Cu-oxides at temperatures
in excess of 90 K [2] has spawned a flurry of research directed toward
these materials. The preparation procedures used to produce most of the ..-

samples used for this work involve reaction of appropriate combinations * t-I

of the metal oxides at sufficiently high temperatures in a series of
heating and grinding operations yielding brittle pellets. An alternative
method which can be used to prepare these superconductors is by - -
injecting the reacted powder directly into a plasma flame and spraying
onto a suitable surface.[3] One advantage of this method is that it can be
used on a variety of surfaces, regardless of their texture and shape.

1I. Sample Preparation I

The feedstock powder for plasma spraying was prepared by mixing
high purity Y2 0 3 , BaCO 3 , and CuO in the correct ratios. The powders were
mixed in a ball mill with methanol as a mixing fluid and reacted above

900" C for several hours. The hard, black, brittle material thus formed,
which was not necessarily superconducting, was re-ground and sized to
form powder suitable for the spray feeders.

Substrates were 12 mm x 51 mm x 3 mm steel rectangles. The
substrates were degreased, grit-blasted, and sprayed with a 1 mm thick
coating of spinel (A12 0 3 + MgO). The Y-Ba-Cu-oxide powder described St".'..

above was then deposited approximately 0.13 mm thick over the white
spinel substrate. The deposited coatings were uniform, black, physically
durable, and essentially non-conducting.

At this point, several heat treatments were used to restore the .4
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superconducting properties. This paper gives comprehensive data on the "-. J

effects of some of these treatments. In particular, treatment at 9500 C
for various times was carefully studied. Lower temperatures caused the
coatings to break down into simple oxides of the elemental metals. Higher
temperatures caused melting and/or paratectic reactions.

III. Sample Characterization

A. Structural

All of the samples were measured on a computer controlled
diffractometer using filtered radiation from a Cu x-ray tube. Diffraction
spectra from three samples are shown in Fig. 1: one as-sprayed, i.e.,
without any annealing, one after 20 min at 950 • C in air, and the third
after annealing at 890" C in 02 for 16 hours. The desired YBa 2 Cu 3 O7 -phase

is present and the dominant component in all samples. Excellent
agreement is obtained between the measured peak positions and
intensities for this phase with those calculated on the basis of the
crystal structure as determined by Rhyne et al. from neutron diffraction
data.[4] Additional diffraction peaks present in all spectra can be largely
associated with the compound BaCuO 2 [JCPCS card #30-123]. Peaks

observed near 31.6 cannot be associated with either of these phases, but
do agree with the strongest peaks in both the Y2 BaCuO 5 structure, as

determined by Michael and Reaveau [5], and the YBa 3Cu2 Ox-phase recently "

proposed by Frase, Liniger, and Clarke.[6] We cannot distinguish between
these phases from our data. We also note that, although the annealed
phases appear to be stable, the presence of the YBa2 Cu3 0 7 -structure in

the as-sprayed coating tends to degrade with time, concomitant with the
growth of the other phases.

It is clear from an examination of the diffraction spectra that the ...'.'.

relative amounts and quality of the YBa 2 Cu3 O 7 -phase are enhanced by

increased annealing times, up to about 20 min. To further quantify this,
we have examined the relative intensities of the YBa 2 Cu 3 O7 -phase
(013,103,110) peaks and the BaCuO 2 -(600) peaks as a function of anneal

time. These data are plotted in Fig. 2. Clearly, the greatest changes are
affected during the first 20 min., as evidenced by the growth of the .,
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YBa 2 Cu 3 O7 -peaks and the decay of the BaCuO 2 -peaks. There appears to be

a subsequent increase in the BaCuO 2 -phase for longer anneals; a

corresponding loss of the YBa2 Cu 3 O7 -phase is uncertain.

Contrary to expectations, annealing the samples does not appear
to have any effect on the YBa2 Cu 3 O7 orthorhombic lattice. The unit cell

parameters (a.b,c) as determined from 30 to 35 diffraction peaks between
40 and 80 for each of the samples are listed in Table 1. To within the K
uncertainty of the fits, all the values are in agreement, indicating that,-'
there are no measurable changes in the lattice dimensions with annealing.
This observation may be in conflict with an orthorhombic-tetragonal
transition reported by Schuller et al.[7] Based on high temperature x-ray
diffraction experiments, Schuller et al. find that at about 750" C, the
YBa2Cu 3O 7 -phase undergoes an orthorhombic-to-tetragonal transition.

This is presumed to arise from a disordering of oxygen atoms on the
a,b-axes. In the ordered, orthorhombic structure, which is considered
favorable to the superconducting properties, the (0,1/2,0)-sites on the
b-axes are fully occupied by oxygen atoms and the (1/2,0,0)-sites on the
a-axes are vacant. It is presumed that at temperatures above 750" C, a
disordering takes place, leading to the orthorhombic-to-tetragonal
transition. Although all our heat treatments were at temperatures well
above this and the samples were quenched, we did not see any evidence of
a tetragonal phase for YBa 2Cu3O7 .

B. Electrical ;
The temperature dependence of the electrical resistance of all the

samples, except the as-sprayed sample, was measured down to 20 K. All
showed an initial increase in resistance as the temperature dropped to
about 80 K. At this point, the resistance began to decrease; for 2 to 5 min. -

anneal times, this decrease extended indefinitely, with the resistance
never reaching zero. For the 10, 20, and 49 min. anneal times, the samples
became superconducting at various temperatures. The 20 min. sample had .
the highest onset and the narrowest transition, as well as the lowest room
temperature resistance. The sample annealed for 85 min. was not
superconducting and showed a double transition. The temperature
dependence of resistance for the 20 min. and 85 min. samples is shown in
Fig. 3. The onset, as determined by a change in sign of the slope, and width
of the transitions, and the room-temperature resistance are given in Table
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C. Chemical and Microstructure
Bulk compositions measured by x-ray fluorescence showed some --

deviation from the YBa 2 Cu 3 -stoichiometry by a few atomic percent. This

effect was observed in the feedstock powder as well as in all the sprayed
coatings. It is not known at what stage the composition changes, but there
is no evidence that spraying or annealing has any effect on the bulk
stoichiometry.

On a microscopic scale however, many things are happening. The .
as-sprayed coating shows several chemical phases, with the desired
YBa2Cu 3O 7 -phase being the most abundant. The composition of other

areas implies BaCuO 2 and Y2 BaCuO 5 , in agreement with both the x-ray

diffraction results and predictions based on the phase diagram of Schuller
et al..[7] A backscatter electron micrograph of the as-sprayed sample is ... ,

shown in Fig. 4, revealing contrasting regions of different composition. •
As little as 5 min. of annealing time produces a sample which

shows little of these compositional variations and is predominantly the
desired YBa 2 Cu 3 O7 -phase. Figure 5 shows a similar backscatter electron

image of the sample annealed for 20 min., exhibiting relatively little
contrast and a good uniformity of composition. The series from 5 to 49
min. shows very little change with time.

It is noted that the electron microprobe images indicate the
presence of cracks in the coating. These cracks are more easily visible in
the SEM pictures, and form either during annealing or during cooling. (The
samples were allowed to cool in air after removal from the hot furnace.)
Cross-section images of the samples broken in half show the cracks

extending through the entire coating, although this may be an effect of the
stress induced in breaking the sample. These samples show no significant
compositional changes with depth.

IV. Discussion and Conclusions -

The plasma-spraying process disrupts the structure of the
Y-Ba-Cu-oxide superconducting powder, but the structure can be recovered S-'.

and even improved by appropriate heat treatment. The disruption takes the
form of both amorphizing the crystal structure and forming grains of other
phases, particularly BaCuO 2 .

Relatively short times at high temperature are required to produce
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coatings which are predominantly the YBa 2 Cu 3 O 7 -phase in the .r

orthorhombic structure. This structure seems to form immediately, .6
without any evidence of a tetragonal intermediate or any slow cooling 1 ,
necessary. The coatings have uniform composition, are durable both with
respect to time and physical abuse, and show high superconducting onset
temperatures. At present, their resistance still shows activated behavior
below room temperature, as well as broad superconducting transitions. I

The physical morphology of the coatings, especially cracks, may be
responsible, in part. Slight errors in the stoichiometry also may play a
role. Future research will be aimed at correcting these problems.
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VII. Figure Captions

Fig. 1: X-ray diffraction spectra of the as-sprayed coating (bottom

curve), after 20 min. anneal at 950" C (middle curve), and after 16 hr.
anneal at 890" C (top curve). The Miller indices correspond to the
structure of the YBa2 Cu3 O7-phase as reported in Ref. [4].

~.
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Fig. 2: Fractional intensities of the YBa2 Cu 3 0 7 -phase z ..
1130,310,110)-diffraction peaks and the BaCUO 2 -phase (600)-diffraction

peaks as a function of anneal time. :.: ...

Fi . 3: Temperature dependence of the resistance of the
plasma-sprayed coatings after annealing at 950 C for 20 min. and for 85
min. Note the negative coefficient between room temperature and 80 K.
The sample annealed for 20 min. shows the best superconducting
transition, while the 85 min. sample is not a superconductor above 20 K.

Fig. 4a: Backscatter electron micrograph of the as-sprayed ie

coating with the electron microprobe set for a magnification of 800X. The
contrasting regions are indicative of different compositions.

Fig. 4b: Backscatter electron micrograph of the sample annealed
for 20 min. at 950" C. The desired YBa2 Cu3 O7-phase predominates with
very little evidence of regions with altered composition. Some cracking is
evident and is more pronounced in SEM images.
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Recent davlopmean in the production ofhigh Tc er dc have spurred the rapid

deJloMM of tie. of the~ omew md electonic suctum of thee compwnds. A

number of theoetd cakuanto d die brad arucem of La-Ba-Cu-O have been produced

and studied in an efforto uxdrstamd the name of the wsupawdcin PC s These

calculations have not been supported by direct -- oftebn tucuehwvr

WIth the production of the seriem of Y-Ba-Cm-O materials and dmr ritical temperatures above

77 K. ________ts of the electrnic structures below T. have beonme experimentally more

tractable. 2 An essential component of the interactions that produce the superconductivity is the

electronic stuictum yet measurements of this structue have not been made. '

In this letter, we report the first Ues tem s of the electmic suucre of YBa2Cu30 7  -

using synchrotron radiation in the range 25-180 eV. In this photon energy range, we are able

to use resonant photoemission in order to assist in the chemical identification of the Cu and Ba "

features observed in the valence band spectra.

The samples of YBa 2Cu30 7 were prepared by mixing oxides and carbonates of the metd

in the appropriate atomic ratios, and cacining in air. The samples were pressed into pellets and

sintered in air and 0 2. The structure is that determined by Beech et aL3 Four-point a.c.

resistance measurements show a sharp drop in the resistance at 93K and zero resistance is .

attained at 9lK"uuen-cauerng-m -3eiiints ar rendy beingi and -

] AS to determine in Aetai th crystal structue. - --

The photoemission measurements were made using the National Bureau of Standards

SURF-I Synchrotron Ught Source, a toroidal grating monochromator and a double-pass ,

cylindrical mirror analyzer (CMA). Base pressures were - Ix 10"I0 Torr. The sample normal

was at an angle of 450 to both the photon beam and the axis of the analyzer, the spectra obtained

are angle integrated. Calculated photon resolution is 350 meV at hu=60 eV. The CMA was
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operated with a constant pass energy giving a constant resolution of 240 meV; the data are

presented uected for CMA Iran ssion. Samples wer mounted on a liquid nitrogen

cooled manipulaw using Ta foil and soldered into an Al ring with In in order to produce good

thermal contc The temperatures were measured with a W-5%", W-26%Re thermiocouple

imbedded in the In. The surfaces were prepared in ultra-high vauum (UHV) by fracturing the

microcrystalline needles with a stainless steel blade. Measurements were made on two separate

batches of oxide superconductor. Spectra from both samples showed the same features at

identical binding energies, however, the sample that had been sintered longer showed sharper

peaks. -

Figure 1 shows a survey of ultraviolet photoelectron spectra from the first sample in the

photon energy range 60-104 eV in 2 eV increments. At a photon energy of 60 eV (top curve),

we observe primarily two valence band features centered at 5 eV and at 9.4 eV. As the photon

energy is increased, the 9.4 eV peak is enhanced slightly and an additional feature at 12.4 eV is

introduced. This peak rises to a maximum at a photon energy near 74 eV and then decays in

intensity, along with a portion of the 9.4 eV feature. With increasing photon energy, two

additional peaks become apparent, centered at 15.0 and 28.8 eV. Over the photon energy range

spanned by fig. 1, several low energy Auger features are also observed; they appear at constant

kinetc energy or at 2 eV higher bidig energy in successive curves.

Figure 2 shows, in more detail, photoemission spectra obtained from the second sample

with hA=74 and 94 eV, resonant energies for Cu and for Ba, resopectively. The long dashed _

curves represent an approximation to the secondary electron contribution and the multiple

features observed in these curves are fit using simple Gaussian lineshapes. The detailed form :-"

of the secondary background does not, to first order, affect the locations or widths of the

features but it can influence their intensities. Here, we are primarily interested in locating the

energies of these features and this decomposition allows a better estimation.
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MMe paimey pb lro feature, located iamediaaely below EF, contains at least two "~

c tl*mk am ar e cenaved at 2.3 ad 4.5 eV. Thesem am identified as a combinauion

of the Cu 3d and 0 2p oriitels. The upper edge of the valence band nealy coinckles with the

Fermi level and the density of states at EF is smal; them is no distinctive edge. This valence -a.

crss-setion at 20.1 eV. . ,

As indicated above, the intensities of several of the phoomssion features are observed to

.

resonate with the photon energy. This resonant enhancement is c,-selved both for Cu 3

a.

satellites and for Ba 5s and 5p evels. The Cu satellite resonant enaceet occurs as a result ,,,

of an interference between an Auger process and a shake-up effect ( a) T1is enhancement

occurs at a photon energy of 74.2 eV in CuO and results in two satellites whose apparent,- ,,
binding energiesar 12.9 and 10.5 eV with respect the Fm levlosl.4 Cu metal, the

enhancement occurs at a photon energy of 75.6 eV and results in two samuea 14.6 and 12.0 - .

eV. 4 (° ) in COTenhancement occurs at 76.5 eV and results in a single saft~h~at an apparent""""

:%

binding energy of 15.3 eV. 4(b ) ob

To better charcterize the photon energy dependence of the 12.4 and 9.4eV satellites

observed here, we have fit these features with Gaussian peaks as shown in fig. 2 but in order

to use consistent secondary electron approximations, a "Shirley method" background wasceen

used.5 This gives a reasonable approximation to the form of the secondary background for
energies near EF. Figure 3 shows the photon energy dependence of the two Cu satellites over

the energies where resonance is expected. Structure in the curves is consistent with the

precision of the inteiz erminations. re enhancement of the 12.4 eV feature is much

stronger than for the 9.4 eV fea tur however the lau e a feature is likely to contain overlapping

contributions from this sat eltrn approxictron featre that has been observed in 4
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phoaoissk ftinMn O *Inewi y.6 Both of these satellites at stootgly enhanced at photon

energies neat 74.cV. Based on these observations we assign the feature at 12.4 eV and A

g of the featue at 9.4 eV to resonantly enhanced satellites of Cu in a CuO-Iike oxide. At -

the lowest photm energies, the majority of the intensity of the 9.4 eV feature is likely to be due

ty.6  e

The appar)rbnding energies of the satellites in the oxide superconductor are significandy

lower than the energies of the CuO satellites, indicating that the Ueff for the Cu cation in this

material is smaller than that of CuO. The resonant energy, however is in good agreement with

that of CuO.

When the: photon energy exceeds 94 eV, the features at 15.0 and 28.8 eV are observed to

be resonantly enhanced. This enhancement may be due to an interference with the excitation of

the Ba 4d levels (whose binding energies are 91 and 93.1 eV7 ) and the two peaks are identified

as Ba 5p and Ba 5s levels, respectively. This identification is confirmed by comparison of

these valence levels with x-ray photoelectron (XPS) data from BaO. There, the Ba 5s has a

binding energy of 30.6 eV and the Ba 5p level is observed at 15.2 eV, essentially in agreement "

with the observations made here. 7 Also observed in the spectrum shown in fig. 2(b) is a

feature located at an apparent binding energy of 37.6 eV or a kinetic energy of 51.1 eV. This is

identified as a Ba NOO Auger electrton feature. Table I presents a listing of the energies and

identifications of the valence features observed in this study.

Within the resolution of this study, there is no evidence for valence band structural changes

associated with superconductivity as the temperature is lowered below Tc . In these

measurements, the lowest temperatures attained were 88K. There are other effects of operating

at low temperatures, though, especially the increased sticking probability of H2 0. Even at

x10 10 Tori, the contamination of the surface due to H20 adsorption was observed over time ?

periods as short as 30 minutes. This surface contamination is observed both as a reduction of
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the inteasity of the 2.3 eV QMd valence band and in the intruduction of the b2, al, and bl

molecular wdl&

in conclusion, we have meamsed the valence electrMn sture of YBa2 Cu3 0 7 above

and below the critical temperatt. The Cu/0 vale= bend edge is located inmdaely below

the Fermi level; a sharp Fermi edge was not observed. The features observed in the spectra

have been identified with the use of resonant photoemission. The Cu oxide is similar to CuO

however the Ueff is lower, as indicated by the lower satellite energies.

t Naval Research Labontory / National Research Council Postdoctorl Associate

Nft" On a sabattical leave from the National Science Foundation.
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Table L
. 6'.'

Bwding matm (J.I v) refezencd to EF and widhs (±02 eV) ofekcmi enard'.. '

leves Of YBa3fn 2G 7 MVpeicOM&WW~

Cu3d/02p 2.3 2.0

Cu3d/02p 4.5 3.0

Y/Cu sat. 9.4 1.9 ""

Cu sat. 12.4 2.5 , ._-

Ba 5p 15.0 2.9 0

02s 20.1 3.3

Y 4p 24.0 3.1

Ba 5s 28.8 3.6
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1. WU -nrii pMtomso q ~ obandfo UI1V hatuHir T5'a11ThE.~ -Mwn to

cave is obtained with bu=- eV an the imm curve is with bu-104 eV; successive %

curves we separatd by photm energy tm wt of 2eV. These data wre obtained

from die tit sample. The specm obtained from the sewond sample am essentially

identical. "N

2. Photoemission spectra obtaied from the second sample for photon energies of 74 and

94 eV (data points are given by the dots). These am resonant energies for Cu and Ba, 

respectively. The backround scoonty eaecuns is ap nxieaeby the long <

dashed curve and the features in the spectrum are doomposed into a sum of Gaussian

peaks (short dashed curves). The sum of the Gaussian peaks and the secondary

background give the solid curve.

3. Intensities of the 9.4 and 12.4 eV features versus photon energy. The feature at 9.4 eV

contains contributions from Y and from a Cu 3d satellite. The 12.4 eV feature is due to N

the second resonant Cu 3d satellite. The shapes and energy locations of these features

are consistent with previous observations for the resonant behavior of CuO. "
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INTRODUCTION

A number of ceramic compounds including YBa2Cu 3 07 have been 0
reported to superconduct at temperatures in excess of 35X [J-9].
A critical feature in the processing of these compounds required
to obtain good superconductive properties appears to be a final
annealing stage In an oxygen containing atmosphere to increase

." the oxygen content of the materials [10]. Without the oxygen
anneal step, the superconducting transition temperature drops
and the drop In the temperature versus resistance curve becomes
less defined.

To aid In the development of a better understanding of the
electronic structure in this class of materials, we have
examined changes in the electronic density of states for •

*- TBa2 Cu 30x with oxygen content via ultraviolet photoelectron
spectroscopy. Samples with x - 6. 95, 6. 5, and 6. 05 were .

examined.

FPotoelectron energy distribution curves provide a

semiquantitative measure of the density of occupied electronic S
states in a material. They differ from the actual density of
states in two respects. First, the photolonization
cross-sections for different electronic states can be quite

different, and their dependence on photon energy can be ,.

different as well. For the copper 3d and oxygen 2p levels t.he

photoionization cross sections are approximately equal at a
photon energy of 40eV (11). Secondly, the position of the peaks
In a photoelectron energy distribution curve may be shifted
slightly with respect to the actual peaks In the density of

• "states due to Interaction of the photoelectron with the hole it

leaves behind.

Our determination of the electron density of states in
YBa 2Cu 3 O5 95 (1l] is in good agreement with similar '.

determinations made by other research groups (12-141. The
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experimentally determined electronic density of states,
however, differs from the calculated valence band density of
states (15-171, both In terms of the valence band width and in
terms of the peak positions relative to the Fermi level.

4

Although photoemssion is a surface sensitive technique,
it has been used successfully to examine the bulk electronic . ,
structures of a large variety of both metallic and
semiconducting compounds (18).

EXPER IMENTAL

In the experiment electrons photoemitteded from the sample
were energy analyzed by a double pass cylindrical mirror
electron energy analyzer. The source of the photons was the
SURF-I storage ring. The energy of the Incident light was
selected by a toroidal grating monocbromator whose energy band
width at GoeV photon energy was calculated to be 350meV At
lower energies the resolution was better, at higher energies,
worse. Spectra presented below have been normalized to the
incident light flux as determined by a calibrated In line
tungsten mesh photodiode. The resolution of the electron energy
analyzer was fixed Independent of the photon energy at 240meV.

The TBa 2 Cu 306.9 5 sample was prepared as described In
reference tO. Other samples prepared in the same batch were
characterized by X-ray diffraction, neutron diffraction,
resistance versus temperature measurement and Me/sner effect
[19]. Tc was determined as 93K with a 21 width. The sample was
found to have an orthorhombic crystal structure. The TBa2Cu3O3. 5
sample was prepared In the same way as the 93K sample
except that the final oxygen anneal step was omitted (10, 20).
Identical samples characterized by resistance measurements and
x-ray diffraction were found to have transition temperatures of
about 60K with a tetragonal crystal structure. The YBaCu 3 Oso.05
sample was prepared by annealing YBa2Cu3O. 5 In flowing argon
at 750 0C for 15 hours. Samples prepared by an identical
procedure were found by neutron diffractions to have a
tetragonal crystal structure and 6.05 oxygen atoms per unit
cell [19). Auger analysis verified that the last two samples
had an oxygen content ratio of approximately b. 5/5. 05.

Photoemission measurements were conducted in UHV at
pressures from 1x10 to 3x10 - t0 Torr. Rectangular samples
were cut in air from pellets sintered to approximately 807.
density, and mounted rigidly In indium encased in an aluminium
holder. Immediately before photoemission measurements were
conducted, the samples were fractured In UHV with a stainless
steel blade. The samples were positioned so that the
photoemitting face was at an angle of 450 with respect to both
the photon beam and the analyzer axis. Fermi level
determinations were made on the basis of the Fermi edge
observed in photoemission spectra from a sputtered gold foil
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that was in electrical contact with the samples. The sample
holder was mounted on a liquid nitrogen cooled manipulator.
Temperatures were determined using a W-5Z Re W-25Z Re
thermocouple imbedded in the sample holder. The measurements
were angle Integrated throughout the BrIllouln zone due to both
the large acceptance cone of the CHA and the polycrystalline ., .
nature of the sample. Ho evidence for radiation induced damage
was observed In our experiments for any of these samples.
Spectra taken immediately after fracturing the sample to expose
fresh surface appeared Identical to spectra obtained after
periods as long as 3. 5 hours. This corresponds to a radiation
dose of about 104 photons/surface atom at photon energies from ...
30 to 1tOeV.

RESULTS AND DISCUSSION

Figure 1 shows a series of photoelectron energy
distribution curves collected from the TBa2 Cu305, 95 sample at
photon energies from 50 to 108eV. Different features are
enhanced at different photon energies. The features at about 14 -
and 29eV below the Fermi level (EF ) are due to emission from S
the barium 5p and 53 levels, and are enhanced above the Ba 4d
photolonization threshold. The peak at 12.4eV binding energy
prevalent In the 76eV photon energy spectrum is assigned to a
valence band satellite feature that resonants at the copper 3p
threshold. Similar resonance satellites have been observed for
CuO and Cu2O C22]. The binding energy of the satellite feature 0
and the photon energy for which It is most Intense depend upon
the charge state Of copper. The binding energy and photon
energy dependence of the satellite observed here are most
nearly matched by CuO, although oxidation states other than
Cu++ cannot definitely be ruled out on the basis of our data.
The features that appear at 28 and 31eV in the 5OeV photon -
energy spectrum and at 24 and 27eV In the 64eV photon energy
spectrum are due to the barium 4d core level excited by second
order light. Above 70eV photon energy the intensity of second
order light transmitted by the monochromator is essentially
zero. The features at 20 and 24eV binding energy visible
particularly In the low energy spectra arise from the oxygen 2s
and yttrium 4p levels. The main valence band photoemission
feature occurs with a binding energy 4. 5eV below the Fermi
level. Two smaller peaks with binding energies of 9.14 and 2.3eV
also occur. Both these peaks drop more rapidly in intensity
than the 4. 5eV feature with increasing photon energy. At photon
energies of approximately 40eV, the photoionization % ..
cross-sections of oxygen and copper are approximately equal. At
photon energies below 40eV, emission from predominantly oxygen .N.

derived levels is more intense than from levels of
predominantly copper character Eli]. At photon energies above
40eV, emission from predominantly copper derived levels is more
intense than emission from oxygen derived levels. This
observation together with the behavior of the spectra in figure
I suggests a greater oxygen contribution for the levels at 2.3
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Figure 1. Photoelectron energy distribution curves from
YBa2Ch306.95 at photon energies from 50 to 1O8eV. :'
The electron binrding energies are measured with respect .. '-
to the Fermi energy (O.OeV). The curves have b~een offset / Z-
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vertically for clarity. Photon energies were 5OeV (top..
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Figure 2. Photoemission spectra (phioton energy:6OeV) ar-e.'_
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and 9. 4eV binding energy than to the main peak. On cooling the
932K superconductor to 88K. no changes in the valence band ' ,

photoemlission spectra were noted. The 2. 3eV peak was
particularly sensitive to water adsorption. After exposure of 0
the sample to I L water vapor this peak was significantly
reduced In intensity.

Figure 2 shows photoemission spectra of the valence band
region for the three YBa2Cu 3Ox samples together with a spectrum
from a non-superconducting La2CuO sample. All four spectra
show the main peak In the electron energy distribution curves
4.5 to 5eV below the Fermi level. This peak Is shifted slightly
toward higher binding energies In the oxygen deficient
compounds and In La2 CuO. The feature at 9. 4eV binding energy
is also present in all the spectra except that of TBa 2Cu 30. 0 5 , S
Where it appears to be shifted to 8.8eV and reduced in
Intensity. The main difference between the 93X superconductor
and other compounds is the presence of the feature at 2. 3eV
binding energy. It Is much less intense In the Ya 2 Cu 3 06. 5
spectrum where It appears to be shifted slightly toward higher "
binding energy (2. SeV) and has all but vanished In the
TBa 2Cu 3 06.0 5 spectrum ( See figure 3). Minor shifts In the 0 2s, W
T 4p and Ba 5s and 5p levels also take place with changes
In the oxygen concentrations. These shifts may be due to a 'd .0

combination of changes in the atomic charge states and changes -
In the hole screening. The levels of binding energies are
summarized in table I. "

6S

The measurements presented here provide two constraints on
theoretical treatments aimed at understanding the electronic
structure of TBa 2Cu3O. (1) The presence of the 2. 3eV feature
in spectra from the 93K compound implies a higher charge carrier
concentration at the Fermi level in this compound than In the
related lower Tc and non-superconductive compounds. (2) The
oxygen-like cross sectional dependence of the 2. 3eV states
implies a large contribution from oxygen toward the density of
states near the Fermi level in the 931 compound. In agreement
with the measurements, calculations by Massidda et. al. (16] and
KraRauer et. al. [17] show that the density of states near the
Fermi level are mainly derived from the oxygen in the Cu-O .'
chain. More significantly, the observed 2. 3eV feature is
intense in the orthorhombic sample, but very weak or absent in
the tetragonal samples. The X-ray and neutron diffraction data
(1O, 19] as well as Cu-O vibrational spectra [22] indicated
that the linear Cu-O chains are rez->ved by the orthorhombic S

to tetragonal phase transition. The measurements however 7.F
disagree with the calculations In terms of the locations of
peaks in the electronic density of states with respect to the
Fermi level. The measured levels lie roughly 2eV further below .-

EF than the calculated peaks. Part of this shift may be due to
interaction between the photoemitted electron and the hole it S
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leaves behind In the final state. But, further Investigations
are needed to determine the source (or sources) of this shift.'
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electron-electron interaction effects. The magnitude of these .
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the superconducting oxides.
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.2

The recent discoveries of superconductivity above 30 K in ..FIN

Laas-Ba1 CuO. [1] and above 90 K in a mixed-phase Y-Ba-Cu-O

compound [2] (subsequently shown to be YBasCusOv- [31), have .

generated a great interest in elucidating the electronic

structure of these materials. The high transition temperatures

(Tc) and the lack of an isotope effect [4] have suggested that

the electron-phonon interaction, as indicated by the conventional

Bardeen-Cooper-Schrieffer (BCS) mechanism [5], may not be

dominant. Rather electron-electron interactions, such as in the

"resonanting valence bond" (RVB) mechanism, may dominate [6].

Recent band-structure calculations and published density-of- '

states (DOS) have provided great insight into the electronic

structure of these materials [7,8]. However, the one-electron ",.

nature of the band-structure calculations do not provide much

insight as to the nature of the electron-electron interactions. F

Auger electron spectroscopy (AES) is unique as an -, -'

experimental tool in this regard, since the Auger lineshape

reflects a two-hole (or two-electron) DOS [9]. Certain satellite

features in x-ray photoelectron spectroscopy (XPS) also reflect a

two-hole, one-electron final state. We report Cu 2 pi/s and 2 p/is

(Las) XPS and Cu LasVV AES data for three superconducting (SC)

materials having the nominal composition La 2 CuO 4 (herein call the

La material), and YBaaCusO, with the tetrahedral (123-t) and ".'

orthorombic (123-o) crystal structures. We compare this data

with previously reported data [10] for Cu, Cu2O, and CuO (herein

called non-SC materials). Briefly, these data suggest the

following: 1) the covalency of the Cu-O bond increases in the
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order CuO < La < 123-t < 123-0 (i.e. proportional to Tc), 2) the

localized nature of the antibonding Cu3d-02p as band decreases -.

with covalency, and 3) the electron-electron interaction energy

in the Cu3d-02p a bonding band decreases with covalency (i.e.

screening increases).

The La, 123-t, and 123-o materials were prepared from the

high-purity powders LasOa, YsOv, BaCO, CuO. These powders were

mixed and calcined at 9400 C for 3h (with an intermediate

mixing), pressed into 1.2 cm diameter pellets and sintered for

12h at 9400 C in air, reheated to 900, C in oxygen for 3h, and

finally slow cooled at l/min. The 123-t material was air

quenched from 900* C instead of slow cooling. Structures were

determined by x-ray and neutron diffraction. The superconducting J1.

Te's were determined resistively. Table I gives the temperature
for each SC material at which the resistance begins to drop with

cooling, and the temperature at which the resistance drops to

zero. The La material exhibits only a filamentary .. y

superconductivity [11] and a resistance minimum at 29 K. Both

the AES and XPS spectra were taken with Al Ka excitation at room

temperature with a Surface Science Laboratories Model SSX-100-03

spectrometer . The samples were scraped with a diamond tip ,..

within five minutes of insertion into vacuum. XPS indicates that

surface adventitous carbon was present, but this is not expected

to alter any of our conclusions.

Fig. 1 and Table 1 show the XPS data comparisons. Note that

large satellites are present in the Cu Lts XPS spectra except for

Cu metal and CusO. This is apparently because the Cu 3d band is

,.-.;'.
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filled in these two materials so that the previously identified :. ."

3d to 3d* or a to as shakeup process, which may occur upon core

excitation in CuO, cannot occur [12]. Larsson (121 has .-

summarized the satellites observed in a large number of other

systems as follows: 1) spectra with atomic ligands typically

have one satellite peak associated with La and two with L3, 2)

the satellite intensity is strongest if the ligands are highly

electronegative (i.e. ionic bonding), 3) the energy separation '

between satellite and main peak increases with electronegativity.

Table 1 indicates that the ionicity of the Cu-O bond must -

decrease (covalency increase) in the order as described above. '* .

The L2 3VV Auger data are shown on the left in Fig. 1. Only

the lineshape for Cu [10] has been quantitatively interpreted -

previously [13,14]. The Cu lineshape has been interpreted within

an atomic picture, where the final state holes are assumed to

remain on the atom with the initial core hole. The main feature .

at 918.8 and a smaller feature just 2.7 eV higher in kinetic

energy arise from atomic multiplets within the principal L 3 VV
p-

lineshape; a similar main feature for the LIVV lineshape falls at ..

938.7 eV. Satellite features identified as arising fyom the LV- A

VVV process lie just to the left of the principal La and L3 \

features [13,14]. ".

The lineshapes for Cu2O (10] and CuO [10] are very similar

to that for Cu; however the lineshapes measured in this work for .*

the La and 123 SCs are very different. There are two reasons for

this. First, becasue of the Al Ka x-ray source used in this

work, the Auger lineshapes of the 3 SCs lie on top of a large

2.* , ~ -. '- -- *5'.5*** - % S'... **5 *~'..'..~* * 5 .. '-- ,-~-'C '2 °



contribution arising from o is (kinetic energy 951 eV)

photoelectrons which have suffered inelastic loss processes on

their way out of the sample. In a standard procedure [15] for

Auger spectra, we deconvolved the entire spectrum ( 0 is XPS plus

Cu Auger region) with a backscattered electron spectrum taken
O

such that the elastic peak had the same energy as the 0 is

photoelectrons. This process removes most of the XPS-loss .'•

contribution as well as the Auger-loss contribution (this latter
0

contribution is present also in the Cu, CusO and CuO spectra).

The L, portions of these deconvolved spectra are given in Fig. 2.

Comparison of Figs. 1 and 2 reveals that the relative sizes N'..
0

of the satellite and principal Auger contributions in the 3 SCs

are very different from those for the 3 non-SCs. To understand

how this can be true, we need to itemize those processes which
0

can create the initial valence hole in the LV-VVV satellite. The

relative total core ionization cross-sections under Al Ka x-rays

are L,:La:L, = 26:54:100 [13]. The L, and L: core holes may

undergo Coster-Kronig (CK) decay (LiaLV). The resultant L3

core hole may subsequently Auger decay, and because of the

valence hole, this results in the satellite contribution. We

assume that CK decay dominates for the L, core level, and that

the level degeneracy dictates the relative final state

populations (i.e. 9 LV to 18 LV) [13,14]. The relative

intensities of the LaVV and LVV contributions in the Cu Auger

lineshape are tipproximately L,:Ls = 5:1 [13], hence we allot 18

to the LjVV Auger and 36 to the LaLV CK process. The

theoretical probablity for shakeoff of a valence electron upon

253..
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"sudden" creation of a core hole in a Cu atom has been estimated

to be around 10% (16). Since this probabililty is nearly

independent of the molecular environment [17], we allot 10 to the

LsV-VVV satellite from shakeoff. The total satellite

contribution is then 70% of the principal contribution in close

agreement with experiment for the non-SCs.

Table 1 shows that the relative satellite contribution for

the 3 SCs is very much larger. This cannot arise from an

increase of the La CK decay since the experimental LVV:LVV

intensity ratio in the SCs is similar to that for the non-SCs.

Another possibility is that some of the principal Auger intensity -*

goes elsewhere, for example at higher energy just below the LVV

lineshape. We do see some contribution here, but it is not any

bigger than that seen in the CuO lineshape, yet CuO does not show

the enhanced satellite. We conclude that some intensity from the

principal LVV contribution must be transfered to the satellite

LaV-VVV contribution.

The transfer of principal to satellite intensity can arise

from the s to sl shakeup process discussed above. Normally,

shakeup does not cause a satellite Auger contribution since the

shakeup electron remains localized and thus the shakeup-Auger

final state still contains only two holes [17]. However, if the

at electron should propagate away before the core hole decay, we

then have a local three hole state, as in the shakeoff process.

We suggests that the increased intensity of the LV-VVV

satellites for the SCs results from delocalization of the a'

shakeup electron before the Auger decay. This does not happen in
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CuO, because in that material the as orbital on the atom with the

core and valence holes drops out of the conduction band and

becomes a localized excitonic-like state with a binding energy of.

around 1.4 eV. (18]. In the SCs no band gap exists [7,81; :_%

% .%.

however, evidence for a 3d* resonance does appear in recent x-ray

absorption spectra for the La material (19]. Since the XPS

satellite decreases (i.e. decreasing shakeup) while the Auger

satellite increases with increasing Tc in the SCs, not all of the 4. -e

as shakeup electrons must escape before the Auger decay. The

escape probability must increase with covalent character, a trend

one might expect as the electrons become more delocalized. Table

1 gives the relative amount of intensity transfer, from principal

line to satellite, required to give agreement with experiment.

Finally we consider the spectral feature seen in Figs. I and

2 between the L3 and La Auger contribution3. This very small .

feature for Cu has been interpreted as a delocalized band-like

(as opposed to the atomic-like) contribution to the Auger

lineshape (13]. This feature has increased intensity for the

remaining oxide materials, suggesting that the larger intensity -

arises when one of the final state holes is delocalized onto a

neighboring 0 atom (i.e. an effective two-center Auger final

state, but not necessarily involving a two-center Auger process).

Such a final state might arise when the a Cu-O bonding band is -
S

involved in the Auger decay. Fig. I and Table I show that the

energy of this two-center feature relative to the Fermi level

(i.e. Et€-EY) decreases with increasing covalency. We have

modeled this contribution in Fig. 2 for the SCs by applying the

%.. .. .. . - - , # .. .- .. ,. . . .- . -. -. - . - . , - . , d . .. . .. . . . , .. °. _, . . . . . - - , , ,,. - . .. , . . . , . . ,* ., A% .
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Cini-Sawatzky expression [201 to the self-fold of the Cu DOS (71 

with an effective hole-hole repulsion, U.si, chosen to provide

optimal agreement with experiment. Table 1 reveals that U.,f 4

decreases as the covalency increases (i.e. as Tc increases),

consistent with the increased screening of the Cu-O valence holes

by the more delocalized electrons in the covalent systems.

In an ionic vs. covalent (i.e. local vs.non-local)

description of the bonding, we have shown that the covalency of

the Cu-O bond increases with Te. This is reflected in the

intensity and energy of the XPS satellites, in the intensity of

the Auger satellites, and in the effective hole-hole repulsion .*-

energies reflected in the "two-center" Auger contribution.

Increased covalency usually reflects increased interorbital

overlap, in this case between the Cu 3d and 0 2p orbitals. This

increasing 3d-2p overlap is consistent with the decreasing

interatomic distances (the shortest Cu-O distance is 1.95 A O in

CuO, 1.95 in La [21], and 1.85 in 123-t and 123-o (1,3]) and the

decreasing dimensional character of the Cu-0 lattice (nominally

3D in CuO, 2D in La and 123-t, and both 2D and ID in 123-o [7,8])

in the higher Te SCs. Increased covalency suggests increased

mobility of the electron pairs. Electron-electron interactions
U.,'

dominate the Auger and XPS satellite spectra for all of these

materials, and these interactions may play a significant role in

the electron pair binding [6].

We thank D.U. Gubser for providing the most recent

literature supporting this work.
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Figure Captions

Fig. I Comparison of the previously published Cu LssVV Auger ,

spectra (left) and x-ray photoelectron spectra (right)

for Cu, CusO, CuO [10] with those obtained in this work

for the superconducting materials LaCuO4 and YBACu3O7

in the tetrahedral and orthorhombic crystal structures

(i.e. the La, 123-t, and 123-o materials). The

principal components, L, and L3, and satellites for ...

each case are indicated. The vertical marks indicate

the energy of the Ls Fermi level, EF, and the "two-

center" feature, Eic.

Fig. 2 Comparison of the Cu L3VV Auger spectra for the La,

123-t, and 123-o superconducting materials after

deconvoluting out the inelastic contributions as

described in the text. A least squares fit of the LV- .

VVV and LVV components [14] for Cu metal is shown.

Slight relative shifts in the two components were

required to obtain optimal fits. Also shown is a self-

fold of the Cu DOS [7] after including correlations

effects via the Cini-Sawatzky expression [20] with an

optimal U.t as tabulated in Table 1.

260

'5,

4 5d. -



Cu XPS Cu AES
sat L2  3 LV L 2V V

2sat* * sat sa

CU20

CCU2

.0

F:-

z L

123-0

965 945 925 910 930
EB(eV, rel. EF K. E. (eV, r el. EV)

261



20 L

Lq .,

16

L,V- V v V
12L v

8 L2LV-/VVV(

4U

15'

'U12

3 ~

0/

940950960970980990 100

II262



^ %

IMPACT OF HIGH-TEMPERATURE SUPERCONDUCTORS ON HIGH '.,. -

POWER, MILLIMETER WAVE SOURCE TECHNOLOGY

Recent discoveries of compounds having superconducting
transition temperatures above 77K has led to the distinct possibility
that in the near term practical liquid N2 cooled superconducting

magnets will be available. The advent of liquid nitrogen cooled
superconducting magnet technology will have an immediate impact on
high power mm-wave source technology. The main problem that has
faced the development of microwave/mm-wave sources employing %
conventional liquid He cooled superconducting magnets has been the
coolant cost and/or the complexity of the cyrogenic system. By -"
combining high temperature superconducting technology with '-

advanced cyrogenic techniques these problems will be eliminated.
Using present cyrogenic technology it should be possible to construct
liquid N2 cooled magnets which remain superconducting for months

at a time without requiring additional coolant. The magnets then .

function as tunable, high field, permanent magnets. By eliminating the
refrigeration system and the magnet power supply this would be the
key towards extending superconducting technology to airborne
applications.

High magnetic fields are advantageous for the operation of many ./

advanced mm-wave devices. MM-wave devices can be broken down
into two classes, slow wave or fast wave, depending on whether the
phase velocity of the EM circuit wave is less than or greater than the
speed of light in vacuum. Conventional slow wave devices use fragile
periodic rf structures, such as a wire helix or corrugated metal wall. to
slow down the EM wave. At mm-wave frequencies these structures are
exceedingly small, on the order of a free space wavelength.
Furthermore the electron beam must be placed very close to the •
structure for a strong interaction. The main problem plaguing high
power slow wave mm-wave operation is heating of the slow wave
structure due to electron beam interception. Better focusing of the
beam is required therefore for high power mm-wave operation. The
simplest way to accomplish this is to increase the strength of the
confining magnetic field. Water cooled solenoids arc typically
employed in conventional power tubes requiring strong magnetic
fields. llith field operation ,however, results in excessive ohmic
heating losses. For Naval applications where prime power usage is key.-'
these power losses can be unacceptable. Successful development of
liquid N) cooled siipercontuclting magnets would eliminate these 0

problems. This tcchnology would then result in an immediate advance
in the p)erl-ro(,1fi IICe of high power, mn-wave slow wave devices. %-.
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The advent of high temperature superconducting magnets will
make many advanced fast wave, high power, mm-wave devices
attractive for Naval applications. Electron cyclotron maser
devices(gyro-devices) are typically operated at the fundamental
harmonic where the gain, bandwidth and efficiency are greatest. High
frequency operation at the fundamental ,however, requires very strong
magnetic fields (40kG @ 100GHz). High temperature superconducting
coils could make high field gyrotron operation feasible and thereby
extend the performance of gyro-devices in the mm-wave regime. Free
electron lasers(ubitrons) could also benefit from high temperature
superconducting technology. In an FEL the interaction occurs between
an electromagnetic wave and an electron beam undulating in a
periodically varying magnetic field. The strength of the interaction
depends on the wiggler magnetic field strength. By using small period.
superconducting wiggler magnets high efficiency, moderate voltage
mm-wave operation becomes possible. Furthermore, recent studies
have shown that the efficiency and bandwidth of the free electron
laser can be significantly enhanced by applying an axial magnetic
guide field. High field strengths are typically required however to
access the high efficiency mode of operation. Superconducting coils
are therefore required for the practical implementation of such a
device.

by: Carter Armstronq
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