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Superconductivity above 90 K in the Square-Planar Compound System ABa2Cu306+
with A =Y, La, Nd, Sm, Eu, Gd, Ho, Er, and Lu
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We have found superconductivity in the 90-K range in ABa2Cu306+„with A =La, Nd, Sm, Eu, Gd,
Ho, Er, and Lu in addition to Y. The results suggest that the unique square-planar Cu atoms, each sur-
rounded by four or six oxygen atoms, are crucial to the superconductivity of oxides in general. In partic-
ular, the high T, of ABa2Cu306+„ is attributed mainly to the quasi two-dimensional assembly of the
Cu02-Ba-Cu02+„-Ba-Cu02 layers sandwiched between two A layers, with particular emphasis in the
Cu02+„ layers. Higher-T, oxides are predicted for compounds with bigger assemblies of Cu02 layers
coupled by Ba layers.

PACS numbers: 74. 10.+v, 74.70.Ya

Superconductivity above 30 K was first reported' in

the mixed-phase La-Ba-Cu-0 compound system. Subse-
quent studies attributed ' the superconductivity ob-
served in this and other related compounds to the single
layeredlike K2NiF4 structural phase. With the steady
improvements in sample conditions and the application
of pressure, the superconducting transition temperature
has been raised to above 40 K at ambient pressure ' and
57 K under pressure, and the transition width has been
reduced to 1.4 K. Recently, superconductivity starting
at 98 K with a zero-resistance state at 94 K was
discovered ' in the mixed-phase Y-Ba-Cu-0 system
with nominal compositions represented by Y~ 2Bao 8-

Cu04 —z. Later, superconductivity near 90 K with a
zero-resistance state at —70 K was also reported in the
mixed-phase Lu ~ 8Bao 2Cu04 compounds. Preliminary
examinations showed that the Y-Ba-Cu-0 compounds
are different from those with the K2NiF4 structure. Re-
cently, the two phases in the Y-Ba-Cu-0 compound sys-
tem were separated and identified ': tetragonal
YBapCu306+, (black) and orthorhombic YqBaCuOs
(green). Magnetic measurements on the Y-Ba-Cu-0
compounds showed'' that the black phase is responsible
for the high-temperature superconductivity detected.
Indeed, single-phase YBa2Cu306+, samples exhibiting
100% ac diamagnetic shift M were obtained. '' This is
consistent with the most recent reports from other la-
boratories. '

To determine the role of Y and of' different structures,
e.g. , K2NiF4 and YBa2Cu306+„planes, in high-tem-
perature superconductivity, we have synthesized and ex-
amined the 2 Ba2Cu306+ compound systems with
2 =La, Nd, Sm, Eu, Gd, Ho, Er, and Lu, in addition to
Y. They all were found to be superconducting with an
onset temperature between 90 and 98 K and a zero-
resistance state between 70 and 94 K. This shows that
the trivalent 2 atoms, even if they are magnetic, do not
aftect the superconductivity in this class of compounds.
Superconductivity must then be associated with the

CuOp-Ba-Cu02+„-Ba-CuO~ plane assembly sandwiched
between the 8 layers. The significance of the interplane
coupling or screening within the layer assembly is espe-
cially evident from the enhancement of the supercon-
ducting transition from —30 K in the K2NiF4 struc-
ture' to —90 K in the ABa2Cu306+ structure in the
La-Ba-Cu-0 system observed in this study. Bigger layer
assembly is predicted for higher-T, superconducting ox-
ides.

All samples with the 2 Ba2Cu306+ structure and
4 =Y, La, Nd, Sm, Eu, Gd, Ho, Er, and Lu were syn-
thesized by the solid-state reaction of appropriate
amounts of sesqui-oxides of La, Nd, Sm, Eu, Gd, Ho,
Er, and Lu, BaCO3, and CuO in a fashion similar to that
previously described. StructUral analyses were carried
out with a Rigaku D-MAX x-ray powder difhactometer.
Samples of dimensions —1 mm&0. 5 mm&4 mm were
cut from the sintered cylinders. A standard four-lead
technique was employed for the resistance (R) measure-
ments, and a Linear Research ac inductance bridge was
used for the magnetic susceptibility (X) determinations.
The temperature was measured by use of an Au
+ 0.07% Fe- Chromel or Chromel-Alumel thermocouple
above 30 K and a Ge thermometer below.

The powder x-ray diffraction patterns showed that all
samples except 2 =Lu possess the single tetragonal
YBa2Cu306+„structure, although for a couple of cases
orthorhombic symmetry' was also detected. The results
show that the difference in the structural symmetries re-
ported ' ' for the Y-Ba-Cu-0 system may be caused by
the oxygen content and the slight diA'erence in composi-
tion. As will be evident later, the structural symmetry in

this class of oxides apparently does not have a large
effect on the superconductivity. The lattice parameters
are given in Table I. In addition to the orthorhombic
YBaqCu306 structure, the 4 =Lu compound exhibits
other phases, which, we believe, can be eliminated by
proper heat treatments. Sample-preparation parameters
were found' to affect the electronic and magnetic prop-
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Tcp
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b
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La'
Nd'
Sm'
Eu'
Gd'
Ho'
Er'
Lu c,d

98
91
91
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75
70
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100
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93

135
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3.86
3.95
3.89
3.88
3.86
3.89
3.89
3.83
3.83

3.86
3.95
3.89
3.88
3.86
3.89
3.89
3.85
3.87

11.71
11.79
11.73
11.73
11.74
11.73
11.52
11.65
11.73

'Reference 6.
Reference 10.

'Present work.
Reference 8.

erties of this class of compounds drastically. Further-
more, they are closely coupled to one another, i.e., the
reaction time, the reaction temperature, the quenching
rate, the reaction atmosphere, and the compositions are
all interrelated. For instance, all these compounds can
be made insulating, partially superconducting, or com-
pletely superconducting by our varying the reaction at-
mosphere and the quenching rate while keeping the com-
positions unchanged. In particular, the La-Ba-Cu-0 sys-
tem can even be made magnetic. In spite of this wide
range of variation of electrical properties, the samples
showed only very slight diA'erences in their x-ray
diAraction patterns, strongly suggesting that oxygen con-
tent plays an important role in the superconductivity of
oxides. In fact, we found that the formation conditions
for superconducting ABa2Cu306+„ for diA'erent A's are
diferent. Details of the physical chemistry for com-
pound synthesis will be published elsewhere. '

All samples studied show rather sharp R drops with an
onset temperature T,0 between 90 and 98 K, a zero-R-
state temperature T, l between 70 and 94 K, and a devia-
tion from linear temperature dependence of R at temper-

TABLE I. Lattice parameters and critical temperatures of
samples with A Ba2Cu306+ structure.

(La, Ba)zCuO~ La Ba&Cu&Oe+

ature Td~ between 93 and 160 K. Whether Tdl repre-
sents the beginning of superconductivity is yet to be
determined. All relevant data are given in Table I, and
the typical temperature dependence of R is displayed in

Fig. I for A =Gd. All samples except for A =Lu show a
(97-100)% ac diamagnetic shift at 4.2 K, which is

represented also in Fig. 1 for A =Gd. It is, therefore,
evident that the sample starts to superconduct at —90
K, consistent with the R measurements, and that the
whole sample becomes superconducting at lower temper-
atures. It should be noted that the ac diamagnetic shift
represents only the upper limit of the superconducting
volume fraction of the samples, since it arises from not
only the Meissner eAect but also the ac-shielding eAect.

The observation of superconductivity with an almost
constant T,0 in ABaqCu306+ for A =Y, La, Nd, Sm,
Eu, Gd, Ho, Er, and Lu in the present study and in pre-
vious investigations clearly demonstrates that the su-
perconductivity in this class of compounds is not sensitive
to A. This is particularly true in view of the wide range
of the magnetic properties of the A atoms in the corn-
pounds. The present results, therefore, strongly suggest
that superconductivity in ABaqCu306+ must be associ-
ated with the Cu02-Ba-Cu02+ -Ba-Cu02 plane assem-
bly sandwiched by two layers of A atoms, as represented
schematically in Fig. 2 for A =La. These layer assem-
blies of —8-A. thickness may be considered to be disrupt-
ed by the A layers only along the c axis, and thus they
may retain their quasi two-dimensional characteristics.
It is also possible that the two Cu02 layers in the assem-
bly provide shielding for the Cu02+„ layers from the A
layers. For this situation, superconductivity will then be
confined only to the Cu02+„ layers within the layer as-
sembly mentioned. In the K2NiF4 structure of the La-
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FIG. 1. R-T and X-T for 4 =Gd.
FIG. 2. Schematic representation of the structures of

(Lap 9Bap I )2Cu04 —„and La BaqCu306+z.

1892



VOLUME 58, NUMBER 18 PHYSICAL REVIEW LETTERS 4 MAv 1987

Ba-Cu-0 system, as shown also in Fig. 2, only individual
square planes of Cu atoms with coordination six exist,
with a different stacking sequence. They are disrupted
along the c axis by the disordered La-Ba layers. The x-
ray diffraction patterns for the two structural La-Ba-
Cu-0 compounds are shown in Fig. 3 for comparison.
The difference between the two structures clearly is re-
sponsible for the threefold difference in T, . It may be
accidental that the number ratio of Cu02 planes in the
two structures is also —3. A higher T, may hence be
obtainable by structures with more than three Cu02 lay-
ers sandwiched between two 2 layers.

It has been shown' that it is extremely diScult to
achieve a T, above 40 K based on the conventional
electron-phonon interaction. A superconducting mecha-
nism of electronic nature appears to be needed. Because
of the presence of defects in these high-T, oxides, local
deformations must be important. Two general situations
to achieve enhanced superconductivity that make use of
the local-field effect can be summarized as follows: The
excitations and the charge carriers are in different or the
same spatial regions. For the former, an enhanced su-
perconducting interaction occurs between electrons via
the virtual exchange of excitons across the interfaces '
which may arise from intergrowths, or homojunctions
between different phases, or in one phase, concentration
fluctuations or layered structure. The large diamagnetic
signal observed for these superconducting compounds
rules out the possibility of interfaces between different
structural phases. For the second case, where excitons
coexist with the charge carriers in the same spatial re-
gion, enhanced superconductivity has been proposed
through plasmons, ' charge-transfer excitations, ' spin
fluctuations, ' or resonating valence bonds. ' The two-
dimensional acoustic plasmons have been shown ' to give
rise to a high T, . The second type of excitation appears

to be consistent with charge Auctu ation s between
Cu++0 and Cu+0 in the Cu02+ planes. The
rest are compatible with the subtle correlation between
superconductivity and magnetism in these com-
pounds. For instance, Curie-Weiss behavior above T,
with a negative Curie temperature was apparent in the
Y-Ba-Cu-0 system, suggesting the existence of a frus-
trated antiferromagnetic interaction. The variation of
the compound system from insulating to superconducting
by the change of only the heat treatment of the com-
pounds makes the last model particularly appealing. At
present, experiments have yet to be devised to
differentiate the above models.

In conclusion, we have demonstrated that supercon-
ductivity above 90 K in ABa2Cu306+ is associated with
the Cu02-Ba-Cu02+ -Ba-CuOp plane assembly inter-
rupted by 8 layers only along the c axis. At the same
time, superconductivity can also be confined to the
Cu02+ x layers while the Cu02 layers provide the
shielding from the 2 layers. The ordering of 4 and Ba
atoms may also play a role in the high T, . Compounds
with more Cu02 layers coupled by more Ba atoms may
offer an avenue to even higher T, . To account for the
high T„one, perhaps, needs excitations of electronic na-
ture.
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No. NAGW-977 and No. NAG8-512, and the Universi-

ty of Houston. Discussions with P. Grant, B. Halperin,
B. Hazen, H. K. Mao, J. Ruwald, W. P. Su, and C. S.
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Note added. —After the submission of our manuscript,
we became aware that similar work on Gd-Ba-Cu-0 was
carried out by Fisk et aI. ' at Los Alamos National Lab-
oratory.
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FIG. 3. X-ray diAraction patterns for (Lap9Bap I)2Cu04-
and LaBa2Cu306+ .
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