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The 90-K superconducting phase of Y-Ba-Cu-O has been isolated, and its structure at room

temperature determined by single-crystal x-ray diffraction.

The material is an oxygen-defect

perovskite, with composition YBa;Cu3Os—,. Entire planes of oxygen atoms between copper atoms

are missing from the perovskite structure.

The result is a quasi-two-dimensional structure in

which sandwiches of Ba;Cu3Og-, are separated by layers of Y.

In the first reports of superconductivity above 90 K in
the Y-Ba-Cu-O system ! and the first confirmations in oth-
er laboratories,>> only a small fraction of the material,
which contained several phases, was superconducting. We
have prepared the pure form of this superconductor. It is
a bulk superconductor and has a Meissner signal 25% of
that expected for complete flux exclusion. We have deter-
mined the structure at room temperature using single-
crystal x-ray diffraction and identify the compound as an
oxygen-defect perovskite YBa,Cu3Og—,. (At the con-
clusion of this work, we received a paper from Cava et
al.,* where the superconducting phase was identified as
YBa;Cu3Og -, and in which the powder x-ray diffraction
pattern was indexed; the lattice parameters found there
are within 0.3% of ours.)

Samples of average composition Y,Ba3—,Cu30, (z=0
to z=1.5 in steps of 0.15) were prepared from appropriate
amounts of BaCOj3;, Y,03, and CuO, all 99.999% pure.
The powders were mixed, then heated in alumina cruci-
bles in air at 560 °C for 24 h, 720°C for 24 h, and 960°C
for 12 h. The powder x-ray diffraction patterns (deter-
mined in the Bragg-Brentano geometry with Cu Ka radia-
tion) show that all the compounds except x =0 have a
common phase. The compound Y, osBa;9sCu3O, is al-
most entirely this phase, the compound Y 30Ba; 0Cu30O,
has slightly more impurities, and the other compounds
have more impurities still. Energy-dispersive x-ray spec-
tral analysis in transmission electron spectroscopy of over
20 powder particles in the compound Y,30Ba; Cu30,
gave the same relative composition of Y:Ba:Cu to within
2%.

The ac magnetic susceptibility per volume, measured
by a mutual inductance technique, was larger for
Y1.0sBa9sCu30, below 90 K than for any of the other
samples. For that material, the dc magnetic susceptibility
was measured with a superconducting quantum-inter-
ference device (SQUID) magnetometer on a sample
cooled in a field (Meissner effect) and warmed in a field
after cooling in zero field (shielding effect); the results are
shown in Fig. 1. The Meissner signal is 25% of that ex-
pected for a bulk superconductor with the mass of the
sample and the crystallographic density of 6.37 g/cm?.
The width of the transition is comparable to that seen in
our previous measurements on mixed-phase samples.?

35

Unlike in our previous results, however, there was no evi-
dence of a magnetic anomaly at low temperatures.

No superconducting transition was seen in the resistivi-
ty of powders pressed into a pellet, as measured using
standard four-terminal techniques as in Ref. 5. After the
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FIG. 1. Magnetic susceptibility per volume, as measured us-
ing dc susceptibility vs temperature for sample of nominal com-
position Yio0sBa;¢sCu3O,, in a magnetic field of 10 G. Multi-
plying by 4r gives the susceptibility as a fraction of that expect-
ed for a bulk superconductor of the same volume as the powder.
The volume was determined from the mass and the crystallo-
graphic density. As indicated by the arrows, the upper curves
are for cooling in a field (Meissner effect) and the lower curves
are for heating in a field after cooling in zero field (shielding
effect). Our thermometers lagged behind the sample tempera-
ture by several degrees near 90 K, and we have shifted the two
curves in horizontally so that the onsets lie at the average onset
temperature of 90 K. The inset shows the susceptibility per unit
mass in the normal state.
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pellets were sintered in air at 860°C for 19 h, however,
the resistivity did go to zero, with an onset temperature of
92 K, a midpoint of 85 K, and zero resistance at 78 K.
This transition is broader than in our previous work,?
where the material was grown in pellet form, but only 1%
of the sample was superconducting according to the
Meissner effect. Thus the broad resistive transition here is
probably due to poorly sintered links between the powder
grains.

The powder from the sample of nominal composition
Y 1.20Ba; 80Cu30, was examined for single crystals. A mi-
croscopic examination showed the existence of two phases:
a dominant phase with metallic luster and a few grains of
a transparent emerald-green phase, both with sizes of
about 30 um. Although the samples of the green phase
turned out to be multiple crystals, we could observe the
diffraction angles for their intense x-ray reflections, and
find a pseudo-orthorhombic cell indexing them. This al-
lowed the removal of the weak impurity lines from the
powder diffraction pattern. Further structural work on
this phase is in progress. The similarity of the remaining
lines with the perovskite structure type was obvious.

A 40x30x15-(um)? crystal of the metallic phase was
selected. Its diffractions could be indexed on the basis of a
primitive tetragonal cell with edges approximately 1x1
x 3 times the cube edge of perovskite. The diffraction in-
tensities were measured with graphite-monochromatized
Mo Ka radiation up to 50° Bragg angle, using profile
analysis. Standards were measured every 100 reflections
and showed no significant fluctuation apart from counting
statistics. A total of 418 reflections were measured. They
indicated the Laue class 4/mmm with diffraction symbol
P---, leaving five possibilities for the space-group symme-
try: P422, P4mm, P42m, P4m2, and P4/mmm. The
measured intensities were corrected for absorption of x
rays by Gaussian integration (u=284.4 cm~!). Data
reduction with this diffraction symbol gave 133 unique
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reflections. From these, 101 reflections had a net intensity
larger than 2.50 and were considered to be observed. The
average relative deviation of individual measurements
from the mean was 6.6%, reflecting the irregular mosaic
spread and the imprecise face measurement. The cell pa-
rameters measured on the single crystal indicated a slight
orthorhombic distortion of cell parameters, but a tetrago-
nal distribution of intensities. Comparison with the
powder pattern gave an agreement on diffraction angles
and reflection intensity. In addition, the Kikuchi lines in
the (001) zone pattern of transmission electron diffraction
patterns do not have a fourfold symmetry, indicating an
orthorhombic structure. In the following, we assume
quasitetragonal cell parameters. We performed the
analysis in the orthorhombic cell also with essentially
identical results.

The fairly large intensities of low-angle superstructure
reflections indicated that the superstructure was not ex-
clusively displacive in nature. It had to include occupa-
tion of equivalent sites of perovskite by atoms with large
differences in numbers of electrons. The starting composi-
tion of the material Y 0Ba;gCu3O, and the common
coordinations of Ba, Y, and Cu by O suggested a Ba-Y or-
dering, with only one Y atom per cell. Assuming the cen-
trosymmetric space group P4/mmm, Y had to be on one
of the four Wyckoff positions with multiplicity 1. For po-
sitioning the first atom, these sites are equivalent, and we
arbitrarily selected to locate Y in the middle of the cell.
We then located the other atoms at ideal perovskite posi-
tions with the octahedral sites occupied by three Cu and
the remaining cubo-octahedral sites (12 neighbors) occu-
pied by two Ba atoms. Although the initial structure-
factor calculation gave a 48% residual, the refinement of
the metal-atom positions and the oxygen positions con-
verged quickly, with a large shift for the Cu (2) atom with
refinable z parameter (Table I). Occupancy refinement
showed that one of the oxygen sites was now empty, with

TABLE . Crystal data for YBa;Cu3Os-,, with x refined as 1.0(4). The space group is Pmmm,
quasi-P4/mmm, Z =1. The calculated density 6.37 g/cm3; the edges of unit cell are a =3.827(1),
b=3.877(1), c =11.708(6) A. Three unique sets of reflections were measured up to 50° at 298 K, with
MoK-al radiation (wavelength =0.70932 A), on a crystal 40x30x15 ym. A Gaussian absorption
correction was performed, giving minimum and maximum transmission factors 0.44 and 0.68. There
were 133 unique measurements, of which 101 were considered observed (intensity greater than 2.50).
Residuals were Ry =6% on observed, Ry =8% on all unique structure factors, with all structure factors
weighted equally. All nonoxygen atoms were refined anisotropically. The table gives the multiplicity of
each site, the atomic parameters (fractional coordinates) X, Y, and Z, as well as Bis,, in the quasispace
group P4/mmm, and the values of X, Y, and Z for the ideal perovskite structure. (Bis is the mean of the
principal axes of the thermal ellipsoid.) Estimated standard deviations (in parentheses) refer to the last

digit printed.

Refined Ideal

Mult. X Y 4 Biso X Y z
Y 1 L 1 T 0.7(3) 5 ¥ ;
Ba 2 i i 0.1873(4) 0.51(15) ¥ + +
Cu(1) 1 0 0 0 0.9(4) 0 0 0
Cu(2) 2 0 0 0.3558(10) 0.5(3) 0 0 i
o(1)® 2 0 3 0 4.2(10) 0 ¥ 0
0(2) 4 + 0 0.3807(24) 0.2(6) T 0 i
0(@3) 2 0 0 0.155(6) 1.6(13) 0 0 i

2The refined occupancy of this atom is 0.5(2). The other sites are consistent with full occupancy.
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TABLE II. Important metal-oxygen distances. Estimated
standard deviations (in parentheses) refer to the last digit print-
ed. The number multiplying the distance indicates the number
of oxygen atoms at this distance.

Y—0(2) 2.38(2) %8 Cu(1)—0(1) 1.928(1) x4
Ba—O(1) 2.923(3)x4 Cu(1)—0(@) 1.81(7) x2
Ba—O0(2) 2.98(2) x4 Cu(2)—0(2) 1.949(1) x4
Ba—O0Q@3) 2.75(1) x4 Cu(2)—0Q@3) 2.36(7)x 1

eight oxygen atom sites remaining in the triple perovskite
cell to balance one Y, two Ba, and three Cu atoms. The
final residuals are Ry =6% on the 101 observed reflections,
and 8% on the 133 unique reflections, observed and unob-
served. The important distances to oxygen are given in
Table II.

Although this structure is topologically closely related
to perovskite, the removal of one oxygen atom per triple
cell has dramatic consequences on the stereochemistry in
this well-known structure type. The eliminated atom was
part of two types of coordination polyhedra. It was at a
shared corner between two CuQg octahedra, shielding the
two Cu atoms from one another and keeping them at a
distance equal to twice the Cu— O bond length, i.e., about

Cu (1)

7

Cu(2)

FIG. 2. The individual polyhedra of the structure
YBa;Cu3zOs-x. O atoms are located at each vertex of the po-
lyhedra.
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3.8 A, the perovskite cube edge. It was also a fourfold
neighbor in the cubo-octahedron around Y. Its removal
without further effects should have left around Y a tetrag-
onal prism with edge ratio equal to the square root of 2.
However, the traction exerted by Y pulling on its eight ox-
ygen neighbors to produce a smaller site to fit its ionic ra-
dius combined with the lack of repulsion at the former
Cu-O contact, compresses the central perovskite unit by
about 1 A along c. The above tetragonal prism becomes a
nearly perfect cube. Although the now-facing Cu(2)
atoms retreat perceptibly inside the tetragonal pyramids
formed by the removal of one oxygen atom from their
coordination octahedron, the Cu-Cu distance decreases to
3.38 A with apparently no anion to shield them.

The disappearance of an essential oxygen site may be
complete, or simply partial, corresponding to oxygen va-
cancy ordering. We assume full occupancy of all cation
sites, which is well indicated by the refinement. Barium
and yttrium can only be Ba?* and Y3*, and Cu can take
valence 1+ or 2+, and occasionally 3+.% Due to the oxi-
dizing experimental conditions, valence 1+ is unlikely.
The number of oxygen atoms balancing the formula
should be 6.5 if Cu is in the 2+ state and 8 if Cu is in the
3+ state. Occupancy refinement of oxygen sites indicates
that sites O(2) and O(3) are fully occupied, while site
O(1) is about 50% occupied. The refined formula is
therefore YBa,;Cu3Og—, with x approximately equal to 1,
indicating that the overall Cu valency is intermediate be-
tween 2 and 3.

o(2)
Cu (2)

@Bo

0(3)
Cu(t)

o(1)

FIG. 3. The projection of the stacking down a. The O atoms
are located at the vertices of the polyhedra.
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The perovskite structure type is therefore barely recog-
nizable here, and the coordination polyhedra follow:
Cu(1), an octahedron of the 2+4 type with average Cu-O
distance 1.89 A; Cu(2) a square pyramid corresponding to
4+1 coordination; Ba a perceptibly elongated cubo-
octahedron; and finally, Y occupies a cube with Y-O dis-
tance 2.38 A. All these distances are fairly typical of the
species found in the site and corroborate the initial chemi-
cal assignments. Figure 2 illustrates the individual po-
lyhedra and Fig. 3 their stacking projected down a.

In the superconductors La; — xM,CuO4-, (M =Sr, Ba,
Ca) there are two-dimensional layers of Cu-O separat-
ed by M and O.7® Here there are sandwiches of
Ba,;Cu30s -, separated by layers of Y. The partially oc-
cupied oxygen sites, which may also have a large thermal
motion, are located in the center of these sandwiches. As
in La;— xM,CuOy4—,, this two-dimensional aspect may be
a key to the high superconducting transition temperature
observed in this material. Our work clarifies the room-

temperature stereochemistry of the 90-K superconducting
phase, but important questions pertaining to the precise
behavior of anions in the planes z =0 and z = have not
been answered. This will require larger and better crys-
tals, which should be simpler to produce now that the
stereochemistry is known.

Note added in proof. We believe the single crystal
studied here and all the other crystals we have seen since
are domain crystals, so we could not detect an ordering of
the O atoms in the partially occupied O1 sites. That or-
dering has been observed by powder neutron diffraction by
Greedan, O’Reilly, and Stager [Phys. Rev. (to be pub-
lished)]; they find the oxygen atoms occupy the Ol sites
along b but not those along a.

We are grateful to W. L. Feldman for technical assis-
tance, C. C. Chang, A. S. Kaplan, P. S. Lin, and
B. Meagher for microanalysis, and J. M. Rowell and J. H.
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