Crystal structure of DyBa,Cu,04: A new 77 K bulk superconductor
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Single-crystal x-ray diffraction data from DyBa,Cu,O, are used to confirm the structure of
R Ba,Cu,0y (R =Y, Nd, Sm, B, Gd, Dy, Ho, Er, and Tm), all of which have been
synthesized in bulk and display substantial Meissner diamagnetism. The structure is
orthorhombic, space group Ammm, with ¢ = 3.846 3(3), b = 3.872 6(3), and ¢ = 27.2337(2)
A. Copper-oxygen layers paraliel to (00!} are dimpled as in the 1-2-3 structure. Unique
copper-oxygen strips parallel to (100} have copper in distorted square-planar coordination.
Magnitudes of oxygen anisotropic thermal vibrations are significantly less thar in the 1-2-3
structure; thus the oxygen content of 1-2-4 is expected to be significantly more stable.

High-temperature superconductivity in layered copper
oxides, first reported in materials possessing the K, NiF,' (2-
1-4) and YBa,Cu.G,? (1-2-3) structures, has now been doc-
umented in dozens of compounds with at least ten different
structure types. Several of the recently discoversd layered
superconducting structures (those in the Bi-Ca-Sr-Cu-0"°
and Ti-Ca-Ba-Cu-G’"* systems, for example) are closely
related tc each other, differing only in the number of adja-
cent copper-oxygen layers. Similar behavior has been ob-
served in the Y-Ba-Cu-O system, in which the 1-2-3 struc-
ture may accommodate an extra copper layer, thus yieiding
compounds of stoichiometry 1-2-4*37'% and 2-4-7 (in which
£-2-3 and 1-2-4 layers alternate).'” Samples of YBa,Cu,O,
have previously been produced only in thin-film form. Crys-
tal structure analysis by Marsh er ¢/.,"” was thus of necessity
based on a limited data set. In this letter we describe x-ray
diffraction analysis of a single crystal of DyBa,Cu, Oy, one of
eight new 1-2-4-type superconductors synthesized in bulk by
Morris ef @l.'® at high oxygen pressure. Our data confirm the
results of Marsh et of., while revealing important details of
lattice distortions, atom positions, anisctropic atomic vibra-
tions, and oxygen occupancies not evident from the thin-film
work.

Morris ef al.'® synthesized bulk 1-2-4 superconductors
of composition R Ba,Cu,0, (R =Y, Nd, Sm, Eu, Gd, Dy,
Ho, Er, and Tm). Prior to that study 1-2-4 materials were
only available in thin films. The DyBa,Cu,0; sample was
prepared by grinding an oxide mix of 1-2-4 stoichiometry,
pressing the powder into a pellet, and heating at 930 °C for 8
h at 102 atm oxygen pressure. After slow cooling for 8 h the
pellet was reground, repressed, and the high-pressure heat-
ing and cooling treatment in oxygen was repeated. Diamag-
netic measurements of the resulting black superconducting
disk demonstrate a sharp onset at 78 K a2nd a midpoint tem-
perature of 73 K, as iltustrated in Morris ef al.'®

X-ray powder diffraction of the bulk specimens revealed
that the Dy sample was the most nearly pure 1-2-4 phase,
and that sample was examined for suitable single crystals. A
number of crystals with maximum dimensions up t0 ¢.1 mm
were observed; a single crystal of size 0.01 X 0.05 x 0.05 mm®
was selected for diffraction studies on a Rigaku four-circle
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diffractometer equipped with rotfating-anode generator.
Unit-cell parameters were caleulated from the measured po-
sitions of 20 reflections corrected for crystal centering er-
rors.  Resulting  orthorhombic  cell  parameters
{a=3.842 +0.002; b=13.867+0.002; ¢=27214+0.02
A} are consistent with, although less precise than, values
obtained by Rietveld refinement of x-ray powder diffraction
data of the same sampie.’® The axial ratio b /a, which is a
messure of the distortion from ideal tetragona? dimensional-
ity, 1s 1.007—a value significantly smailer than the 1.017
ratio of fully ordered 1-2-3.

A complete sphere of diffracted intensitics was mea-
sured with Mo Ko radiation to a2 maximum 26 of 60°. Sys-
tematic absences were consistent with space group Anumm
as reported by Marsh er o/l."’; however, there was a signifi-
cant fraction of the crystal associated with a twin operation
rotated by 90° about the ¢ axis. The @ step-scan data were
manually integrated to remove as much of the scatiering due
to the twin component, and the resulting intensities were
corrected for absorption (g, == 290.7 cm ') using Gaussian
integration.'® Calculated transmission factors ranged from
(.27 t0 0.70. Corrected structare factors were averaged (in-
ternal agreement = 4.6%) to vieid a total of 393 data, of
which a totral of 346 had intensities greater than 2o,.

Least-squares refinernent was carried out using pro-
gram RFINESS, a development version of RFINE4,' starting
with the previous results.”” Complex scattering factors for
neutral atoms were taken from International Tables.™ After
convergence with isctropic temperature factors, an isotropic
extinction correction of type 1 with Lorentzian distribu-
tion,”! and a twin fraction parameter, the temperature fac-
tors were converted to anisotropic to yield the parameters
shown in Table 1. Oxygen occupancy factors were refined
and the difference Fourier maps were searched in the vicini-
ty of the defect sites. The occupancies of all four symmetri-
cally distinct oxygens refined to within 5% of unity. Similar-
ty, there were no features greater than 0.5 electrons per Alin
the difference Fourier maps, which suggest no significant
concentration of oxygen at the “vacant” positions near
{3,0,0) and (0,0,0.2). The composition of this material is
thus assumed to be stoichiometric DyBa,Cu,0,. In the final
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TABLE L Crystatlographic data for DyBa,Co,O,. Diffraction experiments
with Rigaku AFC-5 diffractometer, rotating anode generator, Mo K| ra-
diation, graphite monochromater, 4 = 0.7093 Ao step scan, ambient tem-
perature and pressure. ¢ = 3.8463(3) A, b=38726(3) A e =2723T()
A; V. = 405.70. Space group dmmm; Z =~ 2; molecular mass =- 819.3;
Posie == 6,71 gem ™2, Crystal 1050550 pm®, g, =290.7 cm™ . Reflec-
tions = 393, observed =- 346, R:=3.2%, R, = 2.7%. Cell parameters
from Ref. 16. B, == 4a; §,.

x oy z By, B, B, By
Dy § 4 G 0.54(3) 037(4) 048(3) 0.46(2}
Ba ! ! 0.13496(3) 0.69(3) 044(3) 046%(3) 0612
Cul ¢ 0 QZ1312(5) 1.16(7)  0.39(6) 043(5) 0.66(3)
Cu2 0 O GO06180(6) 0.53(6) G3G(5) 072(5) 0.52(3)
Q1o 0 0.1458(3) 1.9¢5) 0.7(4) G903 1.2(2}
[ 0 0.0526(3) G.5(3) 0.6(4) 1O(3)y 02y
03 0 i 0.0532(3) .04y G.5(4)  O8(3) 082
G4 0 L 0.218 6(3) 1.9¢5) 084 0.9(3) 1.2(2)

refinement, the twin fraction converged to G.101(8). A table
of calcuiated and cbserved structure factors, corvected for
twinning, is available from the authors.

To examine oxygen stoichiometry, the occupancy fac-
tors for all oxygen atoms were refined to values of 1.05(4),
1.00(3), 1.04(3), and 0.92(4) for O1-04, respectively. Al-
though this calculation couid be affected by inaccuracies in
the absorption correction, it is improbable that the oxygen
total is as low as 7.5, which is required for all Cu®t. We
conclude that the oxygen is stoichiometric at & per formula
unit,

Atomic coordinates of the converged structure { weight-
ed R = 2.7%) confirm the proposed structure of Marsh ef
al.,'” who identifed two symmetrically distinct types of cop-
per atoms {Fig. 1). A principal structural feature, topologi-
cally identical to that of 1-2-3, is the pair of Cu2-O layers
paralle! to (001) with square-planar coordinated copper
[average Cu2-0(2,3) distance is 1.945 5&; see Table IE7.
These planar features are separated by the rare-earth ca-
tions. Asin 1-2-3, the copper-oxygen planes are “dimpiled,”
with oxygens displaced toward the rare earth. The average
Cu2-O-Cu2 angle in 1-2-4 is 165.7°, compared to 163.8° in
i-2-3.%

Each corner-lined Cu2-0(2,3) sguare plane is capped

FIG. 1. Crystal structure of DyBa,Cu,0O, with 90% probability thermal
ellipsoids. The illustration is oriented with the ¢ crystallographic axis verti-
cal, @ horizontal, and 8 into the page. Only half of the 4-centered unit cell is
shown. Planar-coordinated copper and oxygen atoms display prolate vibra-
tion ellipsoids with major to minor axial ratios exceeding 2:1. Note the dim-
pled Cu2-0O planes paralle] to (001} and the deviations from ideal square
coordination of Cut-( groups in the edge-sharing strips in the (100 plane).

by a fifth oxygen (Cu2-0O1 distance is 2.287 A ). These cap-
ping Ol oxygens border Cul-O{1,4} strips paraliel to (100).
Unlike the corner-sharing single chains of four-coordinated
copperin 1-2-3, however, these unigue strips consist of edge-
sharing square planes with twice as many copper atoms
(Fig. 1). The configuration of this doubled chain causes an
offset of (001 ) copper planes, thus giving an 4-centered cell
and doubled ¢ axis. The average Cu-O distance of four-co-
ordinated Cul is 1.894 A. The Cul, 01, and O4 atoms are
constrained to Hie i the x = 0 plane, so the strip feature is
flat. Short (34-04 shared edges (2.584 A) compared to O1-
O4 unshared edges (2.768 A), however, result in significant
deviations from ideal square coordination of copper. The
O4-Cul-04 angle is thus 171.2° instead of the ideal 180°.
Anisotropic thermal vibrations reflect bonding anisot-

TABLE IL Interatomic distances (A) and angles (°) for DyBa,Cu,0,. Figures in square brackets indicate bond muktiplicities. Symmetry codes (a) x,

1/2-2,1/2 -z, (b)Y x, —p, - z; (¢} | +x,p.z; (d) x,] + pz

Dy-32  2.409(5) {4} Ba-O1 2.745(1) {4]
Py3  2.407(5 f4] Ba-G2 2.963(7) {2}
Average  2.408 Ea-03 2.943(6) {2}
Ba-0O4 2981(7) {2}
Cul-(1 1.834(9) Average 2.876
Cul-04  1.942(1) {2}
Cul-04*  1.360(9) Cu2-C1 2.287(10)
Average 1.894 Cu2-02 1.939(1) 21
CTu2-03 1.951(1) (23
Cul-Cul*  2.790(2) {2} Average 2.013
01-Cul-04° 94.4(3) Cul-04-Cul® 171.2(5)
O1-Cu2-02  97.4(3) Cu2-02-Cu2®  165.2(5)
O1-Cu2-33  96.9(3) Cu2-03-Cu2®  166.2(5)
32-Cu2-03  89.1(1)
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ropy in 1-2-4. Eight-coordinated Dy and ten-coordinated Ba
possess near isotropic vibrations, with amplitude paraliel to
the & crystatiographic axis slightly smaller than those paral-
lel to g or ¢. Similarly, the O2 and O3 atoms, each of which is
coordinated to two Cul, two Dy, and two Ba, are close to
isotropic with equivalent isotropic temperature factors
(B,,3072nd0.8 A2, respectively. Four-planar coordinated
Cul and Cu? and three-planar coordinated Ot and O4, on
the other hand, display extremely anisotropic prolate ther-
mal vibration ellipsoids, with maximum amplitudes perpen-
dicular to the planes of boonding. B, for three-coordinated
O1 and O4 are both 1.2 A®, which are 50% greater than
those for O2 and O3. Note, however, that the thermal vibra-
tions of these three-coordinated oxygens are significantly
less than the 2.0 A2 values for the two-coordinated oxygens
in the 1-2-3 structure.?” This difference in oxygen coordina-
tion is responsible for the significant difference in thermal
vibration behavior, which may result in significantly re-
duced oxygen diffusion of 1-2-4 compared to 1-2-3.

The 1-2-4 compounds may provide an ideal system to
investigate the effects of subtle structural variations cn 7.
At least nine diferent rare-earth element end members have
been synthesized, as well as sampies with partial substitution
of 8r and Ca for Ba. Bulk samples produced by Morris et gl.'9
do not display the variable oxygen content characteristic of
1-2-3, but do show a range of 7, from 80 K for YBa,Cu,0,
to 57 K for NdBa,Cu,0,. Single-crystal x-ray diffraction
studies on several 1-2-4 endmembers are in progress to corre-
late structure with superconducting properties.

Work done at the Geophysical Laboratory is supported
by National Science Foundation grants EARE8419982,
EARB608941, EARB613649 and the Carnegie Institution of
Washington.
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