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X-ray-diffraction study of a thermomechanically detwinned single crystal of YBa,Cu;Oq ,
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A twin-free single crystal of YBa,Cu;0¢, has been studied at room temperature and 115 K by
x-ray-diffraction analysis. The crystal was grown from an Y-Ba-Cu-O melt in a gold crucible, lead-
ing to a 2% substitution of Au for Cu. Twins were removed from the as-grown crystal by a novel
thermomechanical process, resulting in an orthorhombic (Pmmm), single-domain crystal. Oxygen
positions and occupancies in the Cu-O basal plane have been refined, showing that the O(5) site is
completely vacant, and the O(4) atoms are offset from the crystallographic mirror plane positions by
0.15A in a zig-zag fashion. Gold, which is a common impurity in crystals grown by the present
technique, was found to occupy Cu(l) sites only. Weak superlattice reflections suggest a possible
three-dimensional ordering of O and/or Au. To our knowledge, this paper reports the first high-
resolution x-ray study of an intentionally detwinned, superconducting YBa,Cu;Os. , single crystal.

Knowledge of the structure of crystalline materials is
essential for understanding their physical and chemical
properties, controlling processing conditions, and devel-
oping applications. To date, structural models of the
high-T, superconductor YBa,Cu;0q,, have been formu-
lated primarily wusing data from neutron powder
diffraction on polycrystalline specimens' ~> or single-
crystal x-ray diffraction on twinned crystals.®~® The re-
sults of structural analyses of YBa,Cu;0q , over the past
two years have been intriguing and controversial. The
unrecognized presence of twins caused early
misidentification of the structure as tetragonal,l8 but the
transmission electron microscopy results of Beyers et al.’
provided evidence for orthorhombic symmetry as low as
2mm. Later neutron powder diffraction studies' ™ de-
scribed the structure as orthorhombic, space group
Pmmm, with the oxygen shifted from the O(4) sites in a
direction along the a axis.>> Recently, Siegrist et al.®
determined the room-temperature electron density in a
largely single-domain crystal containing 10% twins, and
Simon et al.'° examined an untwinned fragment from a
twinned single crystal at temperatures from 103 to 303 K;;
in neither study, however, did they observe any statisti-
cally significant splitting of the O(4) position. Further-
more, a Raman-scattering investigation'! showed the em-
ergence of a weak symmetry-forbidden mode during cool-
ing, suggesting the occurrence of a phase transition from
Pmmm to P2mm between room temperature and 234 K.

The present analysis of an untwinned YBa,Cu;Oq, ,
crystal was undertaken in order to resolve such issues as
the proper space group, the disordering of oxygen O(4),
and the existence of low-temperature, structural phase
transformations. Untwinned crystals have recently be-
come available via the development of a thermomechani-
cal process for complete twin removal.!? In the detwin-
ning process, a uniaxial compressive stress is applied

41

along a twinned a /b direction at 600°C. For complete
twin removal, a crystal must have a high degree of mor-
phological perfection, as is typical of the crystals grown
by the technique!*!* employed in this investigation. The
thermomechanical treatment leads to a ferroelastic-like
domain switching associated with the migration of twin
boundaries, which ultimately results in a single-domain
crystal. The orthorhombic crystal used in this x-ray
study had an onset T, of =~54 K and displayed forms
{100}, {010}, and {001} with a Xb X ¢ dimensions of
130X120X52 um. This crystal was twin free as shown
by polarized light optical microscopy (see Fig. 1) and by
the absence of “split” reflections on x-ray precession pho-
tographs and diffractometric o scans of the 400 and 040
peaks.

A fully automated ENRAF-NONIUS CAD4
diffractometer with graphite-monochromatized Mo Ka
radiation was used for this investigation. Data collection
was performed at room temperature (292 K) and at 115
K using a nitrogen gas stream cryostat. Lattice parame-
ters were determined by least-squares analysis of the pre-
cisely centered positions of 25 reflections in the range
36°<260<38°. The integrated intensities were corrected
for Lorentz, polarization, and extinction effects. An
isometric grid absorption correction was also applied. At
room temperature, reflections were measured from two
octants related by an inversion (each Friedel pair was
measured consecutively) in the range 2°<26<60° and
from one octant in the range 60° <20 <100°. At 115 K,
reflections were measured from all eight octants in the
range 2°<260<60°, and from one octant in the range
60° <260 < 120°. Averaging all observed [I >30(I), where
I and o are intensity and standard deviation, respective-
ly] symmetry-equivalent intensities, including Friedel
pairs, produced residual factors R (F) of 0.012 (292 K)
and 0.026 (115 K). The ionic scattering factors for Y**,
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Ba?™, Cu?*, Au'", and O?” were obtained from the In-
ternational Tables.!> All calculations were carried out
using the ENRAF-NONIUS sDP structure determination
package'® and SHELX76 (Ref. 17) on a microVAX II com-
puter.

Crystallographic data are as follows:
YBa,Cu, ¢3AUq 706 7; orthorhombic, Pmmm, z=1; di-
mensions 0.130X0.120X0.052 mm; graphite mono-
chromatized MoK , (A=0.71073 A), w—26 scans; at 292
K, 1474 reflections measured, 1125 unique, 835 observeod
(I >50), a=3.8336(7), b=3.8828(5), c=11.7503(12) A,
R=0.0315, R, =0.0452; at 115 K, 3280 reflections mea-
sured, 1574 unique, 1141 observed (I > 50), a=23.8222(8),
b=3.8801(20), ¢=11.7193(16) A, R=0.0383,

FIG. 1. Polarized light optical micrographs. (a) Twinned
crystal exhibiting characteristic {110} type twin bands, (b) the
same crystal after the detwinning treatment. The crystal has
been rotated 90° from (b) to (c) showing the a-b anisotropy in the
reflectivity associated with the orthorhombic structure.

4221

R,=0.0602. Atomic positions and thermal parameters
at 115 K are presented in Table I. Room-temperature
data and geometric parameters are available from the au-
thors. Figure 2 presents the structure; the general
features agree with those of previous investigators.!™®
The orthorhombic splitting factor, 2(b —a)/(b +a),
shows the expected increase with decreasing temperature,
but the values [0.0128(2) at 292 K and 0.0150(6) at 115 K]
are less than those of Francois et al.’ presumably due to
the lower oxygen content in our crystal. All refinement
models explored in this work are consistent with the Ba,
Cuy, Y, O(1), O(2), and O(3) atoms residing on an ordered,
fully occupied centrosymmetric lattice of space group
Pmmm at 292 and 115 K. At both temperatures, howev-
er, the occupancy of site O(4) refined to a value of 0.66(4),
whereas the O(5) occupancy was zero. In addition, the
apparent thermal motion of O(4) is anomalous even at
115 K. The values of all but one of the refined thermal
tensor components (U;, i=1,2,3) are consistent with a

FIG. 2. Crystal structure of YBa,Cu;O¢,,. The O(5) site,
(%00), is vacant, and the O(4) atoms in the actual structure are
displaced 0.15 A off the b axis in the a direction, leading to a
zig-zag Cu(1)-O(4)-Cu(1) chain.
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TABLE I. Atomic and thermal parameters at 115 K.

Atom x y z Uy, U, Uj,s

Ba 1 1 0.188 35(3) 0.006 19(9) 0.003 06(7) 0.006 17(7)
Y 1 : 3 0.0035(2) 0.0020(2) 0.0046(2)
Au/Cu 0 0 0 0.0049(2) 0.0047(2) 0.0025(2)
Cu(2) 0 0 0.357 38(6) 0.0032(2) 0.0019(2) 0.0054(2)
o(1) 0 0 0.1586(4) 0.010(1) 0.011(2) 0.008(1)
0oQ) T 0 0.3784(4) 0.005(1) 0.004(1) 0.009(1)
0@3) 0 1 0.3782(4) 0.006(1) 0.0018(9) 0.008(1)
0(4) 0 i 0 0.026(6) 0.005(3) 0.007(2)

“Refined to 0.036(1) in the disordered model, with U,; fixed at 0.007.

decrease to nearly isotropic thermal motion of all atoms
at 115 K. However, at 115 K, U, for atom O(4) is more
than twice that of the next largest component [U,, for
O(1)], and implies an rms displacement of 0.16(1) A along
the a lattice direction. Damped, full matrix, least-squares
refinement of a doubly occupied disordered model con-
verged to nearly the same value: 0.14(1) A. Al attempts
to refine three settings of noncentrosymmetric models of
P2mm failed.

Our observation of a static disorder in YBa,Cu;0q, , is
consxstent with the neutron-scattering results of Francois
et al.® Furthermore, the displacement of the O(4) atom
determined in this study is comparable to that reported
by Francois et al in a polycrystalline sample (0.12-0.13
A at 110 K).° At 115 K, atom O(4) occupies posi-
tions x ~0.15 A on either side of the crystallographlc
mirror plane, so that the Cu(1)-O(4)-Cu(1) chain is not
linear but “zig-zag.” The existence of ordered domains
of this type would explain persistent observations of sym-
metry lower than mmm and the existence of weak super-
lattice reflections noted in the present and other investi-
gatlons 18 However, long-range misregistration of adja-
cent zig-zag chains would produce the disordered, higher
symmetry material.

Weak superlattice reflections were observed for all
forms of {30}, {303}, {112}, and {112}. These super-
lattice reflections could result from ordering of O and/or
Au atoms. Further investigations of the exact nature of
the superlattice are in progress.

The presence of Au, substituted only at the Cu(l) site,
was first detected as significant residual electron density
in a difference Fourier map and subsequently refined to
6.9(4)%. The gold was incorporated into the
YBa,Cu;0q4,, crystal during growth from Y-Ba-Cu-O

melts in gold crucibles. The level of gold determined in
the refinement is consistent with electron microprobe
measurements on similar crystals prepared by this tech-
nique.'* It should be noted that the low T, value (54 K)
of this crystal results from the depletion of oxygen at the
O(4) site rather than the presence of Au. Gold-
containing crystals'* and ceramic samples with 10% of
the Cu replaced by Au (Ref. 19) exhibit sharp supercon-
ducting transitions at 90 K. Although it is known that
Au can exist in both Au(1) and Au(III) states, it is not
possible to conclude in the present structure whether a
Au(1), Au(11r), or mixed Au(I)/Au(IIl) state is most ap-
propriate. When Au(I) was assumed, the x value in the
above formula was found to be 0.66 and 10% of the Cu(1)
sites [equivalent to 7% of the Cu(1) sites] are substituted
with Au(1).

In summary, an untwinned single crystal of
YBa,Cu;O¢,, has been studied by x-ray diffraction at
292 and 115 K. Oxygen positions in the superconducting
basal plane have been refined, showing significant (0.15
A) displacement from the [010] lattice positions. Oxy-
gen occupancy at [100] sites was found to be zero. These
results may contribute to our understanding of important
physical phenomena in these materials such as oxygen
diffusion and anisotropy of physical properties, as well as
theories of high-temperature superconductivity.
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FIG. 1. Polarized light optical micrographs. (a) Twinned
crystal exhibiting characteristic {110} type twin bands, (b) the
same crystal after the detwinning treatment. The crystal has
been rotated 90° from (b) to (c) showing the a-b anisotropy in the
reflectivity associated with the orthorhombic structure.



