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To show that single-crystal x-ray-diffraction data can reveal the presence of two apical oxygen sites in
YBa,Cu;0;-based samples, the structure of a copper-deficient 1:2:3 sample, YBa,Cu, ;30,, has been
determined. Small crystals were grown under high oxygen pressure. Gandolfi and precession techniques
showed that the symmetry is tetragonal with parameters: a =3.8764(4) A and ¢ =11.625(1) A. High-
order reflection scans, carried out during the single-crystal intensity-data collection, revealed that some
of these reflections were broadened indicating that the crystal was twinned and consequently of lower
symmetry than tetragonal. Except for the Cu vacancies the structure of YBa,Cu, ;305 is similar to that
of the 1:2:3 compound. All the vacancies were found to be on chain Cu(l) sites. This means that every
either fourth or fifth Cu(1) site is empty and there exist two apical O(1) sites and two Cu(2)-O(1) dis-
tances. No long-range superstructure was detected either by x-ray diffraction or electron diffraction.
The two O(1)-site feature is revealed qualitatively by the large thermal motion of O(1) along the ¢ axis
and quantitatively by electron density maps. The relationship between this structure and the double-well
model deduced by EXAFS data for the apical oxygen is discussed.

By analyzing the Cu K-edge polarized EXAFS of
YBa,Cu;0, samples between 10 and 105 K, Munstre de
Leon et al.! showed that the best fit is obtained when the
apical O(1) atoms are distributed over two sites separated
by 0.13 A. The atom nomenclature is that of Ref. 2,
namely O(1) refers to the apical oxygen while O(4) refers
to the chain oxygen. The two O(1) sites which result
from a double-well potential are near-equally populated.
The charge transfer from the chain Cu to the planar Cu
would take place through this double potential well via
an anparmonic motion. The site separation decreases by
0.02 A around T, and the corresponding structural per-
turbation is accompanied by a large increase of the tun-
neling frequency (about 80 K) between the two wells.
Corroborating results have been obtained by the same au-
thors for other 1:2:3-related samples, such as
YBa,Cu;0¢ s and YBa,Cu, 3C0y,07,5° in which the
double-well feature was deduced from the same type of
measurements. It must be pointed out, though, that in
the former compound two Cu(1)-O(1) distances exist in
the structure independently of the double-well feature.
The EXAFS measurements cannot distinguish whether
the two distances are due to the split O(1) sites or to two
independent Cu(1) sites resulting from different local en-
vironment. In fact, half of the Cu(l) sites is two-
coordinated while the other half is four-coordinated and
the two Cu(1)-O(1) distances are quite different. The
question, thus, is whether the observed two distances are
static or dynamic in nature. More recently, the split api-
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cal oxygen site has been observed in TIBa,Ca;Cu,O,; by
Cu K-edge polarized EXAFS.* This is an important re-
sult by itself because it would imply that the charge
transfer in the Tl-based compound would have the same
origin as that occurring in YBa,Cu;0,.

As pointed out by Allen et al.*, the double-well model
for the high-T, copper-based oxide superconductors is
supported by several other experiments, such as ion chan-
neling, heat capacity, infrared reflectivity, and Raman
spectroscopy. All these experiments gave evidence for
the existence of lattice instabilities around T, related
directly or indirectly to the Cu(1) and O(1) ions. Howev-
er, no evidence for the O(1) split site has ever been given
by any x-ray- or neutron-diffraction experiment.

The structure of YBa,Cu;0, has been determined by
more than ten different groups. To avoid the errors due
to severe twinning, the majority used the powder tech-
nique. Moreover, they coupled this technique with neu-
tron diffraction because the neutron scattering powers of
three metals and the oxygen are comparable. For x-ray
diffraction at sin6 /A0 the scattering power of barium is
more than seven times that of oxygen. In every case the
refinements were carried out by the total profile analysis
or Rietveld method. If the interpretation of the Los
Alamos group for an anharmonic motion of the O(1) api-
cal atom between the split site resulting from the double
well is correct, the x-ray- or neutron-diffraction effects
should contain the corresponding information. The
refinements should then yield anomalously large tempera-
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ture factors for O(1).

After the publication of three structural determina-
tions, based on powder-neutron-diffraction data, Cox
et al.® reported their own refinement and made a com-
parison of the four results. They concluded that only the
temperature factor of the O(4) atom, the mobile oxygen
which goes in and out of the CuO chains in the structure,
was larger than expected. More refinements were carried
out later and all of them agreed on the large ‘“‘tempera-
ture factor” for O(4). This feature was interpreted as due
to a static displacement of this atom causing a zigzag of
the Cu(1)-O(4) chains.® It is true that the temperature
factors determined by the profile analysis are not very re-
liable and surely not good enough to reveal anharmonic
motions. The temperature factors obtained from
refinements based on intensities measured by either x-ray
or neutron single-crystal diffractometers would be much
more reliable.

Two structural refinements of superconducting
YBa,Cu;0,_5 crystals, based on single-crystal x-ray-
diffraction data, were reported by Calestani and Rizzoli’
and by Simon et al.® In both cases untwinned crystals
were used. The latter authors carried out the structure
determination at room temperature and at 103 K. They
were able to obtain anisotropic temperature factors for all
oxygen atoms. The apical O(1) atom exhibited a small
anisotropy, but the shortest axis was found to be along
the c axis and the double-well potential is supposed to be
located along this axis The value of U,; for O(1) is very
similar to the shortest axes of O(2), O(3), and O(4).
Simon et al. confirmed that the thermal motion of the
O(4) atoms was indeed large and anisotropic. However,
from the way the temperature factors vary with tempera-
ture they deduced that the magnitude and the anisotropy
are only partially due to a static displacement. A sizable
amount should be thermal in origin.

As shown originally by Willis,® a model based on a
split site or on an anharmonic motion influences the
Bragg intensities in a similar way. This problem has been
recently reassessed by Kuhs.!® On the other hand, local
atomic displacements, either static or due to anharmonic
motion, are more easily shown by carrying out electron
density maps than by the temperature factors obtained
from a least-squares refinement.

In this paper we report the structural determination of
a copper-deficient YBa,Cu;0; compound. Since the va-
cancies exist only on the square Cu sites, there are two
O(1) positions, one corresponding to the full Cu(1) site
and one to the empty one. Either the electron density
map or the anisotropic temperature factors reveal very
clearly the presence of the two O(1) sites.

During a systematic investigation of the phase diagram
of the Y-Ba-Cu-O system at high oxygen pressures Kaldis
and his collaborators!! had the first sign for the existence
of a phase slightly different from that of the normal
“1:2:3” compound. As shown by the powder pattern,
determined by using a Guinier camera (Cu Ka) and a Si
standard, this new phase was tetragonal with lattice pa-
rameters similar to those of normal “1:2:3” compound,
but with the ¢ axis somewhat shorter. '

Single plateletlike crystals of this new phase with di-
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mensions (0.1X0.1X0.02 mm?3) were grown by the
high-pressure technique.!! About thirty different crystals
from the same batch were characterized by x-ray preces-
sion and Gandolfi methods. All of them were found to be
tetragonal with ¢ axis ranging from 11.70 to 11.62 A, the
latter value being quite short when compared to that of
the normal “1:2:3” compound (11.72 A). It was estimat-
ed that about 30%, 60%, and 10% of the crxstals had the
c axis equal to 11.70 A 11.65 A and 11.62 A, respective-
ly. ac susceptibility measurements were performed on
these crystals, and three of them having the shortest ¢
axis displayed a paramagnetic to diamagnetic transition
at =120 K. The other crystals showed transitions rang-
ing between 10 and 90 K or no transition at all. It should
be pointed out that all ceramic samples did not show any
transition in the ac susceptibility vs temperature curves.
The data concerning these new tetragonal samples are
discussed in Ref. 12.

A single crystal exhibiting the transition at 120 K was
analyzed by precession and Gandolfi techniques
confirming the tetragonal symmetry. The cell parameters
as determined by the latter technique were: a =3.8764(4)
A and ¢=11.624(1) A. No systematic absences were ob-
served among the reflections, which led to P4/mmm
space group. The same crystal was mounted on a CAD4
diffractometer equipped with graphite monochromated
Ag Ka radiation. The 6250 reflections included within
the whole sphere of reciprocal space up to 8=35° were
measured by the w-scan technique. Scans around high-
angle (h00) and (0kO) reflections revealed very weak
splitting or line broadening, which probably indicates the
presence of twinning with very small obliquity ( <0.02°).
After absorption correction, the reflection averaging in
the 4/mmm point group led to 427 independent
reflections with an agreement factor among equivalent
reflections of 5.3%. This relatively high value could be
due to twinning which leads to the wrong choice of crys-
tal symmetry.

As the Patterson maps were similar to those obtained
with the normal *“1:2:3” compound, the refinements were
carried out assuming the structure of “1:2:3” as the start-
ing model. A secondary extinction correction was ap-
plied.”® During the final refinements the positional and
anisotropic thermal parameters of all atoms and the oc-
cupancy factors of Cu(1), O(1), and O(4) were varied. At-
tempts to vary the occupancy factors of the other cations
yielded values which were within less than one standard
deviation from their stoichiometric values. During the
subsequent refinements they were kept constant. To min-
imize correlations, the positional, thermal, and occupan-
cy parameters were put in separate diagonal blocks of the
least-square matrix. The final results are shown in Table
I. They correspond to the agreement factors R =4.7%,
wR =4.0%, and x?=1.15.

The low occupancy of the Cu(l) site could be partly
due to the incorporation of Al. The samples are prepared
in Al crucibles and a semiquantitative energy dispersive
x-ray microanalysis did show a small peak due to Al.
However, the departure from full occupancy of about 30
times the standard deviation cannot be entirely explained
by this impurity. One would need 40% of Al to explain
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TABLE I. Positional, occupancy, and thermal parameters for YBa,Cu, ,50;.

At. Pos. x y z Occup. Uy, U,, Uss
Y 1d % % % 1.00 0.0046(2) 0.0085(3)
Ba 2h % % 0.18937(5) 1.00 0.0147(2) 0.0114(2)
Cu(l) la 0 0 0 0.787(7) 0.0235(9) 0.0081(9)
Cu(2) 2g 0 0 0.3602(1) 1.00 0.0041(3) 0.0104(4)
o(1) 2g 0 0 0.143(1) 0.96(3) 0.041(6) 0.09(1)
0(2) 4i % 0 0.3763(3) 1.00 0.006(1) 0.011(2) 0.011(2)
04) 2f % 0 0 0.54(2) 0.30(8) 0.28(7) 0.015(7)

the low occupancy. The small peak observed by mi-
croanalysis would correspond to less than 10%. In the
worst case the occupancy of site 1 would be
[Cug 73Alp 10V 0.17], instead of [Cug75¥55,] and, there-
fore, there should be three positions for the apical O(1)
atoms. However, the presence of Al is not relevant to the
point we would like to make about the split O(1) site. If
the impurity is not taken into account, the single-crystal
x-ray analysis showed that the chemical formula is very
close to YBa,Cu, ;30 with the Cu vacancies located on
the Cu(l) sites. Qualitatively it can be assumed that
every fifth Cu(l) cation is missing. The two O(1) around
a vacancy become underbonded as each of them loses
about 0.6 valence units. To compensate for this loss of
charge, these two O(1) atoms move closer to the respec-
tive Cu(2).

The occupancy factors of O(1) and O(4) correspond to
full and half-full sites within one or two standard devia-
tions, respectively. The 0.5 occupancy factor for O(4)
corresponds to a global O, stoichiometry. The very large
U,; parameter of O(1), corresponding to a root-mean-

CuO2 plane

CuO chain

FIG. 1. Electron density section at y =0 for —0.5=<x <0.5
and 0=z <0.5. The O(1) site is split into two peaks, the nearest
to the CuQO, plane or to the CuO chain corresponds to the loca-
tion of O(1) when the Cu(l) site is vacant or occupied, respec-
tively.

square displacement value of ~0.3 A, indicates that O(1)
is highly disordered along the ¢ axis. The large thermal
factors in the basal plane for O(4) are probably related to
this disorder. The square chains are present in the basal
plane and the apparent symmetry is tetragonal. These
chains must then be disordered along the a and the b axes
and are so short that the local orthorhombicity is not
detected by x-ray diffraction. The domain size can be es-
timated to be smaller than a few hundred angstroms.
The pseudotetragonality can also be induced by the small
amounts of impurities. For example, “1:2:3” samples
prepared in alumina crucibles exhibit a tetragonal sym-
metry which is due to the incorporation of Al on the
Cu(1) sites.'*

Superconducting tegragonal crystals have been report-
ed by Simonov et al.’® Their samples corresponded to
the chemical formula YBa,Cu, gcO¢ ¢, in which the Cu
vacancies are located at the twin walls on the Cu(1) sites.
As in our case, the orthorhombic domains are too small
to be detectable by diffraction techniques. These samples
were found to become superconducting at 50 K.

We calculated the electron density Fourier map with
the observed structure factors as input data; Fig. 1 shows
the section at y =0 for —0.5<x <0.5 and 0=z <0.5.
Two sites for O(1) are clearly visible. The distance be-
tween the two asymmetric peaks around the O(1) position
is =0.55 A. The intensity of the smaller of these two
peaks is about 26% of the total. This position is occu-
pied when the Cu(l) site is empty. Therefore, the intensi-
ty distribution between the two asymmetric peaks is in
good agreement with the value of the occupancy parame-
ter yielded by the refinement for Cu(1). The distance be-
tween Cu(2) and the smaller of the two peaks is =1.9 A.
Attempts to refine split O(1) and/or O(4) sites led to un-
reasonable positional parameters for these sites and no
improvement of the agreement factors was obtained.
This seems to indicate that the static displacements are
disordered and/or uncorrelated. Preliminary electron-
diffraction studies confirmed this result in that they did
not show the presence of any superstructure spots indi-
cating short-range ordering.

Table II gives the root-mean-square displacement
values for the oxygen atoms; the corresponding values for
YBa,Cu;0q g3, calculated from the temperature factors
reported by Simon et al.,® are also given. It can be seen
that the values of the #’s for O(1) in the Cu-deficient sam-
ple are definitely larger than the normal values, whereas
the value of #;; for O(1) in the YBa,Cu304 93 sample is
quite normal.

If we use Bragg diffraction techniques we have three
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probes for testing the presence of static or dynamic atom-
ic disorder: the values of the rms displacements, the elec-
tron density maps, and the structural refinements includ-
ing split sites. The latter is carried out only if one of the
first two tests indicates a possible disorder. The first two
probes show that atomic disorder is present in the struc-
ture of YBa,Cu, ;,30,, while the third test is negative. On
the other hand, the temperature factors of O(1) in the
1:2:3 sample reported in Ref. 8 do not indicate any disor-
der, however, the electron density maps were not calcu-
lated. Furthermore, it must be pointed out that the split-
ting reported by Munstre de Leon et al.: is much smaller
than that found in YBa,Cu, 730, (0.13 A as against 0.55
A).

In this context, it is worthwhile to point out that situa-
tions similar to the one presented here have already been
encountered in other systems. For example, Pontonnier
et al.,'® while studying the structure of the ionic conduc-
tors Nag s, Yo 5+ Fa42x, found that some of the fluorine
atoms were either displaced from the (1,1, 1) position, or
exhibited anharmonic motion. They obtained a better
refinement when the two-F-site model was taken into ac-
count. Some of the F atoms were found to be displaced
by 0.21 A along the (111) directions. For this com-
pound the three probes yield positive tests, but as stated

TABLE II. Root-mean-square displacement values (A) for
the oxygen atoms [O(1): apical, O(2) and O(3): in-plane, O(4):
chain].

YBa,Cu;04 93 YBa,Cu, ;,,0,
(orthorhombic) (tetragonal®)
o) 02 0@3) 04 o1 0(Q2) 04)

1 0.12 0.07 0.10 0.16 0.2 0.08 0.5
2 0.11 0.09 0.07 0.08 0.10 0.5
U3 0.08 0.11 0.10 0.13 0.3 0.12 0.12

RSN

®In the tetragonal symmetry O(2) and O(3) are equivalent.

in their article Pontonnier et al. found out about the dis-
order in one of the F sublattices from the electron density
Fourier maps in which the peaks of some specific fluorine
atoms were always elongated along the (111 ) directions.

In conclusion, we believe that in order to prove or
disprove the double-well model for YBa,Cu;0,, one
should carry out precise electron density map calcula-
tions, based on x-ray Bragg intensities collected with
untwinned crystals.

The authors would like to thank B. Batlogg and H.
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