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The local structure of YBa,Cu3O, determined using x-ray-absorption fine structure (XAFS)
agrees well with the long-range order given by diffraction results for both oxygen-rich, orthorhom-
bic (y=6.98 and 6.87) and oxygen-deficient, tetragonal (y=6.15) compounds. The x-ray-
absorption near-edge structure supports the conclusion that, as y =7 goes to y =6, the O is re-
moved from the chains and the chain Cu atoms, Cu(1), becomes monovalent with a linear O-Cu-
O structural configuration and a 3d'® electronic configuration, as in Cu,O. For the XAFS
analysis, structural standards were determined, and these standards worked well not -only for the
Cu first-neighbor O environment but also for the Cu second-neighbor metal-atom environment out
to 4 A. A detailed multipeak analysis reproduced the XAFS spectra well and yielded structural
parameters that agree with diffraction. The temperature dependence of the structural parameters
shows only a smooth variation, with no significant anomalies. The Cu-X distances have a negligi-
ble to a small positive change with temperature, consistent with the lattice expansion. The excep-
tion is the Cu-Ba distances which change substantially; the Cu(1)-Ba distance increases and the
Cu(2)-Ba distance decreases. This indicates that the Ba moves away from the Cu(1)-O chains
and toward the Cu(2)-O planes with increasing temperature and that anharmonicity plays a role.
This motion is larger for the oxygen-depleted compound than for the fully oxygenated material.
The in-plane Cu-O first-neighbor vibrations exhibit no significant softening with temperature.
They agree well with a harmonic, Einstein oscillator model which shows that the Cu—O bonds
are tightly bound (characteristic Einstein temperatures O =596 =20 K) and are slightly softer
by 6% in the oxygen-deficient, tetragonal material.
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Temperature dependence of the local structure of YBa,Cu3O7 - ; with varying oxygen content:

I. INTRODUCTION

Small perturbations of the structure and composition of
the 90-K superconductor YBa,;Cu30, (Y-Ba-Cu-O) can
have profound effects on its superconducting properties. !
To elucidate the relationship between the local structure
of Y-Ba-Cu-O and its superconducting properties, we
have studied oxygen-rich (y=7—8§=7) and oxygen-
deficient (y=7—8=6) Y-Ba-Cu-O compounds by x-
ray-absorption spectroscopy.

The structure of YBa;Cu3O7—; is a distorted, oxygen-
deficient, trilayer perovskite,?~!? which as a 90-K super-
conductor (8 <0.2) is orthorhombic with two distinct Cu
sites: two Cu(2) sites and one Cu(1) site, corresponding
to two-dimensional Cu-O planes and one-dimensional
Cu-O chains, respectively. Since, our discussion centers
around the location of the atoms in this material, we show
this much-discussed structure in Fig. 1. The notation for
the atoms is that given in Ref. 10 for both the orthorhom-
bic and tetragonal phases. The Cu(2)-O layers in the a-b
plane form a mainly square, but slightly puckered, two-
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dimensional Cu lattice with oxygen atoms situated mid-
way between each nearest neighbor pair. These layers are
separated by Y layers that contain no oxygen. The
Cu(1)-O atoms form chains running in the b direction be-
tween two Ba-O planes. When oxygen is removed from
the sample, it is the O(1) site in the Cu(1)-O chains that
is depleted. As the oxygen content of the sample de-
creases, the oxygen defects that drive the formation of the
Cu-O chains become disordered and T, decreases. For &
greater than about 0.5 (depending on the thermal treat-
ment), the layer is further depleted of oxygen, an
orthorhombic-to-tetragonal transition takes place, and su-
perconductivity is lost. Whether the orthorhombic distor-
tion, consistent with the presence of one-dimensional Cu-
O chains, is fundamental to the mechanism of 90-K super-
conductivity remains under debate.

The x-ray absorption fine structure (XAFS) is well-
suited for a direct determination of the local environment
of absorbing atoms. '3 ™! The near-edge structure may be
used to study the valence of the absorber and the electron-
ic configuration. Furthermore, the temperature depen-
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FIG. 1. The structure of YBa;Cu3O7-; for § =0, the fully ox-
ygenated case (y=7). The notation for the atomic sites is from
Jorgensen et al. (Ref. 10). For §=1(y=6), the O(1) are fully
depleted and the a and b axes are equivalent.

dence of the XAFS can yield information on any structur-
al phase transitions that occur and on the local vibrations
in the solid. To data a number of x-ray-absorption studies
have been performed on the high-temperature supercon-
ductors,'®™%7 and, in particular, on Y-Ba-Cu-0.207%
They have addressed various issues and have often arrived
at conflicting conclusions. One area where there is no
consensus is that of the Cu valence,!” ~3%3 which we do
not emphasize here. - Another is that of the local structure
and atomic vibrations in Y-Ba-Cu-O, which is the main
topic of this work. Some XAFS studies have arrived at lo-
cal metal-O environments that agree with diffraction re-
sults21:28:31:32 and others that disagree.?>3° For example,
one XAFS study?’ has concluded that O atoms do reside
in the Y plane, contrary to the diffraction results. Anoth-
er’® concluded that 20%-30% of the Cu atoms are on Y
sites. In addition, some analyses of XAFS data have con-
cluded that anomalies occur in the temperature depen-
dence of the atomic vibrations in the vicinity of 7, and
even higher.?%3! Other studies observe no anom-
alies.21’28’34

In this paper we have performed a detailed analysis of
the local environment around the Cu atoms in well-
characterized Y-Ba-Cu-O out to 4 A. This includes not
only the O first neighbors but also the metal-atom second
neighbors. The data have been thoroughly analyzed to
obtain the local structure. These measurements have been
performed as a function of temperature from 4 to 600 K
with a dense set of temperature points in order to observe
any sharp anomalies that may exist. In addition, results
have been obtained for both fully-oxygenated (y = 7) and
oxygen-deficient (y = 6) Y-Ba-Cu-O samples to contrast
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the two cases. Results on the Y-O near neighbor environ-
ment are also reported. Our intent is to account for the
features in the data in a rigorous way and thereby try to
resolve some of the controversies surrounding the interpre-
tation of the XAFS results. To this end we emphasize two
areas: (1) the detailed analysis of the local structure out
to 4 A from the Cu atoms to be able to explain all the
features in the data, including the significant differences
in the XAFS data for low-O and high-O samples; (2) the
results on the XAFS for both low-O and high-O samples
measured over a large temperature range with sufficient
data in the temperature regions where anomalies have
been reported to help resolve the conflicting reports.

In Sec. II we present the experimental details and in
Sec. III the near-edge results. In Sec. IV the XAFS
analysis of the first-neighbor oxygen atoms and second-
neighbor metal atoms is presented, along with the results
as a function of temperature. Section V presents a sum-
mary.

II. EXPERIMENTAL DETAILS

A. Samples

Three YBa,;Cu30, samples with different oxygen con-
tent were studied: y=6.98, 6.87, and 6.15. The y=6.87
compound was prepared in the “normal” way by anneal-
ing at 800°C in one atmosphere of oxygen, followed by a
slow cooling. The fully oxygenated sample, y =6.98, was
obtained by an anneal in high oxygen pressure, 100 atmo-
spheres. The low-oxygen content sample resulted from an
anneal in N; at 900°C, followed by a fast cooling. The
oxygen content was determined thermogravimetrically.
Diffraction measurements indicated that the samples are
single phase within a few percent. The two high-O sam-
ples are orthorhombic, whereas the low-O sample is
tetragonal. Note that a slightly orthorhombic compound,
twinned on a scale of =10 A, could not have been dis-
tinguished from a tetragonal compound in the x-ray
diffraction. Both orthorhombic samples have a supercon-
ducting transition temperature of approximately 90 K,
whereas the tetragonal material is not superconducting
down to 4.2 K. In addition, powders of the following
structural and x-ray near-edge standards were also
prepared and characterized: Cu,0O, CuO, KCuO,, a Ba-
Cu oxide, and KNa4[Cu(HIOg),]1- 12H,0.

The samples were ground into fine powders and brushed
onto tapes which were stacked together to give approxi-
mately two x-ray absorption lengths at the Cu K edge.
Each sample was selected to be free of pinholes; an x-ray
photograph of each sample was taken at the synchrotron
to check this selection process.

B. X-ray absorption measurements

The x-ray absorption data were collected at the Cu K
edge (8980 eV) and Y K edge (17080 eV) on the wiggler
beamline VII-3 at the Stanford Synchrotron Radiation
Laboratory during dedicated operation (3 GeV beam en-
ergy, 30-100 mA beam current). A Si(400) double
monochromator with an exit slit height of 1 mm was used.
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This monochromator and optical arrangement gave an en-
ergy resolution at the Cu K edge of about 1 eV, substan-
tially better than that of 1.9 eV for Si(220) and 3.6 eV for
Si(111). The double monochromator was detuned on its
rocking curve to approximately one half of maximum
transmitted x-ray intensity to reduce the harmonic con-
tent of the beam to negligible levels for these experiments.
A leveling feedback system was used to control the
piezoelectric crystal of the monochromator to keep the in-
cident photon flux constant.®® For the very narrow rock-
ing curve of the Si(400) crystals, this feedback scheme is
crucial to remain on the rocking curve over a 1.5-keV scan
in energy for the fine-structure measurements. All ab-
sorption measurements were taken in the transmission
mode at the Cu K edge for temperatures from 4 to 600 K
and at the Y K edge at 83, 170, and 300 K. The incident
and transmitted x-ray intensities were measured using gas
ionization counters containing N, gas. Simultaneously, a
third such counter measured the intensity transmitted
through a Cu (or Y) metal foil which was used to insure
that the monochromator remained in calibration from one
scan to another. The metal-foil data were used to set the
energy scale for all the scans of the Y-Ba-Cu-O samples
and standards. The samples were mounted in an Oxford
variable flow helium dewar for the measurements from 4
to 300 K and in a furnace for the measurements from 300
to 600 K. The temperature was measured and controlled
to better than 2 K for all the scans.

C. XAFS data analysis

The reduction and analysis of the XAFS data were per-
formed in the usual way. %213 =4l First, a polynomial or
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spline fit to the pre-edge data is subtracted from the entire
data set. Then a spline fit to the data above the absorption
edge is used to remove the background from the XAFS
oscillations, and the energy data converted to k-space
data, ky(k), using k =[2m(E —E¢)1"*/h, where (k) is
defined by the equation u (k) =puoll+x(k)1, uo is the ab-
sorption at the step, E is the edge position and u (k) is the
k-dependent absorption coefficient. Finally, a fast Fourier
transform is applied to obtain the complex, r-space data,
{Flk"y(k)1}. Values of n=1 and n=3 were used in the
analysis presented here, with n=1 being the most-used
value.

For a quantitative comparison, data in real space were
fit to structural standards in order to determine the num-
ber of neighbors at specific distances and spreads in dis-
tance with temperature. For the Y environment, only the
first-neighbor oxygen atoms were analyzed. The analysis
of this Y K-edge data is as described in Ref. 21. The Cu
K-edge data were more thoroughly studied here, being an-
alyzed out to 4 A, and so we discuss this analysis in more
detail. First, we describe the Cu local structure and dis-
cuss the procedure for dealing with the two inequivalent
Cu sites.

In Y-Ba-Cu-O, the Cu atoms have O, Y, Ba, and Cu
neighbors at the distances given in Table I. We divide the
region out to 4 A into two parts: (1) the first-neighbor re-
gion consisting of O atoms at distances of <2.5 A and
(2) a second-neighbor region between 3- and 4-A spacing,
dominated by the metal atoms. For the purposes of
XAFS discussion we combine into a single peak those
peaks of the same kind of neighbor that are too close for
the XAFS to resolve in this complex structure, i.e., those
within about 0.05 A of each other. This reduces the num-

TABLE I. The room-temperature near-neighbor distances and number of neighbors around the Cu(1) and Cu(2) atoms in ortho-
rhombic YBa,Cu3O7 and tetragonal YBa>Cu3Os within a radius of 4 A. For tetragonal YBa;Cu3Os, O(1) of the orthorhombic struc-
ture is missing and O(2) and O(3) are equivalent. The notation is from Jorgensen et al. (Ref. 10) (Fig. 1), the structure for y =7
from Beno et al. (Ref. 3), and the structure for y =6 from Torardi ez al. (Ref. 9). The average numbers are the weighted averages

used in comparisons with the XAFS results.

High O (y=7) Low O (y=6)

Average Average Average Average
-Cu-X pair No. r (R) no. r (R) No. r (R) no. r ()
Cu(1)-0(4) 2 1.85 2/3 1.85 2 1.79 2/3 1.79
Cu(1)-0(1) 2 1.94 0 SR
Cu(2)-0(2) 2 1.93 10/3 1.94 4 1.94 8/3 1.94
Cu(2)-0(3) 2 1.96 - S
Cu(2)-0(4) 1 2.30 2/3 2.30 1 2.46 2/3 2.46
Cu(2)-0(2) 2 3.66 8/3 3.66 4 3.62 8/3 3.62
Cu(2)-0(3) 2 3.65 s cee
Cu(2)-Y 4 3.20 8/3 3.20 4 3.18 8/3 3.18
Cu(2)-Ba 4 3.38 8/3 3.38 4 3.35 8/3 3.35
Cu(1)-Ba 8 3.47 8/3 3.47 8 3.57 8/3 3.57
Cu(2)-Cu(2) 1 3.37 2/3 3.37 1 3.29 2/3 3.29
Cu(2)-Cu(2) 2 3.82 4 3.85
Cu(2)-Cu(2) 2 3.88 4 3.85 SR SR 4 3.85
Cu(1)-Cu(1) 2 3.82 4 3.85
Cu(1)-Cu(1) 2 3.88 s s
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ber of peaks for » <4 A from 15 to 9 for the orthorhombic
materials and from 10 to 9 for the low-O tetragonal sam-
ples. So, for example, the Cu-O in-plane distances of
1.93, 1.94, and 1.96 A cannot be resolved and become a
single peak at the weighted-average distance of 1.94 A.
Weighted averages*® must be used since XAFS, being a
bulk probe, sees a superposition of all pairs in an unorient-
ed powdered sample. This weighing must include not only
the number of neighboring atoms but also the number of
Cu central atoms since there are two inequivalent Cu
sites: one Cu(1) and two Cu(2). Since the Cu XAFS is
normalized to the number of Cu central atoms, the num-
ber of neighbors must be normalized in a similar fashion.
So, for example, the weighted number of O neighbors at
1.85 A in the high-O sample is two Cu(1)-O(4) pairs
times the fraction of the Cu atoms that contribute to this
distance, +. The weighted-average number of O atoms at
this distance is then %, as shown in Table I along with the
weighted-average number of X atoms for the other Cu-X
pairs. These are the pertinent number of neighbors for the
XAFS analysis. %

The structural standards for each of the four different
Cu-X pairs were determined in the following manner. For
the Cu-O peaks, Cu,O was used. Cu,O has two O neigh-
bors to each Cu at 1.85 A and twelve Cu second neighbors
at 3.02 A. To ensure that the small Cu-O peak in the
standard was not effected by overlap from the larger Cu-
Cu peak, a Cu-Cu peak using a Cu-metal standard was fit
to the second neighbor in Cu,O and the result subtracted
from the Cu,O data. The resulting spectrum differed only
slightly from the raw data in the region of the O peak, in-
dicating that interference between the O and Cu first and
second neighbors is small in the standard. This Cu-O
standard was then applied in a three-Gaussian fit to the
first-neighbor region of the Y-Ba-Cu-O data. The three
parameters for each Gaussian are the weighted-average
number of neighbors (/V), the pair separation (r), and the
peak width or Debye-Waller factor (). They were all
varied with the constraint that the ratio of the N’s be the
same as that from diffraction. This constraint reduced the
number of parameters by two. Fits allowing the threshold
energy Eg to vary were also performed and yielded similar
results since the resulting shifts for a best fit were small,
|AEg| =<2 eV. Also fits both without and with a mean
free path of A=8 A gave similar results since the
differences in distances between the standards and un-
knowns are KA. Good fits were obtained, reproducing the
diffraction structural parameters (Table I), as discussed
below.

For the second-neighbor Cu-metal atom pairs, an ex-
perimental standard was available for Cu-Cu, namely Cu
metal, but not for Cu-Y and Cu-Ba. For these two pairs,
the following procedure was used to obtain a standard for
the amplitudes and phases. First, experimental data of
pairs of atoms close to the unknown pair of interest were
obtained. For example, zinc-blende-structured Cul where
the Cu central atoms have four iodine neighbors at 2.61 A
was used to obtain the standard for Cu-Ba. For this struc-
ture, the Cu-I peak is well isolated and Fourier filtering
has a minimal effect on the real-space spectrum since the
low-r tails of more distant neighbors makes a negligible

contribution. The Cu-I (Z=53) data were modified using
spherical wave calculations** to correct for the small
difference in Z to Cu-Ba (Z=56). This procedure then
relies mainly on experimental standards, using the
theoretical calculations only to interpolate the amplitudes
and phases a small distance in Z from 53 to 56. Since, for
spherical waves, the amplitudes and phases depend on dis-
tance, the difference in near-neighbor spacing from 2.61 A
for Cu-I to about 3.4 A for Cu-Ba was also taken into ac-
count. Figure 2 shows the Fourier-filtered first-neighbor
peak in Cul and the resulting spectrum for Cu-Ba. Both
the k-space and r-space spectra are shown. The Cu-Ba
spectrum is for four Ba neighbors at 2.61 A as for Cul so
that amplitude and phase differences in this figure are due
only to the difference in backscatterer, i.e., Z=53 vs
Z=56. For the comparisons with the Y-Ba-Cu-O data,
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FIG. 2. Fourier-filtered first-neighbor peak in Cul and the
spectrum for Cu-Ba obtained from Cul, as described in the text.
The upper curve is the k-space spectra and the lower two curves
are the r-space spectra, where the envelope curve is the magni-
tude of the complex transform (plotted as + | Flky(k)1| and
— | Flkx(k)1|) and the oscillatory curve is the real part of the
transform. The r-space vertical scales in each case are the same,
and the tic at the center of the vertical axis is the zero point.
The transform range is a square window from 3.8 to 12.2 A1,
Gaussian broadened by 0.5 A. The Cu-Ba spectrum is for four
Ba neighbors at 2.61 A, as for Cul, so that amplitude and phase
differences observed in the figure are due only to the difference
in backscatter.
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the difference in spacing was, of course, taken into ac-
count. It is seen in Fig. 2 that, despite the small change in
Z(AZ =3), there is a significant phase difference between
Cu-I and Cu-Ba. Such a large difference obviously must
be accounted for in order to get meaningful results in fits
to the data.

A similar procedure was used for Cu-Y (Z=39) for
which CuBr (Z=35) was used. As a check, Zr (Z=40)
metal data were also used to generate the amplitude and
phase for Cu-Y. Both the central atom and backscatter-
ing atom had to be corrected using the calculations, from
Z =40 to Z =29 for the central atom and Z =40 to 39 for
the backscattering atom. No significant spherical-wave
correction had to be made for the difference in distance,
however, since Zr metal has 12 Zr neighbors at 3.2 A, the
same as the Cu-Y distance. The two starting points, CuBr
and Zr metal, resulted in Cu-Y standards that agreed very
well with one another, indicating that the procedure has
validity.

These standards were used in a multi-Gaussian fit to the
second-neighbor region of the Y-Ba-Cu-O samples, start-
ing with the structural parameters from diffraction. Vari-
ous fits were performed as discussed above for the first-
neighbor environment. Constraints and limits were placed
on the parameters to reduce the number of variables and
to avoid unphysical results. Good fits were obtained.
These second-neighbor fit results were then combined with
the first-neighbor oxygen fit results to yield starting values
for a composite first-plus-second-neighbor fit. This in-
cluded all the neighbors out to 4 A. This fit was per-
formed to insure that interference between the first- and
second-neighbor regions was not a significant factor.
Such was the case since the two procedures gave almost
the same structural parameters with good fits to the data.
The structural results are discussed in detail below in Sec.
Iv.

III. NEAR-EDGE RESULTS

The absorption edges for three standards and two Y-
Ba-Cu-O samples, low O and high O, are shown in Fig. 3.
The standards are CuO, CuO, and KNay-
[Cu(HIO¢),]- 12H,O whose formal oxidation states are
Cul, Cull, and Culll, respectively. We had previously?!
used KCuO; as a Culil reference compound, but it is hy-
droscopic and is converted to Cull on exposure to mois-
ture. This is not the case for the Culll compound used
here. The two Y-Ba-Cu-O samples, low O, y=6.15, and
high O, y =6.98, have mean Cu valences of 1.77 and 2.32,
respectively. Since Y-Ba-Cu-O contains two inequivalent
Cu atoms, one can expect to have different electronic
configurations for the two sites.? The different detailed
near-edge structures have been discussed extensive-
ly, 773036 50 we restrict ourselves here to a few comments.

The edge is shifted to higher energies, as expected,
when the formal valence is increased for the 1+, 2+, and
3+Cu standards. The pronounced peak at (E —E;,)=0
eV in Cu,O is characteristic of linear, twofold coordinated
O-Cu-O configurations. It corresponds to an electric di-
pole transition from the ls state to empty 4p,, states,
where the z direction is along the Cu—O bond.
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FIG. 3. The Cu near-edge spectra of (from top to bottom)
Cu,0, CuO, a Culll compound, KNas[Cu(HIOs)2]- 12H20 and
low-O (y =6.15) and high-O (y =6.98) Y-Ba-Cu-O. The ener-
gy scale is referenced to Eo=8980 eV. The vertical scale for
each curve is normalized for the same height of the large peak
between 10 and 20 eV. The vertical position for each curve is
offset and is approximately zero at the intercept of the vertical
axis at (E — Eo) = —10 eV since the background has been sub-
tracted.

The absorption edge of the superconductors is very
broad, covering the entire energy range defined by the 1, 11,
and 111 formal valence compounds, with the main rise
occurring near the 11 region. The valence in the high O
compound y = 7 consists of a combination of Cull and
Culil. The Cull has an electronic configuration of 3d %,
but the Culll is not 348 since this configuration lies below
the O p states. Rather the Culll electronic configuration
in both the formally trivalent compounds and in Y-Ba-
Cu-O is 3d°L, where L is a hole in the O p band.?>?7-36

For the oxygen-depleted superconductor, the lower part
of the absorption edge is shifted towards lower energy and
a pronounced structure occurs at the energy of the Cu,O
ligand peak.?*?728:3¢ This agrees with the result that O is
lost from the linear Cu-O chains, leaving O-Cu-O struc-
tures. We have also observed this increase in the size of
this Cul peak in fully oxygenated Y-Ba-Cu-O that was
heated to 600°C in a helium atmosphere during the x-ray
absorption measurements.?®33 These results support the
conclusion that, as y =7 goes to y =6, the O is removed
from the chains and the Cu(1) becomes monovalent as in
Cu,0 with a linear O-Cu-O structural configuration and a
3d '% electronic configuration.

IV. XAFS RESULTS AND DISCUSSION

A thorough analysis was made of the XAFS data on the
Cu edge in each sample. The data were reduced and ana-
lyzed as discussed above in Sec. IIC. The Fourier trans-
form of the Cu K edge XAFS ky (k) to real space is shown
in Fig. 4 for y=6.98 and 6.15, both at 5 K. The vertical
bars on the r axis indicate the position and relative ampli-



6560 J. B. BOYCE, F. BRIDGES, T. CLAESON, AND M. NYGREN 39

J [
YBasCu30e.98

Flky()1
o
g

YBagCu306.15

r (A)

FIG. 4. The Fourier transform of the Cu K-edge XAFS,
kx(k), to real space for Y-Ba-Cu-O with y=6.98 and 6.15, both
at 5 K. The transform range is a square window from 3.8 to
12.2 A ™!, Gaussian broadened by 0.5 A ~!. The envelope curve
is the magnitude of the complex transform f{plotted as
+ | Flky(k)1| and — | Flkx(k)1|} and the oscillatory curve is
the real part of the transform. The vertical scales in each case
are the same, and the tic at the center of the vertical axis is the
zero point. The vertical bars along the r axis indicate the loca-
tion and relative number of neighbors from the diffraction re-
sults (Table 1), with the wide bars being O, the medium width,
Cu; narrow bars, Y; and dashed, Ba. There is a shift of the
XAFS peaks from these positions due to the phase shifts. On
this scale, the corresponding bars for the low-O sample would
look the same except for the main Cu-O peak at 1.94 A which
would be reduced in height by 20%.

tude of each of the neighbors to the Cu according to the
diffraction results, Table I. There is a shift of the XAFS
peaks to lower r due to the phase shifts; however, there is a
rough correspondence between the two sets of peaks if al-
lowance is made for interference in the XAFS case.

We should mention that the two orthorhombic samples,
y=6.87 and y=6.98, yielded essentially identical spectra
over the entire temperature range. This indicates that the
local environment is not substantially altered by a small
difference in O content. As a result, we will refer to both
the y =6.98 and y =6.87 samples as high-O material. On
the other hand, there are significant differences in the
spectra for y=6.98 and 6.15, as seen in Fig. 4. These
difference are evident for both the first-neighbor and
second-neighbor regions, which we now discuss.

A. Oxygen first neighbors to Cu and Y

In the region of the first-neighbor oxygen peaks, the
low-O sample has fewer O neighbors. Detailed three-
Gaussian fits of the Cu-O nearest-neighbor peaks were
carried out using a Cu,O structural standard as discussed

above. The number of O neighbors to Cu and their dis-
tances, as determined by the XAFS fits, are shown in
Table II. The fits were made using a fixed ratio of the
number of neighbors for the three first-neighbor peaks ac-
cording to diffraction results, i.e., 1:5:1 for y=7 and 1:4:1
for y=6. As seen in Table II, the Cu-O distances are in
good agreement with diffraction results. There is only a
small discrepancy of a few percent for the long Cu(2)-
O(4) bond in both the oxygen-rich and oxygen-deficient
Y-Ba-Cu-O and for the short Cu(1)-O(4) bond in the
low-O sample. The total weighted number of oxygen
neighbors is also in good agreement with diffraction. The
XAFS number of neighbors are too large by about 8%.
This, however, is well within the uncertainty of the XAFS
fits.

The changes in the near-neighbor environment on going
from y=6.98 to 6.15 are readily apparent. The Cu(2)-
O(4) bond length lengthens due to the removal of the
O(1) atoms. Since the O(1) atoms contribute to the peak
at 1.94 A, the weighted average number of neighbors in
this peak is reduced in the y=6.15 sample. The small
shortening of the Cu(1)-O(4) bond, however, is not evi-
dent in these XAFS fit results.

In addition to the Cu near-neighbor environment, the
Y-O environment was examined. The Y K-edge data
were analyzed using a Y,Oj structural standard, as dis-
cussed in Ref. 21. The Y-O coordination number of 8 + 1
and the average Y-O distance of 2.39 +0.01 A were ob-
tained for all three samples, independent of oxygen con-
tent. These results agree with the diffraction numbers.
The determination of eight nearest-O neighbors, rather
than twelve, with no evidence for another nearby Y-O dis-
tance, indicates that no O resides in the Y plane. Also the
similarity in the Y-O results for the low-O and high-O
samples indicates that the O that is removed on going
from y=7 to y =6 is not the O neighboring the Y atoms,
i.e., not the O(2) and O(3). These conclusions again are
in agreement with diffraction data and also with our pre-
vious results®! on samples with y = 6.85.

B. Metal and oxygen second neighbors to Cu

As seen in Fig. 4, there are dramatic differences in the
spectra between.y=6.15 and y=6.98 for the second-
neighbor region, even though the major structural change
on going from y =7 to y =6 is the removal of a first neigh-
bor to a Cu, namely, the O(1) atoms in the chains. With
the removal of the O(1) atoms, the a and b axes become
equivalent, and the orthorhombic structure becomes
tetragonal. As seen in Tables I and II, this change in sym-
metry does not alter the number of Cu-metal second-
neighbor pairs nor does it substantially change their sepa-
rations since the difference between the a and b lattice
constants of the orthorhombic phase is only 0.06 A.
Nonetheless, the second-neighbor peaks in the XAFS
spectrum do change substantially. This spectral change is
due to a modification of the interference between the vari-
ous Cu-metal peaks due primarily to a broadening and a
movement of the Ba atoms, as discussed below.

A multipeak fit to this second neighbor region was per-
formed. Six Gaussian peaks with variable positions,
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TABLE II. Comparison of the diffraction and XAFS results for the room-temperature near-neighbor distances and number of
neighbors around the Cu(1) and Cu(2) atoms in orthorhombic YBa;Cu30; and tetragonal YBa;Cu3Os within a radius of 4 A. For
tetragonal YBayCu3Os, O(1) of the orthorhombic structure is missing and O(2) and O(3) are equivalent. The notation is from Jor-
gensen et al. (Ref. 10), the structure for y =7 from Beno et al. (Ref. 3), and the structure for y =6 from Torardi et al. (Ref.9). The

number of neighbors is the weighted average for the two Cu sites.

High O (y=7) Low O (y=6)
Diffraction XAFS Diffraction XAFS
Number of Number of Number of Number of

Cu-X pair neighbors r (A) neighbors r (R) neighbors r Q) neighbors r ()
Cu(1)-0(4) 0.67 1.85 0.72 1.84 0.67 1.79 0.72 1.83
Cu(1)-0(1)
Cu(2)-0(2) 3.33 1.94 3.60 1.95 2.67 1.94 2.87 1.95
Cu(2)-0(3)
Cu(2)-0(4) 0.67 2.30 0.72 2.34 0.67 2.46 0.72 2.42
Cu(2)-0(2) 2.67 3.66 2.92 3.64 2.67 3.62 2.87 3.66
Cu(2)-0(3)
Cu(2)-Y 2.67 3.20 2.40 3.19 2.67 3.18 2.30 3.16
Cu(2)-Ba 2.67 3.38 2.22 3.37 2.67 3.35 1.90 3.32
Cu(1)-Ba 2.67 3.47 2.22 3.48 2.67 3.57 1.90 3.59
Cu(2)-Cu(2) 0.67 3.37 0.65 3.35 0.67 3.29 0.80 3.35
Cu(2)-Cu(2)
Cu(2)-Cu(2) 4 3.85 (3.8) (3.95) 4 3.85 3.5) (3.98)

Cu(1)-Cu(1)
Cu(1)-Cu(1)

widths and amplitudes were used. The six peaks used the
starting amplitudes and positions of Table I: one Cu-O,
one CuY, two Cu-Ba, and two Cu-Cu peaks. The ampli-
tudes of the Cu-Ba peaks were allowed to vary but were
kept equal to one another. Unlike Ref. 32, we find that
combining the two Cu-Ba distances into a single average
distance deteriorates the quality of the fit and alters the
resulting structural parameters. This is particularly true
for the low-O material for which the two Cu-Ba distances
differ by 0.2 A, twice that of the high-O material. An ap-
proximation was made for the long Cu-Cu peaks between
3.82 and 3.88 A: they were treated as a single peak as in-
dicated in Table I. This approximation would be an excel-
lent one if it were not for multiple scattering corrections
for one of the pairs and not for the other three pairs.>’
The Cu(1)-Cu(1) pairs along the a axes have no interven-
ing O atoms and so are not effected by multiple scattering.
The two planar Cu pairs, Cu(2)-Cu(2) along the a and b
axes, are not much affected by multiple scattering due to
the puckering of the Cu(2)-O-Cu(2) bonds to an angle of
about 170°. The O atoms are enough out of the straight-
line path that forward scattering through the O atoms is
small. This is not the case for the Cu(1)-Cu(1) pair along
the chains, along the b axis. Forward scattering through
the intervening O(1) atoms will greatly enhance this peak
beyond its one-in-four contribution. Also the phase will
be shifted. To account for these effects, we approximated
these pairs as a single peak but allowed for a phase shift
by varying the threshold energy E¢ and allowing the posi-
tion and amplitude to go well beyond the structural values
from diffraction. This phenomenological approach ac-
counted for the measured peak with an E shift of the Cu

metal standard of about —13 eV, a positional shift of
about 0.1 A larger than the diffraction value and an am-
plitude close to the known weighted average value of four
Cu neighbors.

The resulting parameters for these six peaks were then
refined by combining them with the three O peak results
for the first neighbor region (results of the previous sec-
tion) into a nine peak fit over the entire region from 1.1 to
3.9 A. A comparison of the data and the calculated fit is
shown at the top of Fig. 5. This refinement did not sub-
stantially alter the results of the two-section fit, indicating
that the overlap between the first-neighbor O peaks and
the second-neighbor metal peaks is not substantial. The
refined weighted average number of neighbors and posi-
tions for the nine peaks are given in Table II. It is seen
that the bond lengths agree quite well with the diffraction
results for both the high-O and low-O samples, except for
the Cu-Cu peak near 3.85 A which is shifted to about 3.95
A due to the multiple scattering discussed above. The
weighted number of neighbors are also in good agreement
with the diffraction results except for the Cu-Ba peaks
which are about 17% too low for the high-O sample and
about 30% too small for the low-O material. This
discrepancy may be due to inaccuracies in arriving at a
Cu-Ba standard, uncertainties in the mean free paths (we
used A=8 A for all the samples), and/or anharmonic
effects. Some contribution from the latter is very likely,
since, as discussed below in Sec. IV C, the Ba position is
soft, and its temperature dependence is stronger than that
for the other atoms, particularly in the low-O sample.

It is also instructive to show the nine component peaks
that fit the spectra in order to see how the individual con-
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FIG. 5. The Fourier transform of the Cu K-edge XAFS,
kx(k), for the high-O, y=6.98, Y-Ba-Cu-O sample at 5 K. The
upper curve is the data (solid curve) and fit (dotted curve). The

lower curves are the nine component Cu-X peaks that make up
the fit.

tributions combine to yield the data and the effects of in-
terference. This is illustrated for the high-O sample,
y=6.98, at a temperature of 5 K in Fig. 5. It is seen that
the O first-neighbor region is dominated by the O(1),
0(2), and O(3) neighbors in the a-b plane, all at about
1.94 A. The short and long Cu-O(4) peaks, the ones due
to O atoms along the ¢ axis, make a smaller contribution.
In the second-neighbor region, the O makes a negligible
contribution compared with the metal atoms. This is also
shown in Fig. 6 where the individual contributions due to
the neighboring atoms of the same type have been com-
bined. The three peaked second-neighbor feature ob-
served in the data corresponds roughly to the three metal
atoms: the Cu-Y, Cu-Ba, and Cu-Cu constituents. These
components do, however, strongly overlap and interfere
with one another.

The analogous spectra for the low-O material, y =6.15,
at a temperature of 5 K is presented in Fig. 7. Again, the
composite fit accurately accounts for the data in the re-
gion from 1.1 to 3.9 A, as seen in the upper curve. The
component peaks are shown below the data. The three-
peaked second-neighbor structure for y=6.98 (Figs. 5 and
6) becomes two-peaked for y —6.15 (Fig. 7) largely due to
a reduction in the Cu-Ba peak. This reduction is due to a
larger disorder for the two Ba peaks in the low-O material
as well as the larger separation of the two component Ba

]
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FIG. 6. The Fourier transform of the Cu K-edge XAFS,
kx(k), for the high-O, y =6.98, Y-Ba-Cu-O sample at 5 K. The
upper curve is the data (solid curve) and fit (dotted curve). The
lower curves are the individual Cu-X contributions due to the
neighboring X atoms of the same type that make up the fit.

peaks causing more destructive interference. The peak
width at 5 K for the low-O material is 62~8x10 3 A?
compared with 0%2~2%x1073 A2 for the high-O material,
a substantial difference of Ac?=~6x10 "3 A2 The abso-
lute value of o2 is uncertain due to the lack of a precise
determination of the width for the structural standard,
modified Cul. However, the difference, Ac?, is better
determined since the same reference was used in each
case. For these low-temperature (5 K) results, some of
this difference in width is likely the result of larger static
disorder in the low-O material, due possibly to the fact
that y=6.15 and not 6. The fact that the O content is
larger than y =6 implies that there are a distribution of lo-
cal environments giving rise to the large static disorder.
This may also be the case for the high O, y=6.87 com-
pound, but its disorder is smaller. More importantly,
there is a temperature variation in the widths for each
compound which is larger for the low-O sample. As a re-
sult, this difference in the disorder for the low-O and
high-O samples increases to Ac?=10x10 "> A2 at 300
K. In addition to the different Cu-Ba widths and their
temperature dependence, there is a similar difference in
the splitting of the two Cu-Ba peaks. From Table II, the
splitting for low O'is larger by Ar=0.16 A, compared
with the high-O sample. The result of both these effects is
a two-peak second-neighbor structure in the data despite
the fact that it is composed of several metal-atom neigh-
bors.
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FIG. 7. The Fourier transform of the Cu K-edge XAFS,
kx(k), for the low-O, y =6.15, Y-Ba-Cu-O sample at 5 K. The
upper curve is the data (solid curve) and fit (dotted curve). The
lower curves are the individual Cu-X contributions due to the
neighboring X atoms of the same type that make up the fit.
Note the difference in the Ba contributions between this low-O
sample and the high-O sample shown in Fig. 6.

C. Temperature dependence of Cu-X distances

No pronounced shift with temperature was seen in the
absorption edge for the Y-Ba-Cu-O samples between 5
and 600 K. Neither was the basic character of the XAFS

~ changed. The changes observed with temperature could
all be well accounted for by a smooth change in each of
the absorber-to-near-neighbor distances and in the broad-
ening of these distances. Fits, as described above, were
performed on all the Cu K-edge data sets for temperatures
from 5 to 600 K. The determined Cu-X near-neighbor
distances for y =6.87 are shown in Fig. 8. Seven of the
nine distances of Table II are included in this figure. The
long Cu-O distance of about 3.64 A has a substantial un-
certainty due to its large width and smaller contribution
(smaller backscattering amplitude) compared with that of
the metal atoms. As a result, it is not included. Also ex-
cluded is the long Cu-Cu peak near 3.9 A. It is effected
by multiple scattering, as discussed above, and so its
near-neighbor spacing is uncertain. This peak, however,
had to be included in the fits to the data since it makes a
substantial contribution in the fit region for r <4 A, as
seen in Fig. S.

As seen in Fig. 8, the Cu-X distances for YBa;Cu3O¢ 37
increase only slightly from 5 to 600 K, except for the
shorter of the two Cu-Ba distances. This Cu(2)-Ba spac-
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FIG. 8. The temperature dependence of the determined Cu-X
near-neighbor distances in high-O Y-Ba-Cu-O for y=6.87.
Note the temperature variation of the two Cu-Ba distances.

ing decreases with increasing temperature, while the
Cu(1)-Ba distance increases. This indicates that, as the
temperature increases, the Ba atoms move toward the
planes containing the Cu(2) atoms and away from the
chains containing the Cu(1) atoms. There is a normal ex-
pansion of the lattice, giving rise to the small increases in
atomic spacing; but, in addition, there is a distortion of the
Ba position within the unit cell as it moves toward the
planes. This result is qualitatively consistent with the
structural measurements at higher temperature. Compar-
ing the Ba and Cu positions at 300 K (Ref. 3) and at 900
K (Ref. 8), one has that, relative to the Cu(1) position
along the ¢ axis at z=0, the Ba position moves by
Az =0.005 while the Cu(2) position moves by a smaller
Az =0.002. These results indicate that, from 300 to 900
K, the Ba moves away from the Cu(l) and toward the
Cu(2), consistent with our results from 5 to 600 K.

Similar features are observed for the Cu-X distances in
the low-O (y=6.15) sample, as shown in Fig. 9. The ac-
tual distances differ somewhat between the high-O and
low-O materials, as also indicated in Tables I and II. The
temperature variation of the distances is again small ex-
cept for the Cu-Ba distances. The most striking difference
between the low-O and high-O Y-Ba-Cu-O is the overall
larger separation between the Cu-Ba peaks and their
larger temperature variation for the low-O material. This
indicates that the low-O sample has a larger motion of the
Ba atoms toward the Cu(2)-O planes with increasing tem-
perature.
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FIG. 9. The temperature dependence of the determined Cu-X
near-neighbor distances in low-O Y-Ba-Cu-O for y=6.15. Note
the stronger temperature variation and larger separation of the
two Cu-Ba distances, compared with that for the high-O sample
in Fig. 8.

In addition to the large change in Cu-Ba distances with
temperature, large increases in the peak widths o were
also observed, as discussed in the previous section. This,
coupled with the fact that the determined Ba amplitudes
are low (see Table II), implies that anharmonic effects
may be significant. Typically, if one fits a symmetric
Gaussian peak to a peak that is actually asymmetric due
to anharmonicity, one obtains a reduced peak amplitude
and a shifted distance.!*3%4 Anharmonicity could then
effect the precise determination of the Ba atomic positions
using XAFS. Ba anharmonic motion has been observed in
x-ray scattering.'? There it is pointed out that the Ba
atoms lie slightly above the plane of O(4) atoms. The
Ba-O distance, which is already short, would be much too
short if the Ba atoms were to lie in this plane. This im-
plies that the — z direction is the hard direction for the Ba
vibrations, whereas the soft direction is the +z direction,
toward the Cu(2)-O planes where the Ba atoms have
more room. These facts may account for the observed dis-
tortion.

D. Temperature dependence of Cu-O widths

The most substantial changes in the XAFS spectra with
temperature could be accounted for by a smooth
temperature-dependent broadening of the absorber-to-
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neighbor distances. This is particularly true for the first-
neighbor Cu-O distances which are tightly bound and not
much affected by the anharmonicity discussed above for
the Ba atoms. A single peak fit was made to the Cu-O
peak centered at 1.94 A. This is the peak that dominates
the XAFS first-neighbor spectrum (see Fig. 5) and corre-
sponds to the in-plane Cu-O distances. Although the ab-
solute width squared, o2, was not determined, its change
with temperature is obtained by comparison of the ap-
propriate peak in the 5-K spectrum to the corresponding
peak in the higher-T spectrum. The results for the change
in the width squared, Ac2(T) =02(T) — o2 (5 K), for the
in-plane Cu-O peak for both the low-O and high-O sam-
ples are presented in Fig. 10. A smooth variation of Ac?
with no dramatic anomalies, such as phonon softening, is
observed in this more extensive set of measurements. This
is consistent with our earlier results?! for y = 6.85 Y-Ba-
Cu-O.

From the temperature variation of the observed
Debye-Waller-like broadening of the pair distribution
functions and the assumption that the individual bonds
can be treated as Einstein oscillators, we can esti-
mate?!41* the characteristic vibration frequencies, wg, in
the crystal using o*(T) = h/Quwg)coth(hwg/2ksT),
where u is the reduced mass of the pair of atoms. Fits of
these data to the above expression for Ac?, with wg the
only unknown parameter, are shown in Fig. 10. The
characteristic Einstein temperatures, O =hwg/kp, for
the dominant in-plane Cu-O bonds are as follows:
O =596 +20 K for the two oxygen-rich samples (y
=6.87, 6.98) and O =564+20 K for the oxygen-de-
ficient sample (y=6.15). The in-plane Cu-O bonds are
6% softer in the low-O tetragonal Y-Ba-Cu-O than for the
fully oxygenated orthorhombic Y-Ba-Cu-O. This small
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FIG. 10. Ac*(T)=0*(T)—0o? (5 K) for in-plane Cu-O in
Y-Ba-Cu-O with different O content, y =6.15 (closed symbols)
and y=6.87 (open symbols). The solid curves are fits of these
data to an Einstein oscillator model, yielding for the characteris-
tic Einstein temperatures © =596 *+ 20 K for the oxygen-rich
sample (y =6.87) and O =564 + 20 K for the oxygen-deficient
sample (y =6.15).
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difference agrees with the expectation that the more disor-
dered oxygen-deficient compound would be somewhat
softer for the average Cu-O bond. It is the reverse of the
result of Ref. 22. Also for the Cu-Cu pair, we extract a
similar difference for the oxygen-rich and oxygen-poor
samples.

The data fit an Einstein oscillator model quite well but
do show some deviation at low temperatures below
T.=90 K (see Fig. 10). The deviations consist of a small
increase in Ac2(T) as the temperature is lowered. These
differences are at the limits of the error bars, so additional
data would be required before any definitive conclusions
can be drawn.

V. SUMMARY

We find that, within the experimental error, the
XAFS-determined local structure for YBa;Cu3O, agrees
well with the long-range order given by diffraction results
for both oxygen-rich (y=6.98 and 6.87) and oxygen-
deficient (y=6.15) compounds. The x-ray absorption
near-edge structure supports the conclusion that, as y =7
goes to y =6, the O is removed from the chains and the
Cu(1) becomes monovalent as in CuyO with a linear O-
Cu-O structural configuration and a 3d '° electronic con-
figuration. For the XAFS analysis, the structural stan-
dards determined using spherical-wave corrected experi-
mental data for the Y and Ba neighbors and experimental
standards for the O and Cu neighbors provide a good
description of the data. These standards work well not
only for the first-neighbor O environment but also for the
second-neighbor metal-atom environment out to 4 A. A
detailed multipeak analysis reproduced the XAFS spectra
well and yielded structural parameters that agree with

diffraction.

The temperature dependence of the parameters shows
only a smooth variation. No significant anomalies are ob-
served versus temperature. The Cu-X distances have a
negligible to a small positive change with temperature,
consistent with the lattice expansion. The exception is the
Cu-Ba distances which change substantially; the Cu(1)-
Ba distance increases and the Cu(2)-Ba distance de-
creases. This indicates that the Ba moves away from the
Cu(1)-O chains and toward the Cu(2)-O planes with in-
creasing temperature and that anharmonicity plays a role.
This motion is larger for the oxygen-depleted compound
than for the fully oxygenated material. The in-plane Cu-
O first-neighbor vibrations exhibit broadening but no
significant softening. They agree well with a harmonic,
Einstein oscillator model with the characteristic Einstein
temperatures O =596 20 K for the oxygen-rich sam-
ples (y=6.98 and 6.87) and ©f =564=+20 K for the
oxygen-deficient sample (y=6.15). This indicates that
the Cu-O bonds are slightly softer by 6% in the low-O ma-
terial. Some indication, however, is present for a small in-
crease in Ac?(T) for T < T, but the signal-to-noise ratio
is not adequate to draw any substantial conclusions.
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