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We present x-ray;absorption fine-structure (XAFS) measurements for a series of Co- and Fe-
substituted samples of YBaCu3O7-5; (Y-Ba-Cu-O). Our analysis of the first- and second-
neighbor environments indicates that the Co atoms primarily replace the Cu in the chain sites, the
Cu(1) atoms, in Y-Ba-Cu-O, but many of these Co(l) sites and their neighboring oxygen sites
are highly distorted. The first-neighbor Co-O peak consists of ~3.5 oxygen at 1.8 A and ~1.3
oxygen at 2.4 A, while the second-neighbor multipeak in the XAFS data is unexpectedly low in
amplitude. Structure in this peak is inconsistent with a simple Gaussian broadening and indicates
that several Co(1)-Ba distances exist. We propose an aggregation of the Co atoms into distorted,
zigzag chains along the (110) directions, with some of the Co displaced off center by ~0.4 A
along a perpendicular (110) direction. This model is consistent with the second-neighbor XAFS
data, provides an explanation for the tetragonal structure via twinning on a microscopic scale, and
accommodates excess oxygen within the Co chains. The Fe data suggest that similar chains also
exist in the Fe-substituted samples. There are, however, some differences between the local envi-
ronments of the Fe and Co. The primary difference is that a small but significant number of Fe
atoms occupy the Cu(2) plane sites while no appreciable number of Co atoms are found on the
Cu(2) sites in the more dilute samples. Finally, near-edge measurements on the Co and Fe K-
absorption edges indicate that the valence is primarily + 3, but a mixture of valences exists. For
Co, the edge position corresponds to a mixture of +2 and +3 valences, while Fe exists in a mix-
ture of +2, +3, and +4 states.
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I. INTRODUCTION

In nearly all the high-7, superconductors discovered to
date' 7' (the exception being Ba, - ,K,BiO3),!' planes or
chains of Cu and O play a crucial role since the supercon-
ducting electrons are found in these layers. However, the
nature of the pairing interaction and an explanation as to
why Cu is so important are as yet unanswered questions.
To probe this aspect, several groups have substitutionally
replaced some of the Cu in YBa;Cu30;7-;5 (Y-Ba-Cu-O)
with other atoms;'>™*° a partial list includes Fe, Co, Ni,
Zn, and Mn. In each case, a relatively small concentra-
tion of the defect decreases the transition temperature 7,
substantially, and for 15% substitution many systems are
no longer superconducting.'>'#22~33 The suppression of
T, occurs for both magnetic (Fe, Co, and Ni) and non-
magnetic (Zn) defects; in fact, Zn is more effective at
lowering the transition temperature.? =33 Thus, magnetic
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interactions are probably not the most important feature
of this effect.

Another aspect of the substitutional doping of these
materials is the assumption that the environment about a
defect is essentially the same as the environment about a
Cu atom on either the Cu(1) or Cu(2) sites (see Fig. 1 for
a definition of the various sites). For example, in Mdss-
bauer experiments,*' ~*° substitutional *’Fe has been used
to probe the Cu environment. These measurements sug-
gest that several different O coordinations exist about the
Fe (fourfold, fivefold, and sixfold) and that two valences
are present— Fe3* and Fe**. The proposed environments
assume that the Fe atom is located primarily at the Cu(1)
site, with a small occupation of the Cu(2) site. It is im-
portant to know whether or not the substituted site is dis-
torted to ascertain the validity and limitations of using
such a probe.

In this contribution, we have used the x-ray-absorption
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0O(5) vacancy

FIG. 1. The structure of YBa;Cu3O7-5 for § =0, the fully
oxygenated case (y =7) using the notation from Jorgensen et al.
(Ref. 7) for the atomic sites. In the ideal case the O(5) sites are
vacant. For §=1 (y=6), the O(1) are fully depleted and the a
and b axes are equivalent.

fine-structure (XAFS) technique®>! to probe the local
structure around Fe and Co in Y-Ba-Cu-O. Several pre-
liminary presentations have been given previously.>? ™3¢
We find that Co substitutes primarily at the Cu(1) site, in
agreement with other investigations. Fe is also predom-
inantly found on the Cu(1) site but some occupancy of the
Cu(2) site also occurs. More importantly, we find that
many of the substituted sites are significantly distorted,
with some of the Co (or Fe) atoms displaced (probably
along the {110) direction) from the position a Cu(1) atom
would normally occupy. Most of our analysis focuses on
the Co measurements since our data are much more ex-
tensive for this system. The Fe data appear similar to Co
in both the first- and second-neighbor shell, and were ana-
lyzed using the understanding gained from our investiga-
tion of the Co systems.

The paper is organized as follows. In Sec. II we de-
scribe the samples and provide some experimental details.
In Sec. III we present the XAFS data and the analysis for
the near-neighbor environment about the Co atoms.
Some results for the Cu near-neighbor environment are
also included. The composite second-neighbor environ-
ments for Co and Cu are considered in Sec. IV and the Fe
results are presented in Sec. V. The near-edge structure
for the Fe and Co K edges in substituted Y-Ba-Cu-O and
for the Cu K edge in undoped and Co-substituted Y-Ba-
Cu-O, are discussed in Sec. VI. Finally, we compare our
results with other experiments on substituted Y-Ba-Cu-O
materials in Sec. VII, and summarize our conclusions in
Sec. VIII.
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II. SAMPLES AND EXPERIMENTAL ASPECTS

We have performed XAFS transmission experiments at
the Co K edge in YBa,(Cu;—,Co,)307-5 for x=0.017,
0.033, 0.067, 0.17, and 0.30, and at the Fe K edge in
YBa;(Cu-,Fe,)3;07-5 for x=0.033, 0.10, and 0.17. In
addition, we have made measurements at the Cu K edge
for the x =0.033 and 0.3 Co samples, and for several nor-
mal Y-Ba-Cu-O (x =0 and §==0) samples. The XAFS
samples were prepared by brushing a fine powder of the
sample onto Scotch tape. Several layers, typically 3-4 for
the Cu K edge, were stacked to obtain a sample with a
thickness of approximately two absorption lengths. Each
XAFS sample was selected to be free of pinholes; an x-ray
picture of each sample was taken at the synchrotron to
check this selection process. For all samples several data
sets were collected to check for consistency; for the lower
concentration samples, many data sets were collected and
averaged to improve the signal-to-noise ratio. Data were
also collected for a series of reference materials including
COO, C0304, FeO, FC304, F6203, Cu;O, and CuO.

The Y-Ba-Cu-O samples have been characterized using
x-ray diffraction, thermogravimetric analysis, Meissner
effect, and resistivity studies. The x-ray-diffraction stud-
ies show that within the resolution of these measurements
(a few percent) all samples are single phase except for the
Cog3 material. The latter showed a small amount
(< 10%) of another phase. Excluding the Cog ;7 sample,
for which the S/ N of the XAFS data is poor, all the sam-
ples have a tetragonal crystal structure. The O content in-
creases with Co or Fe substitution in general, and all the
samples studied have high O concentrations. For the Co
samples, y =7 — & varies from 6.92 to 7.3 while for the Fe
samples y varies from 6.92 to 7.2. Further details about
the characterization of these samples and an analysis of
the results of measurements made using the above tech-
niques are given in Ref. 14.

The XAFS experiments were carried out on Beamline
7-3 at the Stanford Synchrotron Radiation Laboratory
(SSRL) using Si(400) monochromator crystals. A level-
ing feedback system was used to control the piezoelectric
crystal of the monochromator to keep the incident photon
flux constant;®’ for the very narrow rocking curve of the
(400) crystals this feedback scheme is crucial to remain
on the rocking curve over a 1.5-keV sweep in energy.
Most of the experiments were made at 80 K using a
liquid-nitrogen dewar or an Oxford variable-flow helium
cryostat. A few measurements were taken at lower (4.2
K) and higher (300 K) temperatures.

The XAFS spectrum is extracted from the absorption
data using standard procedures.>®3! First a polynomial or
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 y(k) is
defined by the equation u(k) =puoll +x(k)], uo is the ab-
sorption at the step, Eo is the edge position, and p(k) is
the k-dependent absorption coefficient. Finally, a fast
Fourier transform is applied to obtain the complex, -
space data FTIlky(k)].
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III. Co (AND Cu) NEAR-NEIGHBOR ENVIRONMENT

A. Data presentation

In Fig. 2 we compare the real-space Co K-edge XAFS
data FT[ky(k)] for the Cog 7 sample with the Cu K-edge
data for normal Y-Ba-Cu-O. Both the amplitude and the
real component of the complex Fourier transform are
plotted. In each case, the k-space transform range is
3.6-11.7 A~ with a Gaussian broadening of 0.5 A ™.
The main features to note are (1) the first-neighbor envi-

ronment is similar for the two atoms but the main peak -

for Co is shifted to lower » by roughly 0.1 A (note that
this peak in the r-space XAFS data includes a phase
shift— the actual distance is about 1.8 A), (2) there is ad-
ditional weight near 2.0 A for the Co edge, and (3) the
second-neighbor peaks, in the range 2.5-4.5 A, are con-
siderably reduced in amplitude for the Co-edge data (see
Sec. IV).

The data for all the Co samples are similar, as shown in
Fig. 3, but there are differences in composition. The most
striking is the changing shape and decreasing amplitude
of the second-neighbor peak discussed in Sec. IV. The
first-neighbor Co-O peak does decrease in height (as a re-
sult of broadening) and there is a small change of phase of
the real part of FT[ky(k)] (corresponding to a small

FTlkx(k)]

r (A)

FIG. 2. A comparison of the Fourier transform of the K-edge
XAFS kx(k), to real space for Cu in Y-Ba-Cu-O with y =6.87
and Co in Y-Ba-Cu-O(Coq.17). The transform range is a square
window from 3.6 to 11.7 A ™!, Gaussian broadened by 0.5 A ~!.
The envelope curve is the magnitude of the complex transform
(plotted as + | FTlky(k)1| and — | FTlky(k)1|) and the oscil-
latory 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 verti-
cal axis is the zero point. There is a shift of the XAFS peaks
from the actual positions due to the phase shifts. The main Co-
O peak at 1.4 A is shifted downward by roughly 0.1 A compared
to the Cu-O peak; the second-neighbor structure is greatly re-
duced for the Co K edge. Note also the increased weight of the
main peak and near 2.0 A for the Co K edge.
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FIG. 3. The Fourier transform of the Co K-edge XAFS,
ky(k), for several Co concentrations. Note the increasing in-
terference at 3.2 and 3.7 A as the concentration increases.

change in the splitting between the Co-O components).
The first-neighbor results are qualitatively inconsistent
with the predictions obtained by assuming a simple re-
placement of the Cu(1) by Co. The additional weight in
the 1.9-2.3 A region is quite unexpected since no long
Cu—O bonds occur for the Cu(l) sites. A significantly
shortened Co—O bond length along the chains compared
to the Cu-O chain distance of 1.94 A appears inconsistent
with the fact that the lattice constant increases very
slightly when Co is introduced.

B. Data analysis

To carry out a detailed analysis of the various peaks, we
first developed a set of single-peak standards for Cu-O,
Cu-Ba, and Cu-Y that provide an excellent fit to normal
and O-depleted Y-Ba-Cu-O. Details of these standards
are discussed in a separate paper.’® Next we modified
these standards slightly by correcting the central atom
phase shifts>® to correspond to Co or Fe. For the cases
where tests were possible, e.g., CoO and Co304, the gen-
erated standards fit the experimental standards very well.
In Fig. 4, we show the k-space and r-space data for the
Cu-O and generated Co-O peaks for a bond length of 1.85
A. Note that the major change in going from Cu-O to
Co-0 is a small, nearly constant shift of the k-space data
which results in a small change in the phase shift between
the real and imaginary parts in the r-space data (compare
the positions of the oscillations of the real part in Fig. 4),
but no change in the amplitude function.
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FIG. 4. A comparison of the Cu-O standard (solid line) and
the Co-O standard (dotted line) generated using the central
atom phase shifts of Teo and Lee. Note the nearly constant
shift of the Co-O k-space data relative to the Cu-O data.

The first-neighbor Co peak was fit to a sum of Co-O
standards starting with the known distances and number
of O neighbors around the Cu in Y-Ba-Cu-O. Fits assum-
ing that the Co were all on the Cu(l) sites, all on the
Cu(?2), or uniformly distributed on both sites were carried
out. In each case the fits converged to an unexpected
result— the first-neighbor shell about Co contains about 5
atoms, but with ~3.50 at a short distance (~1.8 A) and
about ~1.30 at a much larger distance (2.4 A). For
comparison, the weighted number of O neighbors in Y-
Ba-Cu-O (see Table I) are % neighbor at 1.85 A 2
neighbors at 1.94 A, and % neighbor at 2.3 A. In Table II
we summarize the results of the fits to the first-neighbor
peak for several samples. These results confirm the quali-
tative results discussed above. We note at this point that
further attempts were made to decompose the short Co-O
peak into two peaks as is found for the Cu-O nearest-
neighbor peak in Y-Ba-Cu-O (1.80 and 1.94 A). In each
case, these fits essentially collapsed to a single peak; if two
peaks exist, they are separated by =< 0.05 A. The quality
of the fits is very good as shown by the excellent agree-
ment displayed in Fig. 5 between the calculated curve
(with peaks at 1.81 and 2.35 A) and the data for x =0.07.

To proceed with the analysis of the Co-O peak, we must
first anticipate a result from the following section on the
second-neighbor environment that is consistent with other
investigations— that the Co substitutes primarily on the
Cu(1) site. If we further assume that the Co-O(4) dis-
tances are essentially unchanged, we must then accommo-
date both long and short Co-O distances within the
Cu(1)-O layer. In addition, because of the tetragonal
structure, the nearest-neighbor planar O are no longer
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TABLE I. The room-temperature near-neighbor distances
and number of neighbors around the Cu(1) and Cu(2) atoms in
orthorhombic YBa;Cu307 within a radius of 4 A. The notation
is from Jorgensen et al. (Ref. 7) (Fig. 1), and the structure for
y =7 from Beno eral. (Ref. 2). The average numbers are the
weighted averages, normalized to the total number of Cu atoms
present. The weighted averages are used in comparisons with
the XAFS results.

Number of Average Average

Cu-X pair neighbors r(A)  number r (R)
Cu(1)-0(4) 2 1.85 3 1.85
Cu(1)-0(1) 2 1.94
Cu(2)-0(2) 2 1.93 g 1.94
Cu(2)-03) 2 1.96
Cu(2)-0(4) 1 2.30 z 2.30
Cu(2)-0(2) 2 3.66 $ 3.66
Cu(2)-03) 2 3.65
Cu(2)-Y 4 3.20 3 3.20
Cu(2)-Ba 4 3.38 $ 3.38
Cu(1)-Ba 8 3.47 s 3.47
Cu(2)-Cu(2) 1 3.37 3 3.37
Cu(2)-Cu(2) 2 3.82
Cu(2)-Cu(2) 2 3.88 4 3.85
Cu(1)-Cu(1) 2 3.82
Cu(1)-Cu(1) 2 © 3.88

constrained to the chains and it is possible that some Co
have 3 or 4 nearest-neighbor O within the plane contain-
ing the Cu(1) sites. We note at this point that the sum of
one long plus three short Co-O distances is very close to
four Cu-O distances in the tetragonal crystal. (One long
plus two short distances is only a little shorter than three
Cu-O distances). We return to possible models after a
discussion of the second-neighbor environment.

We also investigated the nearest-neighbor environment
for Cu in the highly doped Coq ; sample. For this materi-
al, from other investigations, most of the remaining
copper should be on the Cu(2) sites, with four neighbors
at about 1.95 A and one neighbor at 2.33 A. The XAFS
first-neighbor results are in reasonably good agreement

TABLE II. Co K-edge results for the Co-O near-neighbor en-
vironment in tetragonal YBa2(Cuj -xCoyx)307-5.

Peak 1 Peak 2
Cobalt Co-O Co-0O
Fraction Number of distance Number of  distance
x O neighbors R) O neighbors A)
0.017 3.2 1.75 1.4 2.39
0.03 3.6 1.80 1.6 2.42
0.07 34 1.81 1.4 2.35
0.17 3.8 1.84 0.9 2.33
0.30 3.8 1.87 1.0 2.39
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FIG. 5. A fit of the nearest-neighbor Co-O peak in the Y-
Ba-Cu-O(Coo,07) sample to two Co-O standards. The solid line
is the data and the dotted line the fit.

with this prediction; no short bond is observed, at 1.85 A
one neighbor is found at 2.38 A and 4.5 neighbors are
found at 1.93 A (see Table III).

IV. Co (AND Cu) SECOND-NEIGHBOR
ENVIRONMENT

A. Data presentation

The second-neighbor environment for a direct substitu-
tion of Co at the Cu(1) sites should be simpler than that
for the usual mixture of Cu(1) and Cu(2) sites in normal
Y-Ba-Cu-O (see Table I). The Cu(l) site has only two
second-neighbor peaks in the range 2.5-4.0 A; 8 Ba
neighbors at 3.47 A, and 4 Cu neighbors in the range
3.82-3.88 A. The Cu(2) site is a more complicated envi-
ronment, having 4 Ba neighbors at 3.38 A, 4 Y neighbors
at 3.2 A, 1 Cu neigbor at 3.37 A, and 4 Cu neighbors in
the range 3.82-3.88 A. The resultant weighted averages
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for these two sites in Y-Ba-Cu-O, normalized to the total
number of Cu atoms are given in Table I. The important
points to emphasize are that the total Cu-Ba amplitude
for the Cu(l1) site is 50% larger than the total weighted
Cu-Ba amplitude in Y-Ba-Cu-O, and only two main peaks
contribute to the undistorted Cu(1) second-neighbor shell.
Such a Cu(1) environment should yield a large and well-
defined second-neighbor shell between 2.6 and 3.9 A with
an amplitude that is larger than observed for the Cu K-
edge data because less interference should occur with
fewer peaks. The experimental reality is quite different
for the Co K-edge data (see Figs. 2 and 3); the second-
neighbor peak is small and cannot be fit by such a simple
composition.

B. Data analysis

In our initial attempts to fit the second-neighbor Co
data we used two peaks, corresponding to the expected
Cu—Ba and Cu—Cu(Co) bonds for the Cu(1) site. Even
with significant broadening the fit to the data was very
poor and the number of Ba neighbors was far too low.
Adding a Co(2)-Y peak at 3.2 A and a small Co(2)-Ba
peak at 3.4 A to include the possibility of a partial Cu(2)
site occupancy for Co did not improve the fit greatly. In
such fits, the Co-Y amplitude is always reduced to values
corresponding to less than 15% of the Co on Cu(2) site.
The reduced second-shell amplitude is indicative of
significant disorder for the Co second-neighbor-atom dis-
tances, but it is clearly not a Gaussian broadening of the
expected peaks. Structure in the Fourier-transformed r-
space data suggests a strong interference between several
peaks, somewhat similar to the effect observed in O-
depleted Y-Ba-Cu-O, in which the net Cu-Ba peak is
greatly reduced. *®

Before discussing the Co second neighbors in more de-
tail, it is instructive to first consider the question: is the

TABLE III. The Cu near-neighbor distances and weighted number of neighbors around the Cu(1)
and Cu(2) sites in tetragonal YBa2(Cuo.7C00.3)307~5. The number of neighbors is calculated assuming
(1) that the Co is entirely on the Cu(l) site and (2) that 11% of the Co is on the Cu(2) site. The
weighted number includes the fractional occupancy and normalizes to the total amount of Cu. The Cu-
Cu peak includes forward scattering from an intervening O. This increases the amplitude and changes
the phase shift such that the apparent distance is about 0.1 A longer.

Diffraction distance

Diffraction distance

no Co on Cu(2) 11% Co on Cu(2) EXAFS
Weighted Cu-X Weighted Cu-X Weighted Cu-X
number of distance number of distance number of distance
Cu-X pair X neighbors A) X neighbors A) X neighbors A)
Cu(1)-0(4) 0.1 1.85 0.19 1.85
Cu(1)-0(1) 0.1 1.94 0.19 1.94 c e SR
Cu(2)-0(2) 3.8 1.94 3.62 1.94 4.5 1.93
Cu(2)-0(4) 0.95 2.33 0.90 2.33 1 2.38
Cu(2)-Y 3.8 3.19 3.62 3.19 3.5 3.20
Cu(2)-Ba 3.8 3.41 3.62 3.41 3.8 3.43
Cu(1)-Ba 0.4 3.52 0.8 3.52 0.8 3.55
Cu(2)-Cu(2) 3.8 3.89 3.62 3.89 [6] [3.99]
Cu(1)-Cu(1) 0.19 3.89 0.38 3.89 s .. e
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Co-Ba second-neighbor peak smeared out because the Ba
atoms are highly disordered? The answer, even for the
highly doped Cog 3 sample, is no, based on the Cu K-edge
second-neighbor results for this sample. Unlike the Co
second-neighbor peak, the Cu second-neighbor peak for
the Cog 3 sample is quite large and rather similar to not-
mal Y-Ba-Cu-O as shown in Fig. 6. We fit the second-
neighbor multipeak structure in FT[ky(k)] from r=2.5
to 3.8 A to a Cu(2)-Y, a Cu(2)-Ba, a Cu(1)-Ba, and a
Cu-Cu standard, with constraints on the relative ampli-
tudes corresponding to various percentages of Co on the
Cu(2) site. A small Cu(1)-Ba peak is expected, even if
Co substitutes only on the Cu(1) site, because a 30% Co
substitution leaves 10% of the Cu(1) sites occupied by Cu.
If some of the Co goes into the Cu(2) plane, the percen-
tage of Cu on Cu(l) sites will increase. We obtained a
very good fit (see Fig. 7) with the parameters given in
Table II1. If most of the Co are on the Cu(1) sites, and,
therefore most of the remaining Cu are on the Cu(2) sites,
we expect the average number of Y neighbors about a Cu
to increase from 2.67 (for Y-Ba-Cu-O) to nearly 4 (com-
pare Tables I and III), and the two Cu-Ba peaks to have
quite different amplitudes. Within a 13% uncertainty in
the number of first- and second-nearest neighbors, the am-
plitudes of the two O peaks, the two Ba peaks, and the Y
peak are consistent with a Co site distribution of ~11% of
the Co on Cu(2) sites and ~89% on Cu(l1) sites in this
highly doped sample. However, a reasonable fit is possible
with 5% to 20% on the Co on Cu(2) sites. (Beyond these
limits, the quality of fit parameter (a weighted y2 parame-
ter) increases rapidly; in addition, the amplitudes become
too high or too low and the positions of the peaks begin to
shift). We also note that the Cu—Ba bond lengths agree
very well with those measured by neutron diffraction for a

T T T T
CuK edge
o r 4
i)
~—>2 1 1 1 1
5 T T T T
=
£,
0 .
1 1 1 1
0 1 2 3 4 5

r (&)

FIG. 6. The Fourier transform of the Cu K-edge XAFS,
ky(k), for normal Y-Ba-Cu-O and the Y-Ba-Cu-O(Coo.30)
samples. In the Co-doped sample, the Cu-O peak is slightly
larger and the second-neighbor multipeak is quite similar to the
corresponding peak in Y-Ba-Cu-O.
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FIG. 7. A fit of the second-neighbor peak in FTlky(k)] of
the Cu K-edge data for the Y-Ba-Cu-O(Cog3) sample. The
upper curve shows the data (solid curve) and the resultant fit
(dotted curve). The lower curves are the four component Cu-X
peaks that make up the second-neighbor fit (see Table III).

Cog27 sample®® and more importantly, that the Cu-Ba
peaks are only slightly broadened. Together, these results
indicate that the Ba atoms, as determined from the Cu(2)
planes, are well ordered and at their expected positions.

The second-neighbor Cu peak in this fit is about 0.1 A
longer than expected from the crystal structure. This is
the result of forward scattering from intervening O atoms
which adds an additional phase shift; a similar apparent
shift in the position of this Cu-Cu peak is also observed in
the undoped samples. >

We now consider the Co second-neighbor environment.
To achieve the large reduction in the observed Co-Ba peak
amplitude without any disorder on the Ba sites, requires
that some of the Co must be displaced a large distance
(=0.3 A) from the normal Cu(l) sites. We do not be-
lieve that the Co are on some other site for two reasons;
first, the fits to the Cu K-edge data for both the first- and
second-neighbor peaks of the Cog 3 sample clearly indicate
that few of the Cu atoms are on Cu(1) sites [this implies
that the Cu(1) sites are occupied by Col and second, we
can fit the Co second-neighbor multipeak structure quite
well with the above assumption that some of the Co are
displaced.

XAFS investigations alone cannot give the positions of
the second neighbors in a complicated environment but
those measurements can provide a test of various hy-
potheses. To motivate and constrain possible models we
make use of the following.

(a) For all the samples analyzed in detail, the crystal
structure is tetragonal.'* This means that when Co atoms
are added to the plane containing the Cu(1) site, some ox-
ygen atoms occupy the O(5) sites (shown as vacancies in
Fig. 1) between the original Cu(1)-O(1) chains, which is
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consistent with the increased O content in the Co-
substituted samples. 42!

(b) Bordet etal.?' observed streaks in their electron-
diffraction patterns for low-concentration Fe-substituted
samples. They interpreted this result as evidence for
chains of Fe atoms along the (110) direction. Since the Fe
and Co data are quite similar (see Sec. VI) we also as-
sume (110) chains for the Co atoms.

(c) As discussed above, most of the Co(1) —O bonds are
much shorter than the normal Cu(1)—O(1) distance,
while a small but significant fraction of the Co—O bonds
are much longer. A combination of both long and short
Co—O bonds must be found in the Cu(1)-O plane such
that the average lattice constant in the plane is essentially
unchanged as observed in diffraction.

(d) We assume for the lower-concentration samples
that the amount of Co on the Cu(2) sites is negligible.

(e) Lastly, we assume that the Co(1) atoms are not dis-
placed along the ¢ axis [the peak for the Cu—0O(4) bond
in th]e Coo.3 sample has the expected position and ampli-
tude].

First, consider one isolated Co atom. If it substitution-
ally replaces Cu(1) in the Cu—O chains the Cu(1)—0O
bonds would have to be stretched by 0.15 A to allow the
observed, very short Co—O distance. This we feel is not
reasonable. However, if one of the chain O atoms flips to
the vacant O(5) position between the chains as shown in
Fig. 8(a), and if the Co moves off-center (~/2x0.15 A)
along a (110) direction, then the short Co—O bonds are
easily accommodated without a significant distortion of
the Cu environment. Including the two c-axis O(4)
atoms, this arrangement leads to a distorted tetrahedron
of O about the Co. It does not, however, provide an ex-

@® Cuatom

O O atom
N Coatom
L and S are long and short bonds
FIG. 8. Possible local structure for isolated or small clumps
of Co in the Cu(1) plane. The top (a) shows an isolated Co with

short Co—O bonds; (b), (c), and (d) show clumps of Co con-
taining 2, 3, or 4 Co atoms.
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planation for the long Co—O bonds observed, nor account
for the increased O content in the Co-substituted samples.
Further, second-neighbor fits using the Co—Ba distances
predicted from this displacement are poor; an even /arger
Co off-center displacement is required. We also point out
that even at a 90° twinning boundary, the long Co—O
bonds cannot be incorporated, unless the neighboring
Cu—0 bond lengths can be significantly shortened. These
results indicate that in the samples studied, a majority of
the Co atoms are not isolated atom defects.

Next we consider small clumps of atoms. First, pairs of
Co as shown in Fig. 8(b), would allow some short Co—O
bonds but would also require an intermediate Co—O dis-
tance that is not observed. A triplet of Co atoms, Fig.
8(c), along a chain permits a combination of two short
and one long bond that is close to the observed value (the
long bond is still a little short) for three Cu(1)—0O(1)
bonds. Four Co atoms in a row [Fig. 8(d)] gives a com-
bination of one long bond and three short bonds that ex-
actly fits within the Y-Ba-Cu-O lattice.

To obtain the tetragonal structure and also gencrate the
(110) chains suggested by the diffraction measurements
for the low concentration samples, we combine three-atom
segments [Fig. 8(c)] with a {110) displacement of the end
Co atoms to obtain a chain of Co—O bonds through the
material as shown in Fig. 9(a). We show the Co-O-Co
structure as being colinear, but it is possible that the O(1)
atoms are displaced away from the line joining the Co
atoms. The Co-O-Co zigzag chain can provide a twinning
boundary on a microscopic scale [as shown in Fig. 9(a)]
and thus lead to a macroscopic tetragonal structure, even
at very low Co concentrations if the Co-O-Co chains are
long enough. A more complicated double-chain version is
shown in Fig. 9(b) with the Co-O-Co chain again forming
a twinning boundary. Assuming the ¢ axis O(4) sites are
occupied, these segmented chains have either a fourfold or
sixfold coordination of O about a Co atom. It is quite
likely that vacancies at the O(4), O(1), or O(5) positions
would provide a number of fivefold coordinated Co as
well. Finally, Fig. 9(c) shows a zigzag chain formed from
four-atom segments; in this case we have retained the
original Cu-O chains on either side of the zigzag chain,
but a twinning boundary is also possible.

For the high-concentration samples (Cog ;7 and Cog3)
where a large fraction of the Cu(1) sites are occupied by
Co, a simple, isolated zigzag chain no longer makes sense.
The amplitude of the second-shell XAFS data for these
samples is smaller than for the lower concentration sam-
ples, suggesting even more destructive interference. We
note that there are several ways in which distorted arrays
of Co atoms can be formed on a two-dimensional lattice.
First the double chain of Fig. 9(b), plus a {110) row of
on-center Co atoms on either side, can cover all the sites.
However, several square supercells (composed of long and
short bonds in 3x3 or 5x5 Co arrays) can also be con-
structed that are commensurate with the tetragonal struc-
ture observed in diffraction measurements.

The zigzag chain models shown in Fig. 9 result in
specific predictions for the multipeak second-neighbor
Co—Ba and Co—Cu(Co) environment. Assuming the
short Co(1)—O bonds are 1.80 A, the number of Ba and
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(a)

Cuatom

o
O O atom
Co atom

L and S are long and short bonds

FIG. 9. Two 3-Co-atom-segment chains are shown in (a) and
(b), that are consistent with (i) long and short Co—O bonds in
the Cu(1l) plane, (ii) the tetragonal structure [in (a) and (b),
the zigzag Co chain forms a microscopic twinning boundary]
and (iii) the electron-diffraction results that suggest (110)
oriented Fe [and we propose also Col chains. A 4-Co-atom-
segment chain is illustrated in (c).
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Cu (or Co) neighbors and the corresponding bond lengths
are easily calculated. Note that for a (110) displacement
of the Co by Ar,, four of the Co—Ba distances are essen-
tially unchanged, two are lengthened by &, =(2/v/6)Ar,
and two are shortened by &,. Similarly, for a (100) dis-
placement of the Co by Ar;, four Co-Ba distances are
shortened and four are lengthened by &, =Ar,/~/3. Mul-
tipeak fits were carried out with tight constraints on the
range of the parameters—typically, 0.1 A for the dis-
tances and 30% for the amplitudes— using the calculated
results as starting parameters. Several features emerge in
these fits. First a reduced amplitude peak, very close to
the expected Cu(1) —Ba distance, is always present indi-
cating some undisplaced or (110) displaced Co atoms.
(100) displaced atoms would not contribute to this peak.
Second, small Co displacements, such that the Co—Ba
distances differ by less than 0.2 A, are not consistent with
the data; the fits always tend to increase the displacement.
The most consistent fits require at least three Co-Ba
peaks, one distance of 3.56 A and the other two distances
displaced symmetrically about this central distance by
+03A.

In Table IV, we compare the predictions from the 3-
Co-atom single- and double-chain models (Fig. 9) to the
corresponding fit results. These predictions are very simi-
lar in that the position of four of the peaks are identical.
For the single-chain model, in addition to the above con-
straints on the range of the parameters, we set the ampli-
tudes of the long and short Co—Ba bond peaks equal. For

TABLE IV. The second-neighbor environment for the single
and double chains shown in Fig. 9 for bond lengths between 3.0
and 4.0 A. N is the weighted number of neighbors. Fits to the
low-concentration data using the predicted values as starting pa-
rameters are shown for two cases. For these fits, the parameters
rand N were first constrained— Ar = +0.1 A and AN = *+ 30%.
For the single-chain model, the long and short Co-Ba bond am-
plitudes were kept equal and the constraints relaxed. For the
double-chain model, the three Co-Ba bonds were constrained to
be in the ratio 1:4:1 and the amplitude for the Co(1)-Co(1)
bond was fixed. In each case there are additional Cu neighbors
at 4.15 A and above.

Predicted Fit Fit
Co-X double chain Coo.033 Co00.067
pair N r(A) N rA) N rQ)
1.33 3.25 1.6 3.26 1.7 3.24
Co(1)-Ba 5.33 3.55 6.7 3.57 6.8 3.55

1.33 3.89 1.6 3.87 1.7 3.84
Co(1)-Co(1)  2.67 3.55 2.67 3.52 2.67 3.56
Co(l)-Cu(l)

Predicted Fit Fit

Co-X single chain Co0.033 Coo.067
pair N r (R) N rA) N r@Q)
1.0 3.25 1.6 3.26 1.4 3.24
Co(1)-Ba 6.0 3.55 3.6 3.58 3.8 3.56
1.0 3.89 1.6 3.89 1.4 3.87
Co(1)-Co(1) 2 3.55 0.7 3.53 1.2 3.54
Co(1)-Cu(1) 1 3.85 1.4 3.90 0.5 3.81
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the double-chain model, only one Co—Co distance occurs
within 4.0 A. In this case we constrained the number of
Co—Ba neighbors in the ratio 1:4:1 and kept the number
of Co—Co neighbors constant at 2.67 (see Table IV). The
quality of the fit (a weighted percent error) is good in both
cases; 0.3% and 0.6%, respectively, for the single-chain fits
to the Cog o33 and Cog¢7 samples and 1.1 and 0.9%, re-
spectively, for the highly constrained double-chain fits.
* The resulting fit to the data and the separate Co—Ba and
Co—Co/Cu components are displayed in Fig. 10 for the
single chain case. Clearly a good fit can be obtained that
is in reasonable agreement with the predictions. The con-
strained, double-chain model fit, requires a broadening of
the Co—Ba central peak (Ac2=0.017 A?) and the Co-Co
peak (Ac?=0.01 A2%). The fit using the four-Co-atom
single chain [Fig. 9(c)] is only slightly better, even though
this model has five Co—Ba distances. The point here is
not that we have found a specific model, but that displace-
ments of the Co atoms can account for both the nearest-
neighbor O peak—the combination of long and short
bonds—as well as the reduced amplitude of the mul-
tipeak, second shell of neighbors for the low Co concenta-
tions. It is quite likely that several types of chains could
coexist, making a unique assignment impossible.

Finally, we note that the multicomponent fits to the
second-neighbor peak for the higher concentration sam-

CoK edge

ZWZ)&CO(I)-B'&

Co(1)-Ba

FTikx(k)]

—Q@@Coﬂ)ﬂa

——o@ Co-Co
———c—@ Co-Cu

r (A)

FIG. 10. The fit to the second-neighbor shell of FTlky(k)]
for the Co K-edge XAFS of the Y-Ba-Cu-O(Cog07) sample.
The upper curve is the data (solid curve) and the resultant fit
(dotted curve). The lower curves are the individual Co-X con-
tributions due to the neighboring X atoms that make up the
second-neighbor fit; we assume some (110) displaced Co atoms
as occur in the single 3-Co-atom-segment chains shown in Fig.
9(a).
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ples, Cog.17 and Cog 39, are much poorer (the weighted
quality of fit parameter increases by more than a factor of
5) although the signal-to-noise ratio of the k-space data
for these samples is higher. These fits were again carried
out with tight constraints on the range of the parameters,
using the calculated results from the chain models as
starting parameters. The poor quality of fit is consistent
with the fact that for high concentrations, such that a
large fraction of the Cu(1) plane has been substituted, it
no longer makes sense to talk about isolated chains. Part
of the problem is also the result of a small fraction of the
Co residing on Cu(2) sites, which requires additional
Co—Y and Co—Ba peaks. Although as discussed above,
there are several structures composed of long and short
bonds that are commensurate with the tetragonal struc-
ture, the large number of Co—X peaks required to de-
scribe them [plus the peaks needed for the Co atoms on
the Cu(2) sites], makes a test infeasible. '

V. Fe ENVIRONMENT

The XAFS results for the Fe-substituted samples are
qualitatively similar to the Co results discussed above, as
shown in Fig. 11, where we compare the K-edge r-space
data FTIky(k)] for Y-Ba-Cu-O(Feg o) and Y-Ba-Cu-
O(Coq.17). Less data was collected for the Fe-substituted
samples and the signal-to-noise ratio is not as good as for
the Co-doped materials; only the Y-Ba-Cu-O(Feq 0) and

T T T T
FeK edge
or 4
g 1 1 1 L
P
24 T T T T
E: Co K edge
0F A
1 1 1 1
0 1 2 3 4 5
r (&)

FIG. 11. A comparison of the FT[ky(k)] for the Fe K edge
of Y-Ba-Cu-O(Fegi0) and the Co K edge of Y-Ba-Cu-
O(Cog.17). Qualitatively, the first- and second-neighbor peaks,
from 1.0 to 4.0 A, are similar, suggesting nearly the same local
environments for Co and Fe. Quantitative fits to the first and
second peaks indicate that ~20% of the Fe may be on the
Cu(?2) site for the higher-doped samples; in particular, an Fe-Y
contribution is needed in the second-neighbor peak. In addition,
the main Fe-O bond is 0.05 A longer than the main Co-O bond
in the Co-doped sample.
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Y-Ba-Cu-O(Fep7) samples were analyzed in detail for
both the first- and second-neighbor environments. For
each sample, the Fe first-neighbor peak is well defined
while the second-neighbor multipeak has a low amplitude
and exhibits structure similar to the Co samples. This
again suggests a distorted environment for the Fe atoms in
Y-Ba-Cu-O. The detailed analysis is, however, not as
simple. If we assume a substitution on an undistorted
Cu(1) chain site, we obtain at most a fair fit to the Fe-O
first-neighbor peak with roughly two neighbors at » =1.83
A and two neighbors at 1.93 A. The major problem is
that the phase in the real and imaginary parts of the fit to
FTlky(k)] does not agree well with the data for either
sample. If instead we assume a distortion, similar to that
found for the Co-substituted samples discussed above,
then better fits are obtained—the fit phase matches the
data very well and for the Y-Ba-Cu-O(Feg o) sample the
goodness of fit parameter decreases by a factor of 6.
These fits again require long and short bonds; 3.5 to 4
neighbors at 1.88 A and ~ 1.5 neighbors at 2.36 A.

The lowest concentration sample Fegg33, is the most
similar to Co with 4.2 neighbors at 1.84 A and 1 neighbor
at 2.4 A. For the higher-concentration samples, the main,
low-r part of the O peak can be fit equally well by 4 neigh-
bors at 1.88 A or 2.5 neighbors at 1.85 A plus 1.5 neigh-
bors at 1.93 A, within the signal-to-noise ratio. Either of
these results is again incompatible with a simple substitu-
tion on undistorted sites.

Similarities also exist for the second shell of neighbors,
but multipeak fits, assuming that Fe occupies only distort-
ed Cu(1) sites, similar to the Co case above, do not fit the
data very well. The main Fe-Ba component is near 3.5 A,
consistent with the longer Fe(1)-Ba distance. Adding
Fe-Y and Fe(2)-Ba peaks, at the distances necessary to
represent some occupation of the Cu(2) sites, to the dis-
torted Cu(l) site model does yield an excellent fit for
~20% of the Fe on the Cu(2) sites. Unfortunately, the
number of parameters is then too large, even with the
many constraints we have imposed, to place much
significance on the specific values obtained. However,
there is clearly no evidence for a large Fe-Y peak as would
be found for an undistorted Cu(2) site occupation. Con-
sequently, our results suggest that the Fe is primarily on
the Cu(l) site and that the small Fe K-edge second-
neighbor multipeak is again the result of Fe disorder on
the Cu(l) sites. We note also that x-ray and neutron-
diffraction data indicate a considerable amount of disor-
der in the Cu(1)-O(1) plane,3®%' consistent with the off-
center model proposed here.

VI. NEAR-EDGE STRUCTURE

Finally, we present a brief qualitative discussion of the
near-edge structure at the K edge of the Co and Fe-doped
Y-Ba-Cu-O samples. We compare the edge positions and
the structure with several oxide reference materials in
Figs. 12 and 13. All positions are measured relative to Co
or Fe foil-edge standard data, collected at the same time
using a third transmission detector. CoO and FeO have a
formal valence of +2, Fe;O3; has a valence of +3 while
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Normalized Absorptance

CoO
Co304
] 1 1 1 1
7705 7710 7715 7720 7725 7730 7735
E (eV)

FIG. 12. The Co near-edge spectra of (from top to bottom)
Co0, Co0304, and Y-Ba-Cu-O(Coo;7). The vertical scale for
each curve is normalized to give the same step height. The vert-
ical position for each curve is offset and is approximately zero at
the intercept of the vertical axis at 7705 eV since the back-
ground has been subtracted.

Co0304 and Fe;O4 consist of a mixture of +2 and +3
valence sites. Some of the edge structure is similar for
each of the materials, but there are clear differences in the
positions and amplitudes of the various features. A strong
pre-edge peak exists for the Y-Ba-Cu-O sample at 7709
eV for example, but is absent, or very weak and shifted, in
the standards. For Co, the shift of the half-height position
of the edge is about 1.8 eV from CoO (+2) to Co304

T L T T
f/
Fes04

Feq03

Normalized Absorptance

Il 1 1 1

7112 7119 7126 7133

7105 7140
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FIG. 13. The Fe near-edge spectra of (from top to bottom)
FeO, Fe304, Fe 03, and Y-Ba-Cu-O(Feo,17). The vertical scale
for each curve is normalized to give the same step height. The
vertical position for each curve is offset and is approximately
zero at the intercept of the vertical axis at 7105 eV since the
background has been subtracted.
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(formal valence =2.67). The Y-Ba-Cu-O(Coy 7) edge
position is very close to that of Co30O4, suggesting an
effective valence between 2.5 and 3 for the Co in Y-Ba-
Cu-O.

For the Fe-oxide references, the half-height-edge posi-
tion increases linearly with the valence from the +2 ma-
terial (FeO; E¢g=7119.7 eV) to the + 3 material (Fe,Os3;
E(=7223.6 eV). The position of the Fe edge for the Y-
Ba-Cu-O(Feg7) material is about 7124.3 eV, slightly
above the edge position for the +3 material, suggesting
that most of the Fe have a valence of +3. For the Y-Ba-
Cu-O(Feg.17) sample there is also a somewhat sharper rise
at the high-energy part of the edge. This, together with
the overall shift of the edge to higher energy, may be indi-
cative of an Fe** valence. We note that extrapolating the
linear increase of edge position with valence observed in
the standards to a Fe** valence suggests an edge position
near 7127.5 eV, very close to the center of the sharp rise
in the edge above 7126 eV (see Fig. 13). A definitive
statement cannot be made however because of the lack of
a +4 standard, the covalent nature of the Fe—O bonds,
and the numerous features observed in the edge which
vary significantly. The lower-energy section of the Y-Ba-
Cu-O(Fe) edge is qualitatively similar to the Fe;O4 data;
both have a pre-edge peak at 7112 eV that is much larger
than the corresponding feature for the +2 and +3 stan-
dards. This would suggest that there are a mixture of +2,
+3, and +4 valence states for Fe in Y-Ba-Cu-O.

Lastly, in Fig. 14, we show the change in the Cu K edge
between normal Y-Ba-Cu-O and the highly Co-doped
sample Y-Ba-Cu-O(Cop3) in which the remaining Cu are
primarily on the Cu(2) site. Again the edge positions are
measured relative to Cu foil data collected at the same
time. In this figure we have normalized the data to both
the low-energy part of the edge as well as above the edge
in the range 9010 to 9020 eV. The main difference in the
Cu near-edge data for the Co-doped sample is a sharpen-
ing of the high-energy part of the edge and a change in the
structure just above the edge. The overall edge position is
essentially unshifted, indicating that either the formal
valence of the Cu(1) and Cu(2) sites are very similar or,
in these strongly covalent materials, the edge position is

Normalized Absorptance

1 1 L 1

8970 83980 8980 8000 8010 8020

E (eV)

FIG. 14. The Cu near-edge spectra for normal Y-Ba-Cu-O
(dotted line) and Y-Ba-Cu-O(Coo.3) (solid line). The vertical
scale for the Y-Ba-Cu-O(Coo3) curve is normalized to give the
same height at the foot of the step (8985 eV) and above the step
(9010 to 9020 eV). The Co-doped sample has a sharper Cu
edge from 8987 to 8994 eV.

11 613

insensitive to the formal Cu valence. These data indicate
that it may be difficult to extract definitive results about
the Cu valence from studies of the edge position.

VII. COMPARISONS WITH OTHER DATA

Neutron studies of Co-substituted samples'®2*3 agree

that Co preferentially occupies the Cu(1) site, although
there is some disagreement as to how much Co is on the
Cu(2) site. Our results suggest that a small fraction
(5%-20%) of the Co is on the Cu(2) site for the highest
concentration sample, but no Cu(2) site occupation is
needed to fit the two lower concentration samples. The
XAFS results thereby indicate that the Co occupation on
the Cu(2) plane sites is < 10% for the low-concentration
samples. The occupation of Cu(2) sites at the higher con-
centrations may be sample preparation dependent. These
XAFS results are in reasonable agreement with the anom-
alous x-ray scattering results of Howland et al.,%? who
find that the Cu(2) occupation by Co and Fe varies from
~0% at x = 0.07 to ~20% at x = 0.17.

A more interesting result from two of the neutron stud-
ies2*¥% at high-Co concentration, is that a better
refinement is obtained using a less symmetric position of
the O(1) [or O(5) as defined in Fig. 1] atoms. Both
groups assumed that the O(1) sites were at (3,y,0), and
allowed y to vary. Their refinements yielded a value for
this displacement from the normal site position [along a
(010) direction] of 0.3 A, i.e., y =0.08. This clearly indi-
cates distortion within the Co(1) plane similar to the re-
sults presented here; the magnitude of the displacement is
comparable to the displacement predicted from the chain
models (+0.15, +0.15,0) A. It would be interesting to
see whether or not a refinement using our chain parame-
ters would improve the fit. We also note that the tempera-
ture parameter for Co(1) and O(1) in these studies is very
large, consistent with disorder on the Cu(1) sites.

Neutron magnetic scattering measurements?* indicate
that the magnetic moment on the Co atoms is much less
than that of the Cu atoms in the Cu(2) planes. This small
average moment is attributed to a large disorder in the
directions of the Co moments; it is quite likely that the
structural distortion proposed here would contribute
significantly to such disorder. Overall, the neutron results
suggest that disorder exists in the plane containing the
Co(1) sites but are not as specific as the XAFS results.

Some workers>® have suggested that in the highly doped
Co samples, the high-O concentration results in the for-
mation of peroxide ions (0;)?~. If a peroxide ion re-
placed several of the O(1) atoms near a Co atom, then the
number of neighboring O would be considerably greater
than 5. We see no evidence for such a direct substitution
of O by (0,)2~. However, the distortions in the double-
chain model do move O atoms together— perhaps two
neighboring O(1) atoms could form a peroxidelike struc-
ture and thus introduce holes into the Co(1)-O layer.

Many of the recent papers on Fe-substituted Y-Ba-Cu-
O focus on Mossbauer measurements. In all cases the Fe
is found to be primarily on the Cu(1) site. Several peaks
are observed in the Mdssbauer spectra; usually one peak is
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attributed to the Cu(2) site and the rest to the Cu(1) site.
Most analyses use at least four quadrupole doublets to fit
the data and one decomposed the structure into six dou-
blets,*? corresponding to six inequivalent sites. The cru-
cial point here is that none of these investigations assumed
off-center displacements of the Fe atoms— the different
Cu(1) sites are usually assumed to correspond to different
O coordinations and/or to a mixture of +3 and +4
valences. The large displacements for some of the Fe
atoms, obtained from the XAFS analysis, would certainly
contribute to the observed quadrupole splittings and for
some of these strongly covalent bonds might play a major
role.

Additional evidence for structural disorder in Y-Ba-
Cu-O(Fe) is obtained in a combined x-ray and neutron-
diffraction investigation of a lightly Fe-substituted sam-
ple.®! As for the Co samples, a large thermal parameter
for the O(1) site is obtained even at low temperatures.

Two additional XAFS studies®>® on Fe-substituted
materials have been reported. One®® is on a highly O-
depleted Y-Ba-Cu-O(Fe) sample, where the Fe is found
to have ~2.8 O neighbors at 1.93 A. This value is
surprisingly long for an Fe atom on the Cu(1) site if the
O(1) atoms are missing. It is not clear whether or not the
1.93-A distance we obtain when we use a 3-Gaussian fit to
the Fe-O peak actually corresponds to the c-axis distance
reported for this O-depleted sample. The second study®*
examined several concentrations of Fe-substituted Y-Ba-
Cu-0O. They concluded that only a double-distance fit,
with Fe-O distances of 1.84 and 1.94 A, were reasonable
and consistent. These distances agree with our con-
strained, two Gaussian fits to the Fe-O environment.
However, as discussed in Sec. V, a significantly improved
fit is obtained if we use instead a long (2.36 A) and a
short (1.84-1.88 A) distance. These distances correspond
to the distorted structure proposed for the Co samples and
provide an explanation for the low amplitude of the
second-neighbor peak. Yang et al.® apparently did not
consider the possibility of distorted sites. They do suggest
that a clustering of Fe-O-Fe-O-Fe may exist along the b
axis.

Yang et al. * have also studied the near-edge structure
of Fe in Y-Ba-Cu-O. Their analysis indicates that the Fe
is mainly +3, but small amounts of Fe*? and/or Fe**
may be present. These results are consistent with our
determination of a mixture of +2, +3, and +4 valence
states for Fe, with a predominance of Fe*3.

Finally, we consider the question— why does the substi-
tution of Co (or Fe) at very low concentrations ( <2%)
change the macroscopic structure from orthorhombic to
tetragonal with relatively little change in T, while some-
what higher dopant concentrations [still a relatively small
fraction of the Cu(1) sites substituted] depress T, with a
nearly linear concentration dependence?'* The answer
may lie in the aggregation of the Co atoms into distorted
zigzag chains, or some similar structure. Assuming that
the Co chains are not superconducting, we expect that at
moderate concentrations, percolation will occur and a Co
chain will extend entirely across the sample, thereby
suppressing superconductivity in the Cu(1) layer. For ex-
ample, at 6% substitution [18% on the Cu(l) chains],
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there is enough Co present to form a complete diagonal
chain (18 atoms) across a 10x 10 atom square. For long
chains, the Co concentration required is much less; the
percolation threshold will clearly depend critically on the
average length of the chains. As discussed above,
moderately long chains could promote microscopic twin-
ning at very low concentrations (below the percolation
threshold) leading to the tetragonal structure, but leaving
most of the layer undistorted. If percolation were the
main T, suppression mechanism, we would expect that 7
should remain high until the percolation threshold was ap-
proached and then drop to zero, in contrast to the experi-
mental results. '

We think a more important aspect of the zigzag chains
is the distortion they introduce into the lattice, a distortion
that likely extends a distance away comparable to the
length of the chains. These distortions have at least two
effects. First the disorder within the Cu(1) layer modifies
the overlap of the Cu and O orbitals. This may reduce the
electron-electron coupling within the layer thereby mak-
ing the Cu(1)-O layer a poorer superconductor. Second,
the distorted Co(1) [and O(1)] sites will also change the
coupling between the Cu(1) and Cu(2) layers through
small changes in the positions of the O(4) and the Ba
atoms. We think this static structural disorder in the
Cu(1) layer plays a major role in modifying the electronic
structure and is more important that the transition, ob-
served on a macroscopic scale, from orthorhombic to
tetragonal symmetry.

An important competing charge transfer effect is the
change in the number of holes in the Cu(2) layer as a re-
sult of the difference in valence between Cu and Co (or
Fe), plus the increased O content. Unfortunately, without
more accurate measurements of both the O content and
the relative fractions of Co2?%, Co3*, Fe?*, Fe?*, and
Fe**, it is not possible to make reliable calculations of the
resulting change in the hole concentration.

VIII. CONCLUSIONS

Our detailed XAFS study of Co-doped Y-Ba-Cu-O in-
dicates that the Co primarily replaces the Cu(1) atoms, in
agreement with earlier investigations. However, the
near-neighbor O peak is composed of ~3.5 O atoms at
1.8 A and ~1.3 O atoms at 2.4 A, which means that both
long and short bonds must be present within the plane
containing the Cu(1) sites. The Co second-neighbor peak
is unexpectedly low in amplitude, but has considerable
structure that is inconsistent with a simple Gaussian
broadening of the expected Co-Ba and Co-Cu(Co) bond
distances. Measurements of the Cu environment in the
highly doped Cop; sample show a well-defined second-
neighbor peak composed of a (larger than in normal Y-
Ba-Cu-0) Co-Y peak, two Co-Ba peaks of unequal ampli-
tude, plus the Co-Cu(Co) contribution. These results in-
dicate that most of the remaining Cu in the Y-Ba-Cu-
O(Cop.3) sample is on the Cu(2) site, and that, viewed
from the Cu(2) site, the Y, Ba, and Cu(Co) atoms are at
their expected distances. The amplitudes are consistent
with a small amount of Co (~11% best fit, 5%-20%
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reasonable fits) on the Cu(2) site in this highly doped
sample. The most important point of this analysis is that
the Ba atom positions are not strongly disordered, and
therefore cannot account for the small second-neighbor
amplitude observed for the Co K-edge data. Therefore,
some of the Co atoms must be displaced considerably
from the normal Cu(1) site, resulting in several different
Co-Ba distances. The interference of these Co-Ba peaks
produces the small overall second-neighbor peak ampli-
tude.

We propose a simple local structure model that can ac-
count for the different Co—O bond lengths in the Cu(1)
plane, provides a good fit to the Co second-neighbor peak
for the low concentration data, and suggest an explanation
for the apparent tetragonal structure of the Co-doped
samples. Zigzag chains of three-Co-atom segments can
be formed along the (110) direction, that (i) have Co-Co
distances that are shorter than the usual Cu-Cu planer
distance, (ii) provide a combination of long and short
Co—O bonds as are observed in the first-neighbor peak,
(iii) provide a good fit and a simple explanation for the re-
duced amplitude of the second-neighbor Co multipeak
structure [some of the Co(1) atoms have an off-center dis-
placement], (iv) have an increased number of O atoms
[one additional O for every two Co in the single-chain
model of Fig. 9(a)] and (v) fit easily into the square lat-
tice obtained using the lattice constant from diffraction
experiments. In this model, some of the O(5) sites near a
Co atom are occupied; consequently, linear Cu-O chains
can leave the zigzag chain in either the x or the y direc-
tion. We think this promotes twining on a microscopic
scale?!"®® and thus leads to the observed tetragonal struc-
ture. Even at very low concentrations, a tendency for Co
to aggregate into chains would lead to a tetragonal com-
ponent*® in the crystal structure.

The data for the Fe-doped samples are very similar to
the Co substituted samples suggesting a distorted site for
the Fe atoms also. However, there appears to be a non-
negligible fraction of the Fe on the Cu(2) site, even at the
lower concentrations, which makes detailed modeling
inappropriate. The small, second-neighbor peak clearly
indicates that the second-neighbor Fe-X distances are
badly disordered. We think this is a result of an off-center
displacement of some of the Fe on the Cu sites. Conse-
quently, the Fe(1) sites are not equivalent to the Cu(1)
sites. This feature must be taken into account in assign-
ing the various quadrupole splittings, observed in the
Maoéssbauer data, to specific structures.

A few experiments have hinted at the distortions dis-
cussed here.?!'243%6! Neutron scattering measurements
on Co-substituted samples indicate that both magnetic
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and structural disorder exist within the plane containing
the Co(1) atoms. An electron-diffraction study of Fe-
doped material has indicated chains of dopant atoms
along the (110) directions. The large thermal parameters
observed: for the Co(1) and O(1) atoms in the neutron
measurements can be understood in terms of the displaced
atoms of the chain models proposed here.

The position of the Co edge in the substituted Y-Ba-
Cu-O samples is very close to that of Co3;O4 suggesting
that the valence of Co in Y-Ba-Cu-O is between 2.5 and
3; in addition, the structure in the lower part of the near
edge is also quite similar to that in Co3;04. Consequently,
it is likely that the valence of Co is a mixture of +2 and
+3. For the Fe-substituted samples, the average position
of the edge corresponds to a valence slightly greater than
3. However, an additional step in the high-energy part of
the edge is consistent with the presence of some Fe**,
suggesting a mixture of valences. Finally, a comparison of
the Cu near-edge results for normal Y-Ba-Cu-O and
highly Co-substituted material [mostly Cu(2) remaining]
shows essentially no shift in the edge, suggesting that the
formal valence of the Cu(1) and Cu(2) sites is the same,
or possibly that, in this highly covalent material, the K
edge is relatively insensitive to the valence.

We think that the observed structural distortions, in-
duced by Co or Fe substitution, play an important role in
the suppression of T, by changing the electron-electron
coupling within the Cu(1) layer and also the coupling be-
tween the Cu(2) planes and the Cu(1) layers. We suggest
that these distortions are more important that the
orthorhombic-to-tetragonal transition.

Note added in proof. Miceli etal. [Phys. Rev. B 38,
9209 (1988)] found that Co substitution enhances the an-
tiferromagnetic coupling between chain and plane Cu
sites, in contrast to Ref. 24. The magnetic ,properties of
substituted Co may be sample dependent.
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