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Distorted local environment around Zn on Cu(2) sites in YBazCu307.'An x-ray-absorption study
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The substitution of Zn for Cu in YBa2Cu307 z (YBCO) causes a surprisingly large suppression of the
superconducting transition temperature. However, there has been some controversy as to whether Zn
replaces Cu in the CuO2 plane sites, Cu(2), in the CuO chain sites, Cu(1), or in both sites. We present x-

ray-absorption fine-structure (XAFS) data for samples from four different sources with several concen-
trations of Zn. Our data indicate that, in many samples, much of the Zn resides in ZnO (or ZnO-like)
clusters; for some of these samples we have estimated the amount of ZnO present from our XAFS data.
One group of samples showed no evidence for ZnO-like precipitates, indicating that in this case, most of
the Zn is in solution, or in a YBCO-like environment. For this data Zn has about five nearest 0 neigh-

0
bors at approximately equal distances of 2.03 A. Furthermore, the distances to the Zn further neighbors
are well defined, with little broadening. Our analysis indicates that Zn primarily occupies the Cu(2)
plane sites, in contrast to Co and Fe, which reside in the chain sites. However, its local environment is
significantly distorted; the Zn(2) atoms are displaced along the c axis toward the Cu(1) sites by about 0.2
0
A. It is not clear whether the Zn atoms are uniformly distributed, or whether the observed distortion
signifies some type of clustering; however, the sharpness of the transition supports a uniform distribu-
tion. Our work illustrates further the general tendency of YBa&Cu307 to distort easily when slightly
modified.

I. INTRODUCTION

The substitution' of other metal atoms for the con-
stituent elements in ceramic, high-temperature supercon-
ductors, such as YBa2Cu307 s (YBCO or 1:2:3),is an im-

portant means of probing the parameters essential to su-
perconductivity. This is especially true for Cu substitu-
tions, as Cu plays a dominant role in these materials. '

Substituting for Cu with trivalent magnetic atoms, such
as Fe or Co, the divalent magnetic atom Ni, or the non-
magnetic atom Zn, as well as depleting the oxygen con-
tent in pure YBCO material, all suppress superconduc-
tivity. On the other hand, replacing Y with rare-earth
elements or Ba with alkaline earths usually does not
affect superconductivity very much (with some excep-
tions).

Cu and 0 form layered regions in the 1:2:3compounds:
the Cu02 planes, in which each Cu(2) atom is surrounded
by four oxygen atoms in the plane and one oxygen atom
in an apical position, and the CuO chains, in which each
Cu(1) atom has two 0 neighbors along the b axis and two
neighbors along the c axis. Electrical transport occurs
primarily within the CuO2 planes, while the CuO chains
are thought to be important as suppliers of charge car-
riers. The apical oxygen atoms O(4) that provide a bridge
between the CuOz planes and the CuO chains appear to
be important for charge transfer. Substitutions for Cu
can go into both sites, or preferentially into either the

chain or plane site. Since the site locations may affect the
superconducting or normal-state properties in different
ways, the investigation of substituted YBCO should help
elucidate the roles of the chains and planes for supercon-
ductivity. In Fig. 1, we show the structure of YBCO,
including the various site definitions that we will use.

Zn suppresses the superconducting transition tempera-
ture T, of YBCO more than any other dopant, even more
than magnetic elements, the traditional pair breakers.
However, the T, suppression reported in the literature
varies widely. Many investigations indicate a nearly
linear decrease of T, with Zn concentra-
tion, ' ' ' ' ' ' with T, going to zero at 7 —10%
Zn. A nonlinear dependence reported by some investiga-
tors" ' ' ' may be due to ZnO (or a Zn-rich com-
pound) precipitates in the higher Zn concentration sam-
ples. A very strong suppression of T, with Zn concentra-
tion is also found for the 1:2:4variant of YBCO, with T,
going to zero with only 3.7% Zn.

Despite many studies, there is still some disagreement
on the substitutional site of Zn. This could be due to the
presence of other phases, but it may be a real sample-
preparation-dependent effect. It has, for example, been
proposed that Co and Fe [normally on the Cu(1) site] can
be moved to the Cu(2) site by appropriate sample treat-
ment, ' although our studies of Co-substituted ma-
terials do not support this claim. ' Most studies
indicate that Zn substitutes on the Cu(2)
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FIG. 1. The structure of YBa~Cu307 z for 5=0, the fully
oxygenated case (see Ref. 27). In the ideal case, the O(5) sites
are vacant. For 6=1, the O(1) are also fully depleted and the a
and b axes are equivalent.

site, ' ' ' ' ' ' ' ' but many of the arguments
are indirect, i.e., based on the assumption that a strong
depression of T, must be connected to disturbances of the
conducting CuO2 planes, or that a physical property has
a different parameter dependence for Zn than for Co or
Fe substitutions which are known to go into the Cu(1)
sites. For example, the diffusion of tracer elements is
high for Cu, Ni, and Zn in YBCO, but substantially lower
for Co, particularly along the c axis. Shifts or the lack
of shifts of Raman modes have also been used to deter-
mine the substitution site. In contrast to the situation for
Co and Fe, the relatively pronounced 500-cm ' mode,
ascribed to the apical O(4) vibrations around Cu(1) (along
the c axis), is not shifted by Zn or Ni substitution. ' '

This has been taken as proof that Zn does not occupy the
Cu(1) site. However, the change of distances from other
atoms can also inAuence the Raman modes and hence
this is not a direct proof of Cu(2) substitution. Similarly,
the softening of the 291-cm ' mode with temperature, in
far-infrared reAection measurements, becomes more pro-
nounced with Zn substitution. The softening shows a
maximum at l%%uo Zn; at higher concentrations, it de-
creases and returns to the value for pure YBCO at 3 —5 %
Zn. This softening is attributed mainly to transverse vi-
brations of oxygen atoms in the CuO2 planes, and has
been taken as an indication of a Cu(2) substitution.

A standard Ritveld analysis of neutron-diffraction data
also supports a Cu(2) substitution site for Zn. Unfor-
tunately, however, the scattering cross sections of Cu and
Zn are not widely different, and the neutron data are not
very sensitive to Zn. Considering only reAections that de-
pend on the substitution site, it was concluded that Zn
goes primarily into the Cu(2) site, ' with possibly
10—20% into Cu(1) sites. However, another group has

concluded from their neutron-diffraction data that Zn is
preferentially in the Cu(1) site. The diffraction experi-
ments are based upon long-range order and hence are less
sensitive to local disorder than the x-ray-absorption fine-
structure (XAFS) results reported here.

Some other work also favors Cu(1) as the site of Zn
substitution. ' ' The arguments are based mainly on ex-
pected changes in magnetic properties. There is an anti-
ferromagnetic coupling between Cu atoms in the Cu02
planes, leading to antiferromagnetic ordering in the insu-
lating state of oxygen-deficient YBCO at low tempera-
tures. Susceptibility and NMR experiments in such sam-
ples show that there is no change in this antiferromagnet-
ic order (or the CuOz sheets) with Zn substitution. This
would not be expected if the unfilled d-shell Cu(2) atoms
were replaced by nonmagnetic Zn atoms, and hence it
was concluded that Zn has to go into Cu(1) sites. Later
NMR measurements on metallic, high oxygen content
samples showed, however„an unusual Curie contribution
to the Y NMR width. It was concluded that local
magnetic moments in the Cu02 planes are associated
with the disorder induced by a fraction of Zn substituting
on Cu(2) sites. Nuclear quadrupole resonance
(NQR) and muon spin resonance (pSR) experiments
also indicate Zn substitution on the plane sites.

Some NMR experiments suggest the presence of a gap-
less state in Zn-doped YBCO. In these experiments, it
is found that the relaxation time obeys the Korringa rela-
tionship, T, T=const, which is characteristic of free elec-
trons at the Fermi surface. The gapless state has also
been indicated by specific-heat' ' and point-contact tun-
neling measurements. ' Some magnetic measurements
suggest that the superconducting fraction is small for the
Zn-doped samples. In one study, ' increasing hydrostatic
pressure leads to an anomalously large increase in T, for
5%%uo Zn in YBCO compared to pure YBCO. However, it
is important to recognize that this result is for samples
with an inhomogeneous Zn distribution as evidenced by a
broad width to the superconductive transition. ' In
another study, on samples with a sharp transition, no
pressure dependence of T, is observed up to 4% Zn.

The broad transition width and anomalously large in-
crease in T, with pressure for some YBCO:Zn samples
has led to another proposal in which the possibility of a
nonuniform spatial distribution of Zn atoms plays a dom-
inant role. Phillips has introduced a microdomain
model where domains of stoichiometric YBCO with
thickness d ) 100 A, but d &(2000 A (the typical separa-
tion between twin boundaries) are separated by domain
walls with a high Zn concentration and depressed super-
conductivity. The walls have a thickness m with w/d
typically of order 0.1. The buckling of the planes is ex-
pected to be exaggerated in the domain region because
Zn usually prefers a fourfold coordination with O. As Zn
is dissolved, it segregates to the domain walls up to a crit-
ical bulk composition of xo =0.01 (corresponding to
x =0. 1 in the wall region, the limit of solubility). Above
this concentration, Phillips suggests that a phase segrega-
tion begins on a microscopic scale with increasing lattice
distortion and domain-wall thickness. The model is
claimed to explain a number of observations: the phonon
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softening of the far-infrared modes, the residual
normal-state specific heat, ' ' the large pressure depen-
dence of T, for the nonuniformly doped YBCO:Zn sam-

ples, ' and the multigaps found in tunneling curves. '

Our experiment utilizes XAFS (x-ray-absorption fine
structure) to study the local structure of substituted
YBCO. In particular, the Zn X-edge absorption data
provides information about the distances to, the number
of, and the kinds of neighbors in surrounding shells about
the Zn atom. These distributions can be compared with
different models. We will show that when there is no sub-
stantial precipitation of ZnO, the Zn atoms substitute for
Cu, but not at the Cu(1) site. If they go into Cu(2) sites,
the environment has to be distorted. A preliminary re-
port has been given earlier.

The distortion about the Zn atom which we present
here is quite distinct ' ' from that for Co and Fe. Al-
though the nearest-neighbor bond length is increased by
nearly 0.1 A, the second-, third-, and fourth-neighbor dis-
tances are well defined, with relatively little broadening
(little disorder). Consequently, in contrast to the case for
Co and Fe dopants, ' ' the multipeak in the Zn XAFS r-

space data corresponding to these further neighbors is
large, comparable in amplitude to that for pure YBCO.

Our samples were obtained from several sources. In
Sec. II, we briefly describe these materials, their prepara-
tion, and the x-ray measurements. Section III describes
our data reduction method, while in Sec. IV we present
the data in both k and r space. Section V discusses the
detailed fit of the data to a sum of standards. Finally, we
compare our results with other experiments and discuss
their implications in Sec. VI.

II. SAMPLES AND MEASUREMENTS

We have investigated the XAFS on the Cu K edge
(8980 eV) and on the Zn K edge (9660 eV) for a number
of YBa2(Cu, „Zn )307 s samples with differing Zn con-
centrations x, from 0.05 to 0.10. The materials were ob-
tained from four sources. An early set of measurements
was made on a series of samples prepared by Tarascon' at
Bellcore using standard sintering techniques with multi-
ple grinding and resintering. Later measurements were
performed with sintered samples from the Karlsruhe
group in Germany and two sets of samples, prepared by
sintering and by the sol-gel technique, from Chalmers
in Sweden. The XAFS data show that some of the sam-

ples contained ZnO particles, and will be discussed
below. Several of the Chalmers samples had been used
about a year earlier for other types of experiments, and at
that time showed no sign of impurity phases. However,
new Raman measurements' on one of these old samples
did show traces of a segregated phase, suggesting a slow
degradation of the samples with time. The samples with
the least amount of ZnO phase were those from
Karlsruhe. The detailed analyses and results, presented
in this paper, were carried out on these samples. Details
about the Karlsruhe samples are given in Table I. Some
points to note are: (1) There is very little change of lat-
tice constant with Zn concentration; (2) the supercon-
ducting transition is very sharp, indicating uniform Zn
substitution; and (3) there is a small decrease in 0 content
as the Zn concentration is increased. See Ref. 8 for more
sample information.

For our XAFS experiment, the YBCO:Zn samples
were first ground to a fine powder ((30@) and then
brushed onto Scotch tape. Several layers, typically 3 —4
double tape layers for the Cu and Zn edges, were stacked
in order to obtain a sample with a thickness of approxi-
mately two absorption lengths. Each sample was selected
to be free of pinholes; x-ray photographs were taken at
the synchrotron to check for spatial uniformity. During
the experiment, the samples were cooled to liquid-
nitrogen temperature (about 80 K) in a cryostat with kap-
ton windows. The temperature was measured with a
thermocouple in contact with the sample holder. Refer-
ence samples of ZnO, CuzO, Cu, CuI, and RbBr were
also prepared and investigated in a similar way.

The XAFS experiments were carried out on beamline
4-1 at the Stanford Synchrotron Radiation Laboratory
using a Si(220) monochromator. In order to remove the
harmonics of the desired photon wavelength, the Si crys-
tals were detuned 40—50% from maximum intensity. A
leveling feedback system was used to control the
piezoelectric crystal of the monochromator to keep the
incident photon fIux constant. The slit size in front of the
sample was 0.7 mm (vertical) X5 mm (horizontal). The
monochromator and the geometrical arrangement gave
an energy resolution of about 1.5 eV at the Cu E edge.
All absorption measurements were taken in the transmis-
sion mode using gas ionization counters containing N2
gas. Simultaneously, a third counter measured the inten-
sity transmitted through a reference foil of Cu or Zn to
monitor possible shifts in energy of the monochromator.

TABLE I. Details about the Karlsruhe samples YBa2(Cu& Zn )307 q used in the detailed XAFS
analysis. The lattice constants were obtained from neutron data at 20 K. The oxygen content, deter-
mined from neutron-diffraction data and from iodometric titration, was identical within the error of
+0.05.

a (A)

Lattice constants

6 (A) c (A)

Inductive T,
Tmid ATC C

(K) (K)

Resistive T,
Tmld ATC C

(K) (K)

Oxygen
content
(+0.05)

5.0
7.5

10.0

3.817
3.819
2.823

3.888
3.890
3.891

11.642
11.640
11.649

36.4
17.3
0

1.5
2.0

39.2
25.0
0

3.7
5.8

6.95
6.93
6.89
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III. DATA REDUCTION

To obtain quantitative estimates of the structural pa-
rameters, the absorption data must first be reduced to ob-
tain the XAFS oscillations in k space. First, the slowly
varying prethreshold background absorption was sub-
tracted to yield the absorption due to the atom of in-
terest. Next, the background above the edge was fit to a
series of splines and the XAFS function g(E) was deter-
mined. g(E) = [p(E)—p0(E)]/pa(E), where the absorp-
tion cross section p, (E) includes both the absorption edge
and the XAFS oscillations, and pa(E) is the free-atomic
absorptance. Finally, the data were transformed to k
space (A' k /2m, =E ED, w—here E0 is the energy at one
half the absorption-edge height). The resulting XAFS
function

+- Cu K edge
I i I

9000 9200
I

9400
I

9600

ky(k)=X [XF (k)si n[2kR~+P (k)]

Xexp( 2k—cr 2R.—/A, )]/R

contains the desired structural parameters: distances R,
number of neighbors N, and the broadening o.z, as well
as the XAFS response parameters —the phase shifts
PJ(k) (which depend on both the absorbing and back-
scattering atoms), the scattering amplitudes F (k), and
the electron mean free path A, .

Next, the XAFS in wave-vector (k) space is Fourier
transformed to real (r) space, using as long a k interval as
possible. The quality of the r-space data at low r is
dependent on the fit of the background, particularly near
E0. We have developed a background subtraction tech-
nique which is discussed in more detail in a separate pa-
per. We first use an automated process to choose the
value of E;„,the lowest energy of the background fit, to
obtain a monotonic decease in the overall amplitude of

0
the r-space data at low r (typically below I A). From a
fit of the first two neighbors of this data to theoretical
standards (obtained using the FEFF program developed by
Rehr et al. ) we have an approximate measure of the
amplitude, width, and position of the first two neighbor
components. These components are then converted to
energy space and subtracted from the original E-space
data, resulting in absorption-edge data with most of the
low-frequency XAFS oscillations removed (however, the
high-frequency components remain). A new background
is determined using a multiple spline or high-order poly-
nomial fit to this modified data. The original data are
then reduced using this new background.

A qualitative picture of the radial distribution of neigh-
bors can then be obtained by inspecting the Fourier
transforms of the XAFS oscillations. However, to obtain
numerical values for 8, X-, and o. , we must perform
least-squares fits of the real and imaginary parts of the
Fourier transform of ky(k) to a sum of standards. In
these fits, we have generally used experimentally deter-
mined standards, extracted from low-temperature data
for compounds with a well-defined nearest-neighbor envi-
ronment, to account for the phase shifts PJ(k) and the
scattering amplitudes FJ(k).

For the Zn edge, the situation is Inore complicated
than for the Cu edge. There are background oscillations

Photon Energy (eV)

FIG. 2. The x-ray absorption below the Zn K edge. Note the
presence of oscillations from the Cu K-edge XAFS. The dotted
line shows the Cu K-edge absorption data of a pure YBCO sam-
ple; the amplitude of this trace has been adjusted to fit the Cu
XAFS oscillations in the Zn-substituted sample. The
background-corrected Zn data is obtained by subtracting this
normalized Cu K-edge data from the Zn K-edge data.

from the high-k part of the Cu E-edge XAFS which in-
terfere with the Zn E-edge XAFS because the separation
between the two edges is only 680 eV. For the low con-
centration YBCQ:Zn samples investigated here, we find
that the Cu E-edge XAFS signal is essentially the same as
that of a good unsubstituted sample within the k space
available for comparison. We have high-quality data out
to k =19 A ' for the XAFS of an unsubstituted sample.
We can therefore remove the remaining Cu K-edge
XAFS in the region above the Zn E edge using this Cu
data, following a procedure similar to that which we
developed to subtract the Pb LI„XAFS contribution
from Bi Lm-edge data for Ba(Bi,Pb)03 samples. ' In the
preedge region below the Zn edge, we fit the Cu XAFS
oscillations of the Zn-substituted sample to the Cu E-
edge data of the pure, unsubstituted YBCO. This provid-
ed the correct amplitude of the Cu E-edge data for sub-
traction, and eliminated the need to estimate this factor
from step heights or the need for additional fitting pa-
rameters in the fits to the Zn spectra.

In Fig. 2, we show the structure in the data for one of
the x =0. 1 samples below the Zn E edge. The dotted line
shows the Cu E-edge data from a high-quality pure sam-
ple YBa2Cu306 98 that have been normalized to fit the
Cu XAFS in the Zn preedge data. The remaining Cu
XAFS oscillations above the Zn edge are quite small, and
are removed by subtracting this normalized Cu XAFS
data from the Zn E-edge data.

IV. PRESENTATION OF DATA

The Zn k-space data, obtained after a standard reduc-
tion of the background-corrected data, are shown in Fig.
3 for x =0.1, 0.075, and 0.05. These XAFS spectra agree
very well out to k=13 A ', which means that the Zn
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see that the three middle traces show a strong resem-
blance to the Zn-Zn peak of ZnO in the range 2.8 —3.0 A
(note particularly the real part of the FT shown in this
figure), indicating a significant ZnO component. Howev-
er, the top trace (the Karlsruhe sample) has little, if any,
ZnO component. The amount of ZnO in a YBCO sam-
ples [Figs. 6(b) —6(d)] can be estimated from fits of these
traces (over a wide range in r space, 1 —4 A) to a sum of
ZnO and the top trace in Fig. 6 (which is assumed to
have no ZnO present). For the spectra in which ZnO is

clearly identified (in 10% Zn samples), the amount of Zn
in a ZnO-like environment is in the range of 40—50 % for
various samples. Assuming that the remaining Zn frac-
tion is in solution in YBCO, we obtain an upper limit to
the actual concentration of Zn dissolved in YBCO. Us-
ing this concentration, T, decreases linearly with concen-
tration x for these samples, as shown in Fig. 7. The large
amount of ZnO found using XAFS together with the
small amount visible using x-ray diffraction or Raman
spectroscopy, indicate that the Zn0 particles must be
very small.

x in Yaa, (Cui „Zn ),0, ,
FIG. 7. A plot of T, (midpoint) as a function of the Zn con-

centration for the Karlsruhe samples and two of the 10 at. %
Zn samples containing ZnO. Solid circles —Karlsruhe resistive;
solid hexagon —Karlsruhe inductive; solid square —Chalmers sin-

tered; solid triangle —Tarascon; open square and triangle —Zn
concentration corrected for -45% of the Zn in the form of
ZnO from our XAFS analysis. Note the greatly improved
agreement with the other measurements.

TABLE II. The separation and number of neighbors about
each of the Cu sites in YBCO. The distances in the a-b plane
have been averaged.

Cu-X Pair No. Nbrs.

CU(1)-O(4)
Cu(1)-O(1)
Cu(1)-Ba
CU(1)-CU(1)

1.86
1.94
3.47
3.85

The different neighbor separations are summarized in
Table II.

In order to extract accurate estimates of the distances
and numbers of different neighbors, we have to fit our
data to a sum of well-defined standards. Since Cu and Zn
are neighbors in the Periodic Table, we can utilize our
Cu-0 standard, extracted from the compound Cu20, to
make a Zn-0 standard. The Cu-0 standard, which has a
well-defined bond length of 1.85 A, must be modified, us-
ing the FEFF theoretical calculations to account for the
different central-atom phase shifts from Cu (Z =29) to
Zn (Z =30). For Zn-Y, we use a modified Rb-Br stan-
dard from RbBr, and for Zn-Ba, a modified Cu-I stan-
dard from CuI. For Zn Cu and Zn Zn we used a
modified Cu-Cu standard, extracted from copper foil.
The modified standards based on Cu-0 and Cu-Cu were
tested in a fit of the XAFS for Zn0. They gave the ex-
pected distribution of near neighbors for that case.

In our fits we started with parameters that correspond
to particular assumptions about the substitution site.
The ratios of amplitudes were constrained to correspond
to the assumption under consideration [e.g. , for Zn on
the Cu(2) site, the amplitudes were constrained to corre-
spond to equal numbers of Y and Ba atoms]. Distortions
in the atomic positions were introduced that were self-
consistent. For example, if the Zn(2) atom is displaced
along the c axis, a lengthening of the Zn(2)-Y distance
would require a corresponding shortening of the Zn(2)-Ba
distance.

We first used a single Zn-0 standard to fit the first-
neighbor 0 shell around the Zn atom. For the x =0. 1

sample, on which we concentrate our discussion, the
main peak corresponds to about five neighbors, at a dis-
tance of about 2.02 A. A series of fits using two and
three Zn-0 standards showed that there is no short bond
length near 1.86 A [expected for a Cu(1) site] and no long
bond near 2.3 A. The long Zn(2)-0 bond length, expect-
ed for a Cu(2) site, is either close to that of the main peak
(i.e., our fit for this assumption gives four neighbors near
2.01 and one at 2.05 A) or shifted to a significantly higher

V. DETAILED EXTRACTION
OF STRUCTURAL PARAMETERS

The two Cu sites in YBCO have distinctly different en-
0

vironments. Within a distance of 4 A, Cu(1) has eight Ba
neighbors, no Y neighbors, two O(4) neighbors at 1.86 A,
and two O(1) at about 1.94 A. The Cu(2) site has four Y
neighbors, four Ba neighbors, four planar oxygens O(2, 3)
at about 1.94 A, and one longer O(4) bond at about 2.3 A.

CQ(2)-O(2)
CU(2)-O(3)
Cu(2) -O(4)
Cu(2)-O(2)
Cu(2)-O(3)
Cu(2)- Y
Cu(2)-Ba
Cu(2)-Cu(2)
CU(2)-CD(2)

1.94

2.30

3.67

3.20
3.38
3.37
3.85
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r (about 2.7 A if we start our fit with a long distance).
We next included the contributions of Zn-Y, Zn-Ba,

and Zn-(Cu/Zn) pairs in order to fit the peaks out to 4.0
A. In these fits, we used starting parameters and con-
straints corresponding to particular assumptions about
the substitution site. No reasonable fit was obtained for
substitution on the Cu(1) site, even allowing the Zn(1) to
be displaced significantly along the c axis. Note that dis-
placements of Zn(1) in the a bp-lane would result in
several distinct Zn(1)-Ba and Zn(1)-(Cu/Zn) separations.
The sum of these peaks at different distances would lead
to destructive interference (as observed in YBCO:Co) and
lead to a small XAFS multipeak in the r =2—4 A region.
This would be contrary to the experimental results,
which show a large amplitude for the further-neighbor
shells, comparable in amplitude to that of pure YBCO
(see Fig. 4).

If we start with the assumption that Zn substitutes on
the Cu(2) site, we must invoke a distortion of this site to
obtain a good fit to the data. Such a distortion can be
modeled by displacing the Zn(2) atom along the c axis to-
ward the Cu(1) site by -0.2 A. This would give some-
what larger Zn(2)-[O(2)/O(3)j distances, shortened bonds
of Zn(2)-O(4) and Zn(2)-Ba, and longer Zn(2)- Y and
Zn(2)-[Cu(2)/Zn(2)j neighbor distances. We note that a
distortion along the c axis retains the axial symmetry
about the axis for each Zn atom. Existing bonds are
lengthened or shortened but there are no additional bond
lengths or a distribution of further-neighbor distances
that would cause phase interference and lead to a de-
crease of the XAFS amplitude of the further neighbors.
This is also in agreement with the observed data. The fits
corresponding to a distorted Cu(2) site occupancy by Zn
are shown as dotted lines in Fig. 4. The agreement be-
tween the data and the fits is very good, especially when
the large range of the fit in r space is taken into account.
The fit results are tabulated in Table III; the average
nearest-neighbor Zn-0 distance, the lengthened Zn- Y dis-
tance, and the shortened Zn-Ba distance are all consistent
with a displacement of Zn by -0.22 A. However, the
long Zn(2)-0 bond that is 3.67 A in pure YBCO, is 3.90
A in YBCO:Zn, somewhat longer than the model predic-
tion 3.84 A. This suggests that the distortions of the 0
within the Cu(2)O planes has also changed. (The planar
Zn-[Cu(2)/Zn(2)] component has a large amplitude and is

0
longer (4.04 A) than expected, in part because of forward
scattering through the intervening 0 atom. )

At the 10% Zn level, one needs to consider possible in-
teractions between Zn atoms or clustering effects. In
XAFS, we cannot distinguish between a Zn or a Cu back-
scattering atom because Zn and Cu are neighbors in the
Periodic Table. Only indirect arguments may be applied.
However, we emphasize that for the 5%, 7.5%, and 10%
Zn samples, the local environment is identical within our
estimated errors, and the broadening of the Zn(2)
further-neighbor distances about the c axis are small.
Consequently, we have no evidence for or against cluster-
ing of Zn atoms within the plane, if clustering occurs, it
does not change the lattice parameter significantly. It
might be possible that Zn(2) atoms are paired up along
the c axis, as the distortions found in our analysis are not
very sensitive to such a pairing. However, we note that
the narrow width of the superconducting transition in
our samples suggests a uniform distribution of Zn.

A summary of the different Zn(2)-neighbor-atom dis-
tances that gave the best fits to our Zn XAFS data, is
given in Table III. Note that the results for all concen-
trations are essentially the same. A small amount of Zn
on the Cu(1) site cannot be excluded but it is likely
& 10%, if present at all in the Karlsruhe samples.

VI. DISCUSSION OF RESULTS

Our analysis of the Zn K-edge XAFS data indicates
that the substitution of Zn occurs primarily on distorted
Zn(2) sites, with the Zn(2) atom displaced along the c axis
toward the Cu(1) site. However, moving only the Zn
atom may not be very physical, and small displacements
of the Zn neighbors relative to the rest of the unit cell are
likely to be present. In YBCO, there is a buckling of the
Cu02 planes by movements of the 0 atoms in the c direc-
tion. According to the microdomain model, the dis-
tortions would be even stronger in the domain-wall re-
gions. It has been suggested that the addition of Zn
might increase the tendency for domain-wall formation,
because Zn prefers a tetrahedral environment (as is found
in ZnO, where each Zn atom is surrounded by a some-
what distorted tetrahedron of 0 atoms). A modification
of the oxygen buckling, with two of the O(2)/O(3) atoms
moving toward the Cu(1) site, might cause a semi-

TABLE III. The number of neighbors and Zn-X distances about the Zn site in YBCO, obtained from
the XAFS analysis. The model results for a displacement of Zn toward Cu(1) by 0.22 A, with the as-
sumption that the rest of the crystal is not distorted, are also included. The fit results for the planar
Zn(2)-Cu(2) are enclosed in parentheses; r is too long and the amplitude is too large because forward
(multiple-path) scattering has not been included. Errors: r, +0.02 A; Nbrs. +10%.

Zn-X pair Nbrs.
5% Zn

r (A)
7.5%

Nbrs.
Zn

r (A)
10% Zn

Nbrs. r (A)
Model

r (A), (Nbrs. )

Zn(2)-0
Zn(2)-0
Zn(2)- Y
Zn(2)-Ba
Zn(2)-Cu(2)
Zn(2)-Cu(2)

5.2
4.2
4.3
4.3
1.1

(6.5)

2.03
3.90
3.33
3.25
3.60

(4.04)

5.0
4
4.2
4.2
1.1

(6.5)

2.02
3.90
3.32
3.26
3.57

(4.04)

5.3
4.2
4. 1

4.1

1.0
(6.5)

2.03
3.93
3.33
3.25
3.6

(4.04)

1.99(4);2.07(1)
3.84(4)
3.32(4)
3.25(4)
3.58(1)
3.87(4)
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tetrahedral environment, particularly if there were an
O(4) vacancy. However, our data for the three different
concentrations does not support such a hypothesis. Al-
though our samples have a small decrease in 0 content
with increasing Zn concentration, we find a larger ampli-
tude for the Zn-0 nearest-neighbor peak, with 5 —5.5
neighbors. Our finding that zinc occupies a distorted
Cu(2) environment might be taken as a support of a mi-
crodomain model, but not because of a tendency to have
fourfold symmetry. Our conclusion that the Zn atoms re-
side in a well-defined site, in which the main YBCO sym-
metry is retained [but with the Zn(2) atoms displaced
along the c axis] argues against such a domain-wall mod-
el.

Another possible indication of a small-scale inhomo-
geneity model might be the varying degree of ZnO-like
precipitates that we find in some sources of the samples,
which are not easily seen using other techniques. Howev-
er, the fraction of Zn in ZnO precipitates clearly depends
on the samples preparation, and such inhomogeneity is
not an inherent property of the YBCO:Zn system.

A crucial consideration from the standpoint of super-
conductivity is why and how Zn suppresses T, . Some
have suggested a break in the magnetic coupling as a re-
sult of replacing a spin- —,

' copper atom by a spin-0 Zn
atom. However, several studies indicate that there is
only a small correlation between superconductivity and
the magnetic properties for Zn impurities. T, is strongly
dependent on the concentration of holes in the CuO2
planes, which in turn can easily be modified by structural
changes that either partially localize holes on some Zn-0
or nearby Cu-0 bonds, or modify the charge transfer
from the polarizable Ba-O(4) layer or the Cu(1) chains
through the apical O(4) atoms. There is a strong correla-
tion between T, and changes in the Cu-0 vibrations ob-
served in Raman measurements. Our XAFS measure-
ments indicate a strong modification of these bonds [i.e.,
Zn(2)-0 bonds] when Zn replaces Cu(2). These
modifications may account, through the charge-transfer
model, for the strong suppression of T, via Zn substitu-
tion.

VII. CONCLUSION

It was possible to remove the background oscillations
of the high-k, Cu K-edge XAFS to obtain high-quality Zn
E-edge XAFS data for dilute Zn in YBCO. Our analysis
of both the 0 and further-neighbors peaks is inconsistent
with Zn substituting primarily on the Cu(1) chain sites.
A structure that fits the data has the Zn on a Cu(2) site in
the Cu02 plane, in a distorted (but not disordered) envi-
ronment. This can be achieved by a displacement of the
Zn(2) toward the Cu(1) atom by -0.2 A. A more com-
plex model with a clustering of Zn in domain walls can-
not be excluded, but appears unlikely in view of the fact
that the Zn(2) environment is the same in each sample in-
vestigated. In addition, the narrow width of the super-
conductive transition in these samples suggests a uniform
Zn distribution, contrary to the domain-wall model in
which Zn is concentrated in the wall region.

This work illustrates further the tendency of
YBa2Cu307 to distort easily when substituted. Each of
the modifications that we have studied, 0 removal, Co,
Fe, Ni, and Zn substitutions, have all resulted in a
significant distortion of some part of the unit cell. This
"softness" of parts of the unit cell, which may also be
connected with a movement of the O(4) bridging oxygen,
may play an important role in the superconductivity by
controlling charge transfer between layers or by localiz-
ing holes (or electrons).
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