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The orthorhombic superconductor YBay(Cuy—Ni;)307-5 with nominal values of x=0.02 and
0.05 and T.=86.5 and 79.5 K, respectively, was investigated by x-ray-absorption fine-structure
(XAFS) measurements about the Ni and Cu K edges. The sample was carefully characterized by
various means including optical and electron microscopy. In the sample with x=0.02, the Ni was
predominantly dissolved in the 1:2:3 phase. The maximum solubility found in the nominal 5%
phase was x=0.04, with the excess preclpxtatmg out as NiO. The Ni atoms in the 1:2:3 phase
were found to have 4.75 % 0.4 oxygen neighbors at 1.95=0.03 A. The best fit to the next neigh-
bor was 5.1+1.2 Y atoms at 2.96+£0.02 A, though the data are also consistent with a mixed
shell of Y and Ba atoms. Although the Ni atoms have a first-neighbor environment of oxygen
atoms somewhat similar to the Cu site, the more distant neighbor distances are quite different. It
is concluded from both the extended and near-edge XAFS that most, if not all, of the Ni atoms
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do not substitute in either Cu site of the 1:2:3 phase, but are in some defect site.

INTRODUCTION

The basic pairing mechanism of high-T, superconduc-
tors is still not experimentally clarified. All of the present
materials that exhibit high-7, above liquid-nitrogen tem-
peratures have in common copper oxides as a component
in a perovskitelike structure. When Cu atoms are substi-
tuted by other atoms the value of 7, usually decreases.
To investigate this phenomenon with the goal of obtaining
more insight into the unique role of Cu, we have investi-
gated YBay(Cuy-4Ni,)3;07-5 with Ni nominally substi-
tuted for Cu. It has been found! that such a substitution
decreases 7, and comparing the environment about the Ni
to that about the Cu atoms may give a clue as to what
_ properties of the Cu atoms are crucial to high 7.

There have been many experiments performed on sub-
stituting for the varlous metal atoms in the 1:2:3 high-T
superconductor.! "!® They can be summarized by the ob-
servation that the substitution for Cu has the largest im-
pact on the superconducting properties. However, most of
the experiments on Cu substitution have not been able to
verify where the impurity atom actually resides in the

sample. Only recently have there been attempts to obtain

such detailed information using neutron diffraction, !>!3

x-ray-absorption fine-structure = (XAFS) measure-
ments,'"'® and Madssbauer spectroscopy. 16 We present
here a detailed investigation combining the XAFS tech-
nique with a careful characterization of the morphology of
the sample.

SAMPLE PREPARATION AND CHARACTERIZATION

All samples were made using Y;0;, BaO,, and CuO
powders. To meet stoichiometry requirements, the Cu
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mole ratio was reduced and replaced by the Ni mole ratio
to form YBay(Cu,—,Ni,)307—-5 The doping agents used
were NiO powder and Ni(OAc),4H,;0 (nickel acetate) at
three different molar ratios correspondmg to x=0.02,
0.05, and 0.09. In order to enhance the mixing of the met-
al oxides with the doping powders, the initial raw materi-
als for each sample were dispersed in either ethyl alcohol
or acetone with the aid of ultrasonication and dried in a
rotary evaporator to prevent possible long-range phase
separation during solvent removal. The dried mixi‘ng
powders were then uniaxially die pressed at > 20% 103 psi
into 3 in. diameter disks and sintered following the stan-
dard heat-treatment schedule given below.

Optical micrographs of the NiO doped samples showed
large grains (~40 um in diameter) of NiO in each of the
samples, independent of x. Only the number changed
with x. The x-ray-diffraction patterns also showed a mul-
tiphased sample. Because of this obvious multiphase mor-
phology, these samples were not suitable for our purposes
and samples using Ni acetate as the doping agent were
prepared. Ni acetate was chosen because of its low melt-
ing temperature of 16°C and its partial solubility in al-
cohol. Samples were heated at 5°C/min to 950°C and
held for 2 h in slightly flowing air. Samples were cooled at
1°C/min to room temperature and ground with mortar
and pestle to a fine powder and repressed at > 45x103
psi. These samples were once again heat treated to 950°C
but held for only 1 h and again cooled at 1°C/min to
room temperature. Although the 2% and 5% samples

. gave a single-phase x-ray powder-diffraction pattern,

another regrind and sintering step was performed. The
final heat treatment of the samples also was done at
950°C for 1 h and cooled to room temperature at
1°C/min.

The samples were characterized by x-ray diffraction, ac
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magnetic-susceptibility (20 Hz, ~2 G rms), electrical
resistance, and optical and electron microscopy. For
" x=0.02 and 0.05 the samples were found to be supercon-
ducting, exhibiting zero resistance and magnetic shielding
with T, =86.5 and 79.5 K, respectively, as defined by the
midpoint of the ac magnetic-susceptibility curve. The sus-
ceptibility indicated that over 90% of the volume of the
samples expelled the flux. The x-ray diffraction did not
detect any impurity phases, only the orthorhombic super-
conducting phase, with ¢ =3.817 and 3.818, 5=3.886 and
3.878, ¢=11.674 and 11.655 for the values of x=0.02
and 0.05, respectively. The dimensions are in A and the
uncertainties are about 0.002 A. In contrast when
x=0.09, the x-ray diffraction indicated a multiphase sam-
ple, and no superconducting transition was found.

According to a standard common in the literature, the
x-ray-diffraction results would be interpreted to indicate
that the 2% and 5% samples were a single phase of -
YBa,(Cu;-;Ni,)307—5s. However, the sensitivity of
powder x-ray diffraction is limited and we therefore
characterized the samples mor¢ thoroughly and with
much more sensitivity. The two main methods employed
for this characterization were optical and transmission
electron microscopy (TEM). In optical microscopy the
surface of the sample was polished and then several differ-
ent sections were photographed under a magnification of
400. Different phases were identified in the image by
comparing with corresponding images in electron micros-
copy. In the TEM work the composition of the various
phases was identified by energy dispersive x-ray spectros-
copy (EDS) using a 40-nm electron probe and the
quantification was done by standardless analysis. !
Selected area diffraction confirmed the analysis with the
diffraction patterns showing the unit-cell dimensions and
symmetries of the crystal phases. In this manner the 1:2:3
and 2:1:1 YBaCuO phases and Cu,O were identified. 0
All electron microscopy was performed on a Philips 430T
operated at 300-keV accelerating voltage.

NiO was identified in the optical microscope by its
greater hardness.compared to the other phases. This re-
vealed itself in the polishing of the samples. The NiO pre-
cipitates protruded from the surface and were recogniz-
able by their shadowing around the boundary. A uniform
grid was superimposed on the optical microscope photo-
graph and the number of times the intersection points of
the grid were located in various phases was recorded. In
all, one thousand grid points were used. The results are
summarized in Table I. The volume fraction of each
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phase is directly equal to the fractlon of the total number
of points recorded for each phase.?!
Table I indicates that though the samples were mainly

. 1:2:3 phase, there were detectable amounts of 2:1:1 and

other phases. Correcting for the voids the volume percen-
tages of various phases in the two samples are presented in
the fourth and fifth columns of Table I.

In the TEM the section of the sample that is viewed is
much smaller than in the optical microscope. For that
reason the assessment of the relative percentages of each
phase by the TEM is not as statistically significant. How-
ever, the transmission TEM permits a more detailed
analysis of each phase. Only the 5% Ni sample was inves-
tigated in the TEM. In the region of the sample viewed in
the TEM, both 1:2:3 and 2:1:1 phases were visible. No
grain boundary regions were visible, nor were Cu,O or
NiO phases seen. The 1:2:3 phase had Ni content relative
to Cu varying from 3.3 to 4.0+ 0.5 at. % while the 2:1:1
phase had 2.7£0.5 at.%. Although only 1% of the 5%
sample is composed of NiO, that phase still contains a
significant amount of the total Ni and this must be ac-
counted for in the analysis. Since no Ni-rich precipitate
was seen for the 2% sample, and assuming that the rela-
tive Ni concentrations in the 1:2:3 and 2:1:1 phases are
the same as for the 5% sample, then 94% of Ni is in the
1:2:3 phase for that sample.

To summarize the results of the sample composition by
our characterization, the 2% sample has 94% of the Ni
dissolved in the 1:2:3 phase with x=0.02. The 5% sample

"has the Ni signicantly mixed between the 1:2:3 phase with

x=0.04 and the NiO precipitates.

XAFS MEASUREMENTS AND ANALYSIS

The XAFS measurements on the superconducting sam-
ples were made at room temperature on the Ni and Cu K
edges at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beamline 4-1 using a double (220) Si crystal
monochromator, The Cu K-edge measurements were
made in transmission while the Ni K-edge measurements
were made in fluorescence. Detuning the double-crystal
monochromator to minimize the harmonic content of the
transmitted x-ray beam did not decrease the second har-
monic sufficiently. A signal from the second harmonic ex-
citing Y fluorescence was detectable and contaminated
the fluorescence signal from the Ni. It was necessary to
insert a piece of float glass before the Io ionization

TABLE 1. Volume fractions of various phases in Ni-substituted samples: (The errors in the Table

are standard deviations.)

2 at.% Ni 5 at.% Ni at.% Ni in the
Phase 2 at.% Ni 5 at.% Ni (corrected) (corrected) 5% Ni sample
1:2:3 0.837(12) 0.810(12) 0.880(13) 0.831(13) 3.7£0.5%
2:1:1 0.106(10) 0.154(11) 0.111(11). 0.158(12) 2.71+0.5%
Cu0 ° 0.008(3) 0.001(2) 0.008(3) 0.001(2) core
NiO 0 0.010(3) 0 0.010(3)
voids 0.049(7) 0.025(5)
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chamber to act as a total reflecting mirror. The glacing
angle of the mirror was adjusted so that the fundamental
was totally reflected while the second harmonic was not.
This extra filtering eliminated the contamination of the Ni
signal by the Y fluorescence. The incident x-ray intensity
was monitored by the I, ionization chamber which ab-
sorbed about 25% of the intensity, and the fluorescence
signal was detected by an ionization chamber, Soller slit
assembly?? with a Co filter. The Co filter was only
moderately effective in selectively eliminating the x-ray
background, presumably because a significant fraction
was caused by L-edge fluorescence from the Ba atoms in
addition to the quasielastic scattering of the incident
beam. A one millimeter slit in the vertical dimension was

placed before the float glass mirror to define the incident .

x-ray beam. A number of scans were taken of the Ni edge
at each concentration so as to accumulate statistics of over
107 effective photons per energy point, limiting the shot
noise in the data to one part in (107) 122 The actual num-
ber of photons detected is larger than the effective number
of photons by the ratio (1+4) where 4A=4.4 is the back-
ground divided by the K-edge signal.

The 5% Ni sample is known to have a significant
amount of the Ni in the NiO phase while the 2% Ni sam-
ple has essentially all of its Ni in the 1:2:3 phase. Because
the amount of NiO phase is small, its quantity is not well
determined and we found the best manner to estimate how
much Ni is in the NiO phase for the 5% sample was to
subtract a variable weight of the NiO spectrum from the
5% spectrum and to determine the weighting factor by re-
quiring that the resultant spectrum be the same as that of
the 2% sample. We succeeded in this goal with the as-
sumption that about 30% of the Ni was in the NiO phase.
In the subsequent discussion, we will focus on the 2% sam-
ple which our characterization showed has its Ni essen-
tially only in the 1:2:3 phase.

The data were analyzed by standard methods.”® The
pre-edge background was first subtracted and a cubic
spline with one or two nodes was used to subtract the
atomic background above the edge. The intersection of
the spline with the edge step was used to normalize the
data of the 2% sample and the resulting (k) weighted by
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FIG. 2. The magnitude of the transform of the k3¢ (k) of Fig.
1. The Ni edge (solid line) and the Cu edge (dashed line) are
transformed over the range 1.9=<k=<114 A with Hanning
functions of width 1.0 and 4.0 A ™! at the low and high ends of
the range, respectively. The windows used for isolating particu-
lar shells are shown. The errors about the Cu edge are smaller.

k? is displayed in Fig. 1 by the solid curve. The zero of
energy for calculating k was set at the middle of the edge
step. For comparison, the corresponding k3y(k) for the
Cu K edge is shown in Fig. 1 by the dashed curve. The
magnitude of the transforms for the k *y(k) data of Fig. 1
are displayed in Fig. 2. The k range for all transforms are
1.9<k=<11.4 A~!, and Hanning functions of width at
4.0 A~ at the upper k limit and 1.0 A ™! at the lower &
limit are used to smooth the transition of the data to zero.
The error bars indicate the variation determined by
analyzing independent scans. The data about the Cu edge
have much smaller errors, as expected.

RESULTS AND DISCUSSION

Figures | and 2 indicate that Ni is not simply substitut-
ing in the Cu site. The second and more distant peaks ap-
pear to be significantly different around the Ni and Cu
atoms. To make a more quantitative comparison the In
ratio of amplitudes and differences in phase® were taken
between various shells which were isolated using the win-
dows shown in Fig. 2 and back transformed to K space.

6 8 10 12
k(B

FIG. 1. Plots of k2y(k) for the Ni K edge (solid line) and for
the Cu K edge (dashed line) of YBa2(CugssNio.02)307-5.

Since Cu and Ni are next to one another in the periodic
table, differences in their center phase shifts are small and
in our case we neglect this small difference in comparing
their environments.

The In ratio and phase differences of the first shell were
taken between the 2% Ni sample and two models NiO and
Ni acetate. The NiO data were taken at 300 K and the
Ni acetate at 15 K, both in transmission. The NiO model
did not give a very linear In ratio versus k2 plot but did
give a reasonably linear phase difference. The In ratio
versus k2 plot for Ni acetate is more linear and its phase
difference plot is also reasonably linear at low k. These
phase differences both gave reasonably consistent Ni-O
distances of 1.95%+0.03 A. The linear phase difference in
Fig. 3(b) between Ni and Cu site in the 1:2:3 phase deter-

mined from the slope near k=0 indicates that the

difference in average distance to the nearest neighbors is
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+0.01+0.03 A. This gives a consistent result of
1.94 +0.03 A only if the large single Cu—O bond?* at 2.3
A’ is neglected (Table II). However, such neglect is ex-
pected because at room temperature, whefe our compar-
isons are made, the mean-square vibrational amplitude of
this long bond is much greater than the shorter bonds and
will give an insignificant contribution to the In ratio and
phase difference. Thus we should consider the Cu in the
1:2:3 phase as having four oxygen atoms at an average
distance of 1.93 A. The In-ratio intercept is most reliable
using the Ni acetate model and the Cu site as the model
since they have the most linear plots, particularly at low &.
The intercepts in Fig. 3(a) for these two cases give values
of 50405 and 4.5%0.5 O neighbors, respectively.
Averaging these two values we obtain that there are
4.75 % 0.4 oxygen neighbors around the Ni atoms at a dis-
tance of 1.95+0.3 A. The slope with the Ni acetate mod-
el indicates a value of Ac?=0.003£0.003 A2 Adding
the structural disorder of Ni acetate to Ac?, the mean
square disorder of the oxygen neighbors about their aver-
age value (including both structural and 300-K thermal)
becomes o%=0.004 +0.003 A. The first neighbor envi-
ronments about the Ni and Cu atoms are not too dissimi-
lar and it has been stated,!” on that basis alone, that the
Ni substitutes for the Cu site.

A comment on Fig. 2 is appropriate at this point.
Whereas the first peak around the Ni is ~0.1 A shorter
than that around the Cu, the phase differences in Fig.
3(b) was interpreted to indicate that the average first-
neighbor distances around the Cu and Ni atoms are essen-
tially the same. This apparent discrepancy occurs because
the phase difference is not linear. The Fourier transform
of Fig. 2 is sensitive to the average slope of the phase
difference which, as seen in Fig. 3(b), is negative giving
the shorter distance about the Ni. However, the true dis-
tance difference is obtained from the linear slope nearest
the origin?® which is approximately zero indicating little
difference. Theory indicates®? that differences in the odd
moments of the radial distribution function of the first
neighbors about the Ni and Cu atoms add variations in
their phase difference to produce the nonlinear behavior,

TABLE II. Environment about Cu(1), Cu(2), and average

Cu in YBa;Cu3O7-5
N

Atom (A) Cu(1) Cu(2) Cu (average)
0 1.850 2 0 0.67
(o} 1.928 0 2 1.33
O 1.943 2 0 0.67
(0] 1.962 0 2 1.33
0 . 2.303 0 1 0.67
Y 3.205 -0 4 2.67
Cu 3.373 0 1 0.67
Ba 3.381 0 4 2.67
Ba 3.473 8 0 2.67
0] 3.659 0 4 2.67
Cu 3.823 2 2 2
Cu 3.886 2 2 2
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FIG. 3. (a) The In ratio vs k2 of the Ni K-edge XAFS of the
2% sample divided by the Ni-edge data of NiO (long dash line),
Ni acetate (dash-dot line), and the Cu-edge data of the 2% sam-
ple (short dash line). (b) The difference of the Ni K-edge
XAFS of the 2% sample with Ni edge data of NiO (long dash
line), Ni acetate (dash-dot line), and the Cu edge data of the
2% sample (short dash line).

indicating differences in the environment about the two
atoms. The large nonlinear behavior indicates a large
difference in the third moment of the near-neighbor oxy-
gens. The calculated third moment about the Cu site is
—7x10 % A3 while the measured difference between the
third moment about the Ni atoms and the Cu atoms is
+2x1073 A3 Thus, the third moment about the Ni.
atoms has a much larger magnitude than about the Cu
atoms indicating a different site for the two.

The differences between the Ni and Cu sites are more
obvious in the more distant shells. In Fig. 2 there is no ob-
vious correspondence about the Cu site to the well-isolated
second shell at 2.7 A about the Ni. The shells beyond the
first about the Cu atoms are composed of overlapping con-
tributions from Y, Ba, Cu, and oxygen atoms (Table II).
The k dependence of the second shell about the Ni indi-
cates that it is not composed of oxygen atoms. The
remaining possibilities are one or more of the four types of
metallic atoms of Ni, Cu, Y, and Ba. To determine the
atoms in the shell, comparisons were made with the
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second shell of NiO for Ni backscatters and theoretical
calculations?® using spherical waves and a Dirac-Hara
energy-dependent muffin-tin potential for the Ni center
atom and the Cu, Y, and Ba backscattering atoms. The
best fit, as shown in Fig. 4, occurred for N=5.14+12Y
backscatters at a distance of 2.96+0.02 A with o2
=0.011 A2 A satisfactory fit also occurred for a mixture
of Y atoms at 2.96 +0.02 A and Ba atoms at 3.10 = 0.02
A but the relative number of Ba and Y atoms is not well
determined. The rest of the shells beyond the second in
the 2% Ni sample are too small to allow a reliable
analysis. . . ‘

The reliability of the theoretical fits can be assessed by
comparing the measured spectra with the theory for the
second shell Ni about the Ni center atom in NiO. Figure
5 shows such a fit. The variables in the fit are the distance
R, o7 and the mean free path. The mean free path is
defined by multiylying the theory by Sexpl—2(R
—A)/A] where S§=0.7 is the factor introduced by the
passive electrons,?’ and A is a correction due to the core of
the center atom.?® The values determined by the best fit
are A=8 A, R=2.94 A, and ¢%=0.0046 A. The crystal
structure value for R is 2.948 A. As'can be seen in Fig. 5,
an excellent fit is obtained above k=5 A ™!, The devia-
tions above k=9 A ~! are within the experimental errors.
XVe ]are thus confident in our theoretical fits above k=35

In comparing transmission experimental data with the
theory, correction must be made for the fact that the ex-
periment is normalized by the K-edge step while the

theory is normalized by the K absorption at the energy.

The correction was made using McMaster tables. For
fluorescence data an additional correction must be made
for the energy dependence of the absorption of x rays in
the Iy chamber. The assessment of a satisfactory fit was
done using the standard?’ normalized goodness of fit cri-
terion x2S 1. For Y, Ba, Ni, and Cu atoms in the second
shell the respective values of 2 are 0.26, 2.0, 6. 1, and 29,
It is clear from these results that the Ni atoms do not
simply substitute randomly, i.e., isomorphously for the Cu
atoms, nor preferentially in one of the Cu sites. Table II
lists the environment about the Cu(1) and the Cu(2) sites,
separately. The presence of Y about the Ni in the second

k (A7
FIG. 5. The theoretical fit to the second shell Ni data in NiO.

shell is contrary to the substitution into the Cu(1) sites in
the chains. Our results are also not consistent with prefer-
ential substitution on the Cu(2) planar sites since the Y
and Ba distances are significantly in disagreement be-
tween the Ni atom and the Cu(2) site. It has been pro-
posed that Ni substitutes on the Cu(2) planar sites based
on one neutron-diffraction result,'® though another neu-
tron-diffraction analysis?® found no evidence for the sub-
stitution of Ni on any Cu site. To make our results con-
sistent with substitution on the Cu(2) planar sites requires
an unphysical assumption, namely, that the Ni distorts the
second and more distant neighbor environment much
more than the first-neighbor environment. If the only per-
turbation is a substitution of Cu by Ni, the perturbation
will decrease with distance from Ni. This is not the case
indicating that the perturbation is not just localized at the
Ni atom but occurs also in its surroundings, i.e., the sur-
roundings also are changed and the Ni is not in a Cu site.
This distortion not only decreases the distance to the Y
atoms by 0.24 A but also decreases the Ba atoms distances
even more by 0.3 A so that they overlap the Y atoms in
the radial transform of Fig. 2. Such an overlap of Ba and
Y atoms could be consistent with our result. However,
such distortions can only occur by the Ni being in a
different site than a Cu site.

--—.NEAR-EDGE ANALYSIS

k (A7)
FIG. 4. The Y fit to the second shell data about the Ni im-
purities in the 2% Ni sample. )

The final analysis we perform on the near-edge struc-
ture confirms that Ni does not substitute on any Cu site.
Figure 6 shows near-edge scans of the Ni K edge for NiO,
and the 2% Ni sample. Also shown is a corresponding Cu
K edge for the 1:2:3 phase. These near-edge scans have
the common features of the 3d “pip” denoted by 4, and a
rise to a main peak B. They are all aligned so that the on-
set of the 34 pip is in register in all cases. The environ-
ment about the Ni atoms in NiO has inversion symmetry.
The 34 pip then has a contribution only from quadrupole
transitions.?’ The energy difference between the 3d pip
onset and the peak at B is also the same for NiO and the
2% Ni sample and for the Cu edge, indicating’ that they
all have the same valence of +2. The 2% Ni sample has,
however, about twice the size of the 3d pip as the other Ni
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FIG. 6. Near-edge scans of the K edge of the Ni edges of the
2% sample (solid line), NiO (long dash line), and the Cu edge of
the 2% sample (short dash line). The K-edge step has been nor-
malized to one using the data beyond 30 eV. The onset of the
3d pip denoted by A has been aligned for all three edge scans.
The features B and C are discussed in the text.

edge, indicating that it does not have an inversion sym-
metric environment, allowing a mixture of some p charac-
ter and enhancing the transition with some dipole charac-
ter. Comparing with the Cu edge, the transition is almost
twice as large. Again, this is as expected if the asymmetry
is almost the same as at the Cu site since Cu in the +2
state has about one half the number of d holes (one) as
has Ni in the +2 state (two). This deviation from inver-
sion symmetry for Cu occurs only in the planar Cu(2) site
because of the puckering?* of the oxygens out of the Cu
plane.

The environment of the oxygens about the Ni in the 2%
sample is more similar to that of the Cu than the NiO
model as can be noted by comparing the rise of the ab-
sorption from the A to B features. However, there is a
striking difference between the Ni and Cu near-K edge
scans in the 1:2:3 sample in the feature marked C. That
feature is significantly weaker in Ni than in Cu. The
feature C has had an eventful history in the short period
since x-ray absorption was applied to the high-T, super-
conductors. Its existence had been argued as ev1dence of
both +3 valence states>! and of an antisite disorder? for
the Cu atoms. However, from temperature and pressure
dependence, >34 and more recently, from the polarization
dependence,>>3% it is clear that neither of the two inter-
pretations is viable and feature C is a backscattering
feature. Feature C has its largest magnitude when the x-
ray polarization is parallel to the a-b plane and is weak-
ened to thie same extent as in the Ni K edge when the x-
ray polarization is parallel to the ¢ axis. This angular
dependence contradicts both the interpretation of a +3
valence state and of antisite disorder. The Cu(l) site is
the one that has been proposed to be in a +3 state. It
would have about one-half the absorption for the a-b

plane polarization than the ¢ polarization since the .

Cu(1)-O plane is in the b-c plane. This is opposite to the
actual measured polarization dependence. In the antisite
disorder interpretation the feature C is caused by the Cu
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being in the Y site and sensing the Y—O bond distance.
However, the expected polarization dependence at the Y
site is small, again in contradiction to the measurement.

The polarization dependence of feature C indicates that
the atoms producing it are mainly in the a-b plane of the
Cu atoms. To ascertain which atoms cause the feature,
we extended the background subtraction to lower energies
so as to include the peak of feature C. For the analysis in
the previous section the background did not include
feature C. Although the background to include feature C
is not well determined since it no longer is slowly varying
relative to the XAFS signal, we are only interested in
determining when feature C disappears, which is not sen-
sitive to errors in the background subtraction.

The ky (k) so obtained is shown in Fig. 7 by the dashed
curve. The feature C peaks at k=2 A ~!. The data are
transformed into r space and windows are placed on the
r-space data to isolate a region which is then back-
transformed into k space. In Fig. 7 the back-transformed
data from 0.4=<r=<6.08 A and from 6.08=<r=<11.6 A
are shown. The feature C is present only in the latter
range indicating that it is produced by a backscattering
atom in that range. To minimize ringing introduced by
the r-space window a Hanning function of full width 0.8

‘A is placed at both ends of the window centered about the

limits given above, which are at values where the Im part
of the r-space transform passes through zero. Comparing
the data from 6.08 < r < 11.6 A to the full ky(k) data in
Fig. 7 shows that negligible distortion is introduced by the
window. Feature C begins to be significantly perturbed as
the lower limit is extended to the range 6.9-~11.6 A and is
reduced by a factor of 2 in the range 7.5-11.6 A as shown
in Fig. 7. Such an analysis indicates that the shell that
produces feature C is centered somewhere between
6.9 <r <7.5 A. To visudlize more directly the region in r
space that feature C contributes to, a transform starting
at a lower k value of 1.5 A ™! to include feature C and
ending at k=4.7 A~! above which disorder smears out
the contribution of interest, as shown in Fig. 7, is present-

FIG. 7. Plots of ky(k) showing the feature C of Fig. 6 at
k=2.0 A~!. Curve 2 (dashed line) is the experimental data.
Curve 1 is the data after a spatial filter 0.4 < r < 6.08 A. Curve
3 is after a spatial filter 6,08 <r=<11.6 A. Curve 4 is after a
spatial filter 7.5 <r=<11.6 A.
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FIG. 8. The magnitude of transform of ky(k) for 1.5<k
< 4.7 A" which emphasizes the contribution of atoms at large
r. The thick line is an average over several scans while the thin
line is a single scan. The difference between the two is a mea-
sure of the noise. ' o N

ed in Fig. 8. The thick solid curve in Fig. 8 is the average
over several scans and the thin solid curve shows a typical
single scan. The deviations are a measure of the noise in
the data. As can be seen in Fig. 8, the peak in the region
where feature C contributes is well defined, being much
larger than the noise. Adding a shift of 0.4 A introduced
by the phase factor indicates that the shell of atoms that is
producing feature C is in the range 7.3 <r <7.9 A. The
only metal atom in the Cu a-b plane at that range of dis-
tances** are 'Cu atoms which are two lattice constants (2a
or 26 —7.7 A) away. The contribution of these atoms has
a multiple scattering enhancement by the shadowing?? of
the intervening Cu atoms one lattice constant away.

The decrease of the strength of feature C about the Ni
atoms indicates that at least most of them are not in either
Cu site since each would produce a feature C, consistent
with our previous analysis of the XAFS data. The advan-
tage of the analysis of the feature C is its insensitivity to
disorder because of its low value of k=2 A ™!, In order
for disorder to reduce significantly this feature, the
mean-square disorder 62=l/2k2=0.125 A.? This corre-
sponds to o =0.35 A. It is quite unreasonable to expect
such a large value of o for the large distance of 7.7 A
from the perturbing Ni atom if it were at a Cu site, partic-
ularly when the first-neighbor oxygen atoms have a much
smaller distortion.

SUMMARY AND CONCLUSION

We have found that Ni can dissolve into the 1:2:3 ma-
trix up to a maximum of 4% of the Cu concentration, pre-
cipitating as NiO for higher concentration. The 1:2:3 ma-
trix remains orthorhombic in structure but with a lower-
ing of T, down to 79.5 K for the highest concentration.
The Ni atoms are in a valence state of +2. XAFS
analysis shows that though the first-neighbor atomic envi-
ronment about the Ni atoms remains somewhat similar to

M. QIAN et al. 39

= ~——-that about the Cu sites, the Ni does not substitute in ei-

ther Cu site. This is shown both by the extended XAFS:
analysis and the near-edge XAFS analysis. The second
shell of atoms around the Ni atoms is composed of either
Y atoms at a distance of 2.96 0.02 A or a mixture of Y
atoms at 2.96 £0.02 A and Ba atoms at 3.10%0.02 A.
This larger perturbation of distances at the second shell
than at the first shell indicates that the perturbation is not
localized at the Cu site but that the Ni atoms are in a
different environment than the Cu atoms. The environ-
ment about the Ni atoms corresponds to no metallic site in
the crystal structure. Because of noise in the data, it is not
possible to exclude the possibility that a small fraction of
the Ni atoms may be in Cu sites but our results are con-
sistent with the statement that no substitution at Cu sites
occurs. o

We have determined where the Ni atoms are not locat-
ed but it is not possible to determine where they are locat-

ed. It is clear that they are not on any lattice site of the
perfect crystal so, by the process of elimination, the Ni

atoms are located on a defect site, either one already
present in the pure 1:2:3 phase or one induced by the pres-
ence of the Ni impurities. It would take an analysis of the
various defects in the material to hope to determine where
the Ni is located, a project which is obviously very compli-
cated and outside of the original intent.

The original intent to obtain more details about the
electronic character of the Cu atoms and their environs
which cause high T, has been frustrated by the fact that
Ni does not substitute on either Cu site, without a
significant distortion of its environment. This feature is
more ecvidence of the complicated nature of the 1:2:3
phase and the danger of thinking too naively about its
properties. We had previously found®’ the pure 1:2:3
phase to be inhomogeneous. It was in a metastable state
with significant microscopic structural variations of
orthorhombicity (b-a)/a. Although Ni impurities do not
substitute on the Cu sites, it would be unjustified to extra-
polate this result to other impurities. At the same time,
careful measurements should be made on other impurities
to verify whether they do or do not substitute for the met-
al atoms that naively one would assume they do. In terms
of the question of how Ni addition lowers T, our results
show that the defect site occupied by the Ni atoms has
that influence, presumably by destroying the perfection of
the 1:2:3 phase. Such a perturbation is more drastic than
a substitution for Cu and is consistent with the large effect
of Ni alloying on T.
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