
PHYSICAL REVIEW B VOLUME 42, NUMBER 4 1 AUGUST 1990

Local structure about Ni atoms in Ni-substituted YBa2Cu3Q7 —$
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We have performed x-ray-absorption fine-structure measurements on a series of Ni-substituted
YBa2Cu307 z (Y-Ba-Cu-0) samples. We find that, for low Ni concentrations, the Ni substitutes
nearly uniformly on both Cu sites. The Ni(1) site is essentially undistorted, while the Ni(2) site is

slightly distorted with a longer Ni—Y bond length and a shorter Ni(2)—Ba length. At higher Ni
concentrations, significant amounts of NiO were present as an impurity phase. The amount of NiO
was determined, and the Ni concentration in Y-Ba-Cu-0 corrected. Using these corrected values,

T, decreases linearly with Ni concentration, with T, approaching zero at a Ni concentration of 8.5
at. %%uo.

I. INTRODUCTION

Since the discovery of high-temperature, copper
oxide —based superconductors, ' a major focus of many ex-
perimental investigations has been directed towards a
better understanding of the role the Cu-0 layers play in
these materials. With the discovery of YBa~Cu307
(Y-Ba-Cu-0) (Refs. 2 —11) further concerns arose about
the different roles the Cu(2)-0 planes and the Cu(1}-0
chains play. One approach to probe these layered materi-
als is to substitute' ' other atoms such as Co, Fe, Ni,
and Zn for some of the Cu. In all cases of Cu substitu-
tion in Y-Ba-Cu-0, using both magnetic and nonmagnet-
ic atoms, T, is significantly decreased at relatively low
concentrations -5 at. %. For several dopants, T, de-
creases linearly with concentration, with the largest
suppression' occurring for Zn; T, ~O at 6—7 at. %.
These results suggest that the mechanism for T, suppres-
sion is probably not magnetic in origin.

In substituted materials, the local structure about the
impurity atom must be known before effects such as T,
suppression can be fully understood. Does the defect
atom in question substitute for Cu in Y-Ba-Cu-0 or does
some of the added dopant appear in other phases? Does
it substitute preferentially at the Cu(1) (chain) or Cu(2)
(plane) sites or uniformly on both sites? What distortions
are present about the defect site? Is there any evidence
for clumping of defects at low concentrations' In this pa-
per we present the results of our x-ray-absorption fine-
structure (XAFS) study on YBa2(Ni„Cu& „)307—s

[Y-Ba-Cu-0 (Ni„}] and compare them with our earlier
work on Co and Fe substituted material and with other
investigations. For the Ni-doped materials, NiO and/or
other phases can occur at higher concentrations. ' This
has lead to a wide range of values for the suppression of
T, with x in earlier papers and has likely contributed to
the uncertainty of the substitution site for Ni in Y-Ba-
Cu-0. Early work suggested a Ni(2) substitution our
results as well as other recent studies' ' indicate that
both sites are occupied.

In Sec. II we provide some of the experimental details
and describe the samples. The XAFS data are presented
in Sec. III and the analysis and fits to the data are given
in Sec. IV. The results are summarized in Sec. V.

II. EXPERIMENTAL ASPECTS

Ni substituted samples for x =0.033, 0.067, and 0.1

were prepared and characterized using x-ray diffraction,
thermogravimetric analysis, Meissner effect, and resistivi-
ty studies. From x-ray diffraction measurements the sam-
ples appear to be single phase. However, such measure-
ments are not sensitive to small amounts of other Ni
phases or to very small particles or precipitates. The
measured 0 concentration decreases at first with Ni sub-
stitution and then increases for the x =0. 1 sample. As
we will show later, there is a significant concentration of
NiO in the high Ni concentration samples; the observed
0 content may therefore not be representative of the sub-
stituted material. Further sample details are provided in
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Ref. 13.
X-ray-absorption fine-structure (XAFS) samples, with

a thickness of approximately two absorption lengths at
the Cu K edge, were prepared by brushing a fine powder
of Y-Ba-Cu-0 (Ni„) onto Scotch tape and then stacking
several layers together. Each XAFS sample was selected
to be free of pinholes. For each concentration, several
traces were collected and added together to improve the
signal-to-noise ratio. Data were also collected for the
reference materials, Ni foil and NiO.

XAFS transmission and fluorescence measurements at
the Ni K edge were carried out on Beamline 7-3 at the
Stanford Synchrotron Radiation Laboratory (SSRL) us-

ing Si(400) monochromator crystals. A leveling feedback
system was used to control the piezoelectric positioning
crystal of the monochromator to keep the incident pho-
ton flux constant during an energy scan. Most experi-
ments were carried out at 80 K with a few measurements
taken at lower (4.2 K) and higher (300 K) temperatures.
To speed up data acquisition, a movable sample stage,
capable of holding from 3 to 9 samples, was mounted in
our cryostats (a liquid nitrogen Dewar or an Oxford vari-
able flow helium cryostat). Once the temperature was
stabilized, measurements on several samples could be
made quickly by moving the appropriate sample into the
incident beam.

The XAFS spectrum is extracted from the absorption
data using standard procedures. ' First, the preedge
background is subtracted from the entire data set; then a
spline fit to the data above the absorption edge is used to
remove the remaining background from the XAFS oscil-
lations. The data is next converted to k-space data kg(k)
using k =[2m (E Ep)]'~ lfi, whe—re y(k) is defined by
the equation p(k)=iup[1+y(k)], pp is the absorption at
the step, Ep is the edge position and p(k) is the k-

dependent absorption coefficient. Finally, a fast Fourier
transform (FT) is applied to obtain the complex, r-space
data Fr(ky(k)).

FIG. 1. The Fourier transfer of the Ni K-edge XAFS data
FT(ky(k) ) for YBa2(CuQ 967N1Q Q33)307 —$ The transform range
is a window from 3.1 to 9.1 A ', Gaussian broadened by 0.3
A '. In this and most of the following figures, the envelope
curve is the magnitude of the complex transform [plotted as
+ IF,(kyik)) ~

and —~Fr(kg(k)) ~], and the oscillatory curve is

the real part of the transform. There is a shift of the XAFS
peaks from the actual positions due to the phase shifts. The
points are a fit to the data as discussed later in the text.

Nio 033

III. DATA PRESENTATION lour-0

In Figs. 1 and 2, we present the Fourier transformed
(real-space) Ni E-edge data for YBa2(NiQ Q33CuQ 967)307
and compare it with Cu Kedge data for normal
Y-Ba-Cu-0 (YBazCu306 95) and 0-deficient material
(YBa2Cu306»). In Fig. 1 a short FT range is used (3.1 to
9.1 A ') to enhance the nearest-neighbor 0 peak. The
nearest-neighbor peak is quite similar to the correspond-
ing 0-peak in normal Y-Ba-Cu-O, but the second-
neighbor environments are different. To show the struc-
ture in the second-neighbor multipeak more clearly in the
comparisons with unsubstituted samples (Fig. 2), we use a
slightly longer FT range, from 3.1 to 11.0 A '. [The
signal-to-noise ratio of the XAFS data for the Y-Ba-Cu-0
(Nip Q33) sample is not high enough for transforms longer

0
than 11—12 A '; the differences in the second-neighbor
multipeak for Y-Ba-Cu-0 (NiQ p33) in Figs. 1 and 2 arise
from the different FT ranges. ] The bottom trace in Fig. 2
shows the Cu E-edge data for normal Y-Ba-Cu-O. The

0
large peak just above 3 A corresponds mostly to the Ba
neighbors about the Cu(1) and Cu(2) sites and is large be-

high-0

FIG. 2. A comparison of the second-neighbor environment
in the r-space data F(ky(k)) for the Ni K edge of
YBa2(CUQ 96pNip Q33)$07 —$ (top curve) with the Cu E-edge
data for normal Y-Ba-Cu-0 (bottom curve) and 0-depleted
Y-Ba-Cu-0 (middle curve). The transform range is a window
from 3.1 to 11.0 A ', Gaussian broadened by 0.3 A '. The
vertical scales in each case are the same.
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cause of constructive interference of these two Cu-Ba
0

peaks, which are only 0.1 A apart. The second-nearest
neighbors that contribute significantly to this multi-
peak have the following bond lengths: Cu-Y at 3.2 A,
Cu(1)-Ba at 3.47 A, Cu(2)-Ba at 3.38 A, and Cu-Cu at
3.85 A. The middle trace shows the Cu K-edge data for
the 0-deficient sample. The decrease in the height of the
Cu-Ba peak in this trace is caused by the increased sepa-
ration between the two Cu—Ba bond lengths as the Ba
atoms move towards the Cu-0 planes. This results in
partial destructive interference between the real (and also
the imaginary) parts of the FT. The Ni E-edge data (top
trace) for the Y-Ba-Cu-0 (Nio (j33) sample is similar to the
0-depleted sample, but the central peak is even smaller.
We think this reduced height, as well as other changes in
the structure of the second neighbor multipeak, is the re-
sult of increased destructive interference between the Ni-
Y, Ni(1)-Ba, Ni(2)-Ba, and Ni-Cu peaks, most likely pro-
duced by relative displacements of the Ba and Ni atoms.

In Fig. 3 we compare the r-space Ni K-edge data for
the high-concentration sample Y-Ba-Cu-0 (Nio

&
}, with

the data for Y-Ba-Cu-0 (Nioo») and for NiO. The
higher doped Ni sample (central trace} has structure
which we think is a result of NiO contamination; corn-

pare the data for the Y-Ba-Cu-0 (Nio, ) sample with that
0

for NiO (bottom trace). The strong peak near 2.6 A for
Y-Ba-Cu-0 (Nio, ) occurs very close to the position of the
Ni-Ni peak of NiO. In addition, similarities also exist be-

0
tween Y-Ba-Cu-0 (Nio

&
) and NiO over the range 4—5 A.

IV. DATA ANALYSIS

To carry out the detailed analysis we first developed
a set of single peak standards for Ni-O, Ni-Ni, Ni-Y,
Ni-Ba, and Ni-Cu. Ni-Ni was extracted from the first
neighbor peak of the XAFS data for Ni foil; a theoretical
spherical wave correction was applied to generate a Ni-
Cu standard. For Ni-0 we used both the first peak of
NiO as well as the Cu-0 peak from Cu20. The latter
standard is cleaner because of the larger separation be-
tween the metal-0 and metal-metal peaks in Cu20.
Again a theoretical spherical wave correction was ap-
plied to convert the Cu-0 standard to Ni-0. For the oth-
er second neighbors, we used the Cu-Y and Cu-Ba stan-
dards developed for our study of normal and 0-depleted
Y-Ba-Cu-0 (Ref. 23) and again applied a correction for
the change of the core atom from Cu to Ni. All fits were
done in r space to a sum of standards. The position, am-
plitude, and Gaussian width of each standard were al-
lowed to vary within a restricted range of values. The in-
itial parameter values were chosen for different
assumptions —for example, a uniform substitution on
both sites corresponding to —', Ni(2) sites and —', Ni(1) sites.

A. Low Ni concentration sample (x =0.033 )

FIG. 3. A comparison of the r-space data F~{kg(k) )
for the Ni E edge of YBa2(Cuo 967Nio 033)307—Q (top),
YBa2(Cup 9Nio l)307 z (middle), and NiO (bottom). The trans-

0
form range is a window from 3 1 to 11 5 A ', Gaussian

0
broadened by 0.3 A '. The envelope curve is the magnitude of
the complex transform [plotted as + ~Fr(ky(k) )

~
and

—~Fr(kyik)) ~] and the oscillatory curve is the real part of the
transform. The vertical scales for the top two spectra are the
same while the scale for the bottom curve is larger by a factor of
2.

The first-neighbor peak was fit using the Ni-0 standard
starting with parameters for substitution on the Cu(2) site
only, the Cu(1) site only and a uniform distribution on
both sites. The fit to a distribution on both sites fits best,
but a two-peak fit corresponding to Ni(2) site occupation
is only slightly worse. The differences for the first neigh-
bor peak are not enough to conclusively support either of
these two possibilities. However, a two-peak fit to a Ni(l)
site does not fit well and immediately rules out undistort-
ed substitution on this site alone. We also made fits in-
cluding an additional Ni-0 peak corresponding to the
first neighbor peak of NiO. These fits indicate that very
little NiO is present in this low-concentration sample.

For the second neighbor analysis we again made fits as-
suming substitution on Ni(1) sites only, Ni(2) sites only,
or a uniform distribution. For the third case as well as
the case where both sites are occupied, but not with a
uniform distribution, we need four peaks for the second
neighbors since the Ni(1)-Ba and Ni(2)-Ba distances are
not expected to be equal. The ratio of the amplitudes of
these two peaks as well as the amplitude of the Ni(2)-Y
component determines the relative fractional occupation.
In undoped Y-Ba-Cu-0 the longer Cu-Cu peaks vary in

0
distance from 3.82 to 3.88 A; these distances have been
treated as a single average distance as discussed in Ref.
23.

Our analysis indicates that both sites are occupied and
that to within 15%, the substitution of Ni for Cu is
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uniform —the two Ni-Ba peaks are very nearly equal in
amplitude and the amplitude of the Ni-Y peak is compa-
rable but typically slightly larger than the Cu-Y peak in
normal Y-Ba-Cu-O. Fits restricted to substitution on a
Ni(1) site are extremely poor. Fits restricted to substitu-
tion on the Ni(2) site are much better, but require un-
reasonable parameters; the amplitudes of the Ni-Y peak
and Ni(2)-Ba are 50% larger than expected and also very
broad. Fits to a uniform substitution (the ratios of the
Ni-Y, Ni(1)-Ba, and Ni(2)-Ba amplitudes are fixed to cor-
respond to a uniform substitution) require slightly
broadened peaks and yield amplitudes that are within
15% of expected values. The goodness of fit parameter
for a uniform substitution is a factor 1.5 to 2 smaller than
for the Ni(2) site alone. For the fourth case in which the
relative occupation of the Ni(1) and Ni(2) sites is allowed
to vary good fits are also obtained. The quality of fit is
only slightly better than for the uniform distribution case.
Also the parameters obtained agree well with those for a
uniform distribution but with a slight preference for a
higher than uniform Ni(2) occupation. In Fig. 4 we com-
pare the fit of the second-neighbor multipeak (points) to
the data for a uniform distribution on the Ni(1) and N(2)
sites: the various components obtained in the fit are also
shown. Several points should be noted. First, the com-
ponent peaks are not broadened much. Second, the two
Ni-Ba peaks have comparable widths and amplitudes.
Third, and perhaps most importantly, the rea1 parts of
the Ni(1)-Ba and Ni(2)-Ba peaks and also the Ni-Y and
Ni(2)-Ba peaks are very close to 180' out ofphase, leading
to strong destructi Ue interference Using the.se parameters
and the results of the fits of the 0 peak, a fit to the data
from 1.2 to 3.8 A was made. The parameters do not
change significantly; the result of this fit is shown by the
points in Fig. 1. Thus, we conclude that Ni substitutes
nearly uniformly on the two Cu sites in Y-Ba-Cu-0 at
low concentrations.

The parameters for the fit displayed in Fig. 4 are given
in Table I, together with the parameters for undoped
Y-Ba-Cu-0. The latter are calculated from the unit cell
obtained from the room-temperature diffraction results
for undoped Y-Ba-Cu-0. Pair distances, such as the

0
Cu-Cu peaks, that are within 0.06 A of one another are
grouped together as one average distance since they are
not readily resolved in the XAFS for this multipeak
structure. Because of forward scattering due to an inter-
vening oxygen atom, the apparent Cu-Cu distance in the
a-b plane determined from XAFS is about 0.1 A longer
than the actual value. The obtained Ni-Cu distance of
3.97 A should be compared with 3.95 A obtained for un-
doped Y-Ba-Cu-O. The short Cu(2)-Cu(2) distance makes
only a small contribution and so was not included in
this analysis. The number of neighbors is the weighted
average number. The results for the number of neigh-
bors indicate a uniform distribution of Ni on the Cu{1)
and Cu(2) sites. The near-neighbor distances are close to
those in undoped Y-Ba-Cu-0; the Ni(2)—Y bond is
slightly longer (0.06 A) and the Ni(2)—Ba slightly short-
er (0.05 A) than in normal Y-Ba-Cu-O, while the Ni(1)—
Ba bond is almost unchanged. In addition, the Ni(2)—
O(4) bond is also a 1ittle longer. This suggests that Ni

may distort the Cu(2) site but the lack of significant
broadening of the Ni-Y and Ni(2)-Ba peaks indicates that
the distortion is nearly the same for all Ni(2) sites. This is
quite different from the results we obtained for the Co
and Fe substituted materials. For these dopants the
Co-Ba or Fe-Ba peaks are badly broadened, indicating at
least two inequivalent Co(1) [or Fe(1)] sites.

Finally, we comment on a previous XAFS study of Ni
substituted Y-Ba-Cu-O. ' In this study, gian et al. ' also
found NiO in their higher-concentration samples; for the
low-concentration sample, however, they concluded that
the Ni was not in solution in Y-Ba-Cu-0. They fit part of
the second-neighbor peak to a Ni-Y standard and ob-
tained an unreasonably short bond length, & 3 A. They,
however, did not try a fit to the multipeak structure ex-
pected in normal Y-Ba-Cu-0. Small shifts in the posi. -

tions of the components of the second-neighbor mul-
tipeak lead to strong interference effects that must be
considered. They surmise that the Ni is predominately in
some Ni phase at grain boundaries, while we conclude
that the Ni is essentially randomly distributed on the two
Cu sites of Y-Ba-Cu-0 for low doping levels and accounts
for the strong suppression of T, in the bulk material.

i(2)-Y

l. I

FIG. 4. The fit of the second-neighbor multipeak of the
0

YBa2(Cuo9$7Nioo33I307 Q sample (FT range, 3.1 to 11.0 A ')
assuming initial parameters corresponding to a uniform distri-
bution on both sites (data —solid line, fit —points). The com-
ponents making up the fit are also shown.
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TABLE I. Comparison of the XAFS-determined near-neighbor structure around Ni atoms in
Y-Ba-Cu-0 (Ni ) with the corresponding structure calculated from the room-temperature diffraction

0
results (Ref. 8) for undoped Y-Ba-Cu-0. Pair distances that are within 0.06 A of one another are
grouped together as one average distance. The number of neighbors is the weighted average number
(Ref. 23). The results indicate a uniform distribution of Ni on the Cu(1) and Cu{2) sites with near-
neighbor distances close to those in undoped Y-Ba-Cu-0. The parentheses for the Ni-Cu XAFS results
indicate that these numbers are modified by the effects of forward scattering through an intervening ox-
ygen atom for one of the bonds {Ref.23}.

Diffraction —undoped Y-Ba-Cu-0 Ni XAFS—Y-Ba-Cu-0 (Ni, )

Cu-X pair

Cu{1)-0(4)
CU(1)-0(1)
Cu(2)-0(2)
CU(2)-0(3)
Cu(2)-0{4)

Cu(2)- Y
Cu(2)-Ba
Cu(1)-Ba

Cu(2)-Cu(2)
Cu(2) -Cu(2)
Cu(2)-Cu(2)
Cu(1)-Cu(1)
CU(1)-CU(1)

No. of neighbors

0.67

3.33

0.67
2.67
2.67
2.67
0.67

(A)

1.85

1.94

2.30
3.20
3.38
3.47
3.37

3.85

Ni-X pair

Ni{1)-0(4}
Ni(1}-0(1)
Ni(2)-0(2}
Ni(2}-0(3)
Ni(2)-0(4)

Ni(2)- Y
Ni(2)-Ba
Ni(1)-Ba

Ni(2)-Cu(2)
Ni{2)-Cu(2}
Ni(2)-Cu(2)
Ni(1}-Cu(1)
Ni(1)-Cu(1)

No. of neighbors

0.76

3.8

0.85
3.1

3.1

3.1

(4)

(A)

1.85

1.95

2.42
3.26
3.33
3.49

(3.97)

B. High Ni concentration sample

As outlined in Sec. III, the x =0. 1 sample appears to
have NiO as an impurity phase. To check this assump-
tion and to estimate the amount Ni in Y-Ba-Cu-O, we fit
the first- and second-neighbor peaks assuming that a frac-
tion of the Ni was in the form of NiO particles. We fit
the x =0. 1 Ni K-edge XAFS data using the data for the
x =0.03 sample to represent Y-Ba-Cu-0 (Ni, ) and add-

0
~ ~

0
ing Ni-0 (r =2.08 A) and Ni-Ni (r =2.95 A to corre-
spond to the peak in the XAFS data near 2.6 A) to
represent the NiO precipitates in the first- and second-
neighbor peaks, respectively. This procedure provides a
definitive result since there is very little weight in the
Y-Ba-Cu-0 (Ni„) data at 2.6 A where the signal from
NiO is large. Our results for the 0 peak of Y-Ba-Cu-0
(Nio, o) show that a Ni-0 peak, corresponding to Ni-0 in
NiO, is necessary to obtain a good fit. The amplitude of
this peak indicates that roughly 50% of the Ni occurs as
NiO; we assume the rest of the Ni is in the substituted
material, Y-Ba-Cu-0 (Ni„).

0
For the dominant second-neighbor peak near 2.6 A, we

fit the x =0. 1 data over the range 2.35 to 2.8 A in the r-
space data, to a sum of Y-Ba-Cu-0 (Nioo33) and Ni-Ni.
We obtained a very good fit with a Ni-Ni peak at
r =2.97+0.03 A, very close to the value 2.95 A expected
for the Ni-Ni peak in NiO. Because the Y-Ba-Cu-0
(Ni ) data has little amplitude in most of this fit range, a
reasonable fit can also be obtained using a single Ni-Ni
peak. The fit of the second neighbor peak indicates that
in this sample, about 45%%ui of the Ni is in NiO. This
agrees with the 50% fraction of NiO obtained from the
first neighbor fits. Similar results were obtained for the
x =0.067 sample.

Once we have a good estimate of the fraction of Ni in

the sample in the form of NiO we have an upper limit on
the amount of Ni that is in solution in Y-Ba-Cu-O. In
Fig. 5 we replot the transition temperature, T, (the mid-
point of the resistivity curve as defined in Ref. 13) as a
function of x using the corrected concentrations obtained
in this way. We find that T, decreases linearly with x,

100

80

60

40

20

0 I I I

10

Ni Concentration (at. /o)

FIG. 5. The superconducting transition temperature, T, , as a
function of the Ni concentration in Y-Ba-Cu-0 (Ni„} using the
corrected Ni concentrations, as discussed in the text.
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with T, going to zero at x n(Ni) = 8.5%. This dependence
is similar to that observed for Zn but with a larger x-axis
intercept [xo(Zn) =6.5%]. If Zn substitutes preferential-
ly at the Cu(2) site, and the Cu(2) site occupation is the
dominant T, suppression eff'ect for these two dopants,
then the larger x-axis intercept for Y-Ba-Cu-0 (Ni„) may
be a measure of the fraction of Ni on the Cu(2) site. Un-
der this assumption xo(Ni)=8. 5% would correspond to
about 75% Ni(2) rather than 67% Ni(2) for uniform
substitution. We plan additional measurements on
Y-Ba-Cu-0 (Ni„) and on Y-Ba-Cu-0 (Zn„) to check this
conjecture more carefully.

V. SUMMARY

We have presented our XAFS data on several Ni-
substituted samples. Our results for low Ni concentra-
tions indicate that Ni substitutes nearly uniformly on the
two Cu sites with possibly a slight preference for the
Cu(2) site. The second-neighbor environment can be
fit very well by assuming a uniform substitution. The
Ni—Y and Ni(2)—0(4) bonds are slightly longer, while
the Ni(2)—Ba bond length is somewhat shorter than in

normal Y-Ba-Cu-O. This suggests a small distortion
about the Ni(2), probably along the c axis. The Ni(l) site,
however, is relatively undistorted. For the higher-
concentration samples, NiO is clearly present as an im-
purity phase. Using our XAFS data, we can estimate the
amount of Ni that occurs as NiO, and thus obtain an
upper limit on the actual amount of Ni in Y-Ba-Cu-O.
With these corrected values for the Ni in solution, we
find that T, decreases nearly linearly with Ni concentra-
tion.
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