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Control of Tc for Ni-substituted YBa2Cu3O7Àd by annealing treatments

S. Adachi, Y. Itoh, T. Machi, E. Kandyel,* S. Tajima, and N. Koshizuka
Superconductivity Research Laboratory, ISTEC, 1-10-13 Shinonome, Koto-ku, Tokyo 135-0062, Japan

~Received 15 June 1999!

Effects of annealing treatments onTc of Ni-substituted YBa2Cu3O72d have been studied. Ceramic samples
of YBa2Cu32xNixO72d ~x50.00, 0.02, 0.05, and 0.10! prepared in 1-atm oxygen atmosphere were annealed at
800–1000 °C in various atmospheres with different oxygen partial pressures, and subsequently oxygenated
below 550 °C. The lower the oxygen partial pressure, the lower theTc . For the samples with a fixedx but
different Tc’s, no appreciable difference in lattice parameters and oxygen contents was observed. The results
clearly indicate that theTc of Ni-substituted YBa2Cu3O72d can be controlled by changing the oxygen partial
pressure during annealing treatment. It is likely that the distribution of Ni atoms between the chain and plane
sites can be altered by the annealing treatment.
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I. INTRODUCTION

Since the discovery of high-Tc cuprate superconductors
much effort has been devoted on the transition-metal sub
tution effects on their physical properties.1–38 Especially,
the Ni and Zn substitution effects are very interesti
because of the contrast in magnetism of t
substituents.5,15,18–22,25,29,30,37,38The previous reports on th
YBa2Cu3O72d superconductor informed that Zn suppress
Tc most significantly among the examined transition met
and the effect ofTc suppression by Ni substitution i
weaker.1–25 On these experimental results, some researc
discussed the role of Cu in the CuO2 plane, assuming tha
both Zn and Ni atoms enter into the Cu~2! ~planes! site, not
into the Cu~1! ~chain! one. In fact, Islam and Baetzold12

suggested that both Zn and Ni preferentially substitute
the Cu~2! site by energy calculation using atomistic simu
tion techniques. Hoffmanet al.19 reported that the substitute
Ni were located at the Cu~2! site from their study of anoma
lous dispersive x-ray-diffraction measurements.

On the other hand, Howlandet al.11 and Bridgeset al.13

reported a nearly random distribution of Ni atoms at the t
Cu sites from the studies of a differential anomalous x-
scattering and x-ray-absorption fine-structure measureme
respectively. The optical conductivity studies22,40 suggested
the existence of Ni atoms at Cu~1! site. The recent Cu-NQR
study ~where NQR is nuclear quadropole resonance! indi-
cated that Ni preferentially goes to the Cu~1! site.39 If a
considerable amount of Ni atoms were located at the Cu~1!
site, it is likely that the observed weaker effect of Ni subs
tution onTc suppression, compared with the case of Zn s
stitution, is due to a smaller Ni content in the CuO2 plane
than the total amount of substituted Ni. Without informati
about the location of the substituents, we cannot unders
correctly the impurity effects on the superconductivity. F
an ideal way to study the impurity effects on supercond
tivity, it is required to produce samples in which Ni atom
are preferentially substituted for the Cu~2! site in the plane.

The two sites for Cu atoms in the YBa2Cu3O72d super-
conductor have different coordination numbers for oxyg
atoms; namely, 2–4 for Cu~1! and 5 for Cu~2!. The former is
changed, depending on oxygen content, 7-d. The diagram of
PRB 610163-1829/2000/61~6!/4314~5!/$15.00
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oxygen nonstoichiometry against temperature and oxy
partial pressure,p~O2!, for YBa2Cu3O72d was well estab-
lished by the chemical analysis.41 More directly, Jorgensen
et al.42 investigatedin situ neutron powder diffraction at el
evated temperatures in variousp~O2!’s. Their results indicate
that the occupancy of the oxygen sites next to Cu~1! at a
fixed temperature in the range of 400–900 °C can be c
trolled by changingp~O2!. These results suggest to us a w
to control the chemical potential at Cu~1! site by tuning the
condition of heat treatments. Assuming that the site selec
of substituted Ni is linked with the chemical potential
Cu~1!, we may be able to control the ratio of Ni occupanci
at the two sites by changing the heat-treatment condition
which temperature is high enough to move cation atoms
lower for decomposition. It is expected that the samples w
different Ni distribution, if obtained, show differentTc val-
ues.

In this work, we prepared successfully YBa2~Cu,Ni!3O72d
samples that have the same cation composition, oxygen
tent, and unit-cell dimension, but appreciably differentTc
values. This provides a new synthetic method
YBa2~Cu, Ni!3O72d having different site occupation of Ni.

II. EXPERIMENT

Ceramic samples were prepared by a solid-state-reac
method. Y2O3, BaCO3, CuO, and NiO powders were
weighed out at the nominal composition o
YBa2Cu32xNixO72d (x50.00, 0.02, 0.05, and 0.10! and
thoroughly mixed. The powder mixture was calcined at 86
920 °C for 3 days in air with intermediate grindings. Th
calcined powders were pelletized and sintered at 970 °C f
days in flowing oxygen gas and then slowly cooled at a r
of 100 °C/h. The obtained ‘‘as-synthesized’’ samples we
annealed under different conditions as follows:

~i! at 800 °C for 3 days in flowing nitrogen gas, and th
quenched,

~ii ! at 800 °C for 14 days in flowing nitrogen gas, and th
quenched,

~iii ! at 900 °C for 3 days in air, and then quenched,
~iv! at 1000 °C for 3 days in a mixture o

80% Ar– 20% O2 gases at 2000 atm, i.e.,p~O2!5400 atm.
4314 ©2000 The American Physical Society
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The annealing treatment of~iv! was carried out using a ho
isostatic pressing apparatus. The all-annealed samples
finally oxygenated by heat treatment at 550 °C for 18 day
flowing oxygen gas, and then slowly cooled at a rate
50 °C/h.

Structural properties were examined by powder x-ray d
fraction~XRD! using CuKa radiation. The lattice parameter
were determined by calculation using the least-squa
method. dc magnetic susceptibility was measured by coo
samples in an external field of 10 or 20 Oe using a sup
conducting quantum interference device magnetometer.
oxygen contents were determined by a conventional io
metric titration method, assuming valences for Y, Ba,
and O are13, 12, 12, and22, respectively.

III. RESULTS AND DISCUSSION

The as-synthesized samples of YBa2Cu32xNixO72d had
single-phase patterns in XRD spectra. Figure 1~a! shows the
XRD patterns of the samples with various Ni contents,x for
006, 020, and 200 reflections. The lattice parameters
plotted as a function ofx as shown in the left panels in Fig
2 ~closed circles!. With increasingx, the parametersa andb
do not change significantly, whereas the parameterc clearly
decreases. Figure 3~a! shows the temperature dependences
dc magnetic susceptibility for the as-synthesized samp

FIG. 1. XRD patterns for YBa2Cu32xNixO72d samples;~a! as-
synthesized,~b! annealed at 800 °C for 3 or 14 days in nitrogen,~c!
annealed at 1000 °C for 3 days in 400-atm oxygen and at 900 °C
3 days in air.
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indicating quite sharp superconducting transitions.Tc values
are lowered with increasingx, which are plotted in Fig. 4
~closed circles!. This x dependence ofTc agrees with the
results in the previous reports.6,7,9,10,14,15,17,18,21,23,24The oxy-
gen contents, 7-d, for the as-synthesized samples are 6.9
6.95, indicating that almost full oxygenation was attained
the samples. The obtained results of lattice parametersTc
and oxygen content are summarized in Table I. It is clea
indicated that Ni substitution brings about changes in
lattice parameters andTc .

The annealing treatment~i! was performed on the as
synthesized samples. According to the dependence of o
gen content onp~O2! for various temperatures reported b
Kishio et al.,41 this performed annealing condition, i.e
800 °C in nitrogen, is critical for phase stability o
YBa2Cu3O72d . However, the obtained samples were
single phase in XRD patterns and no appreciable decom
sition was detected. The XRD patterns are shown in Fig. 1~b!
~the upper-four patterns!. We can see the similar peak pos
tions to those for the as-synthesized samples. The lattice
rameters are plotted as a function of Ni content,x, in the
right panels in Fig. 2~open circles!. No appreciable differ-
ence in the lattice parameters can be seen between th
synthesized and annealed~800 °C, 3 days, N2) samples. Oxy-
gen contents for the annealed samples~;6.93–6.94! were
also almost the same as those for the as-synthesized sam
A clear difference between the two series of samples is s
in Tc suppression. Figure 3~b! shows the temperature depe
dences of dc magnetic susceptibility for the annea
samples.Tc of the sample withx50.00 is 91 K, which is
exactly the same value as that for the as-synthesized sa
with x50.00. Tc values are lowered with increasingx. For
Ni-substituted samples,Tc suppression in the anneale

or

FIG. 2. Lattice parameters against Ni contentx for
YBa2Cu32xNixO72d samples; as-synthesized~left! and for annealed
at 800 °C for 3 days in nitrogen~right!.
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4316 PRB 61S. ADACHI et al.
samples is more pronounced, compared with the case o
as-synthesized ones, as shown in Fig. 4~open circles!. It
should be noted that two series of Ni-substituted samp
with the same compositions and lattice parameters exhib
differentx dependence ofTc . This strongly suggests that th
conducted annealing treatment altered the distribution
substituted Ni; more concretely, the high-temperature

FIG. 3. Temperature dependences of dc magnetic susceptib
for YBa2Cu32xNixO72d samples;~a! as-synthesized,~b! annealed at
800 °C for 3 or 14 days in nitrogen,~c! annealed at 1000 °C for 3
days in 400-atm oxygen and at 900 °C for 3 days in air.
he

s
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f
-

nealing in the reducing atmosphere moved Ni atoms fr
Cu~1! site to Cu~2! one. The coordination number of Cu~1!
site approaches to 2 by the annealing at 800 °C at a lo
p~O2!.

42 The atomic site with twofold coordination by oxy
gen is not a suitable one for substituted Ni from the vie
point of chemical potential.43 Ni atoms prefer the atomic site
with larger coordination number than Cu atoms.44 Conse-
quently, it is likely that substituted Ni at the Cu~1! site tends
to move to the Cu~2! site.

As mentioned above, the annealing treatment at 800
for 3 days in flowing nitrogen gas could change thex depen-
dence ofTc for YBa2Cu32xNixO72d . To check whether the
3-days annealing is enough to attain an equilibrium condit
or not, a longer annealing duration of 14 days was exami
@the annealing treatment~ii !#. The obtained samples withx
50.00, 0.02, and 0.05 contained impurities, Ba2Cu3O51d
~Ref. 45! and Y2BaCuO5,

46 as displayed in the XRD pattern
of Fig. 5. This implies that these samples started to dec
pose at 800 °C in flowing nitrogen gas. Therefore, the res
obtained by the annealing treatment~i!, as described above
are on the samples prepared in a transient condition. H
ever, we can see in Fig. 5 that the impurity peaks beco
weaker with increasingx. The sample withx50.10 was of

FIG. 4. Tc versus Ni contentx for as-synthesized and anneale
YBa2Cu32xNixO72d samples.

ity
TABLE I. Summary of lattice parameters,Tc and oxygen content for YBa2Cu3-xNixO7-d

Sample Lattice parameters~Å!
Tc

~K!

Oxygen
content

7-dProcessing condition x a b c

~As-synthesized! 0.00 3.819~1! 3.888~1! 11.693~3! 90.5 6.93
0.02 3.819~1! 3.887~1! 11.690~3! 87.5 6.95
0.05 3.822~1! 3.885~1! 11.683~4! 85 6.94
0.10 3.821~1! 3.885~3! 11.680~4! 80 6.92

800 °C, N2 0.00 3.820~1! 3.888~1! 11.692~3! 91 6.93
0.02 3.819~1! 3.887~1! 11.689~2! 86 6.94
0.05 3.821~1! 3.886~1! 11.685~4! 80 6.93
0.10 3.821~2! 3.884~2! 11.678~6! 70 6.93

~14 days! 0.10 3.822~1! 3.884~1! 11.678~5! 70 6.95
900 °C, air 0.10 3.821~1! 3.885~1! 11.679~3! 75 6.93
1000 °C,p~O2!5400 atm 0.10 3.823~2! 3.884~2! 11.679~7! 81 6.92
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single phase. This result indicates that the Ni substitut
enhances the phase stability and increases the decompo
temperature. The XRD peaks of 006, 020, and 200 refl
tions for the 14-days-annealed sample withx50.10 are lo-
cated at the same 2u position as those for the 3-days
annealed sample withx50.10, as shown in Fig. 1~b! ~the
lowest pattern!, indicating the same lattice parameters. Mo
over, theTc value of 70 K @see Fig. 3~b!# and the oxygen
content of 6.95 are almost identical to the values for
3-days-annealed sample. Lattice parameters,Tc and oxygen
content are listed in Table I. No appreciable difference
seen between the two 800 °C-annealed samples witx
50.10. Therefore, it is concluded that an equilibrium con
tion was attained in the 3-days-annealed sample withx
50.10.

In order to confirm the effect ofp~O2! during high-
temperature annealing, we attempted annealing treatmen
different atmospheres, i.e., in air~iii ! and in a mixture of
80% Ar– 20% O2 gases at 2000 atm~iv! for x50.10. It is
expected that the decomposition temperature beco
higher, when thep~O2! is higher. Therefore, we chose th
temperatures of 900 and 1000 °C for the annealing tr
ments ~iii ! and ~iv!, respectively, to accelerate the catio
movement. In the obtained samples, no decomposition
detected in XRD. Figure 1~c! shows the XRD data of the
obtained samples. In the peak position for 006, 020, and
reflections, no appreciable difference from other samp
with x50.10 given in Figs. 1~a! and 1~b! is seen, indicating
no difference in lattice parameters. The temperature dep
dence of dc magnetic susceptibility of these samples are p
ted in Fig. 3~c!. Systematic decrease inTc of samples with
x50.10 is observed with decreasingp~O2! during the an-
nealing treatments, as is plotted in Fig. 4. Here, the high
p~O2! is examined in the treatment~iv!. The p~O2! for the
as-synthesized condition, i.e., 1 atm~flowing oxygen!, is
higher than that in the treatment~iii !, i.e., 0.2 atm. The oxy-

FIG. 5. XRD patterns for YBa2Cu32xNixO72d samples annealed
at 800 °C for 14 days in flowing nitrogen gas.
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gen contents for the samples processed through the tr
ments ~iii ! and ~iv! are 6.93 and 6.92, respectively. Thes
results are summarized in Table I. By changingp~O2! during
the annealing treatments, onlyTc is substantially changed in
the samples withx50.10.

The present experimental data clearly indicate thatTc of
Ni-substituted YBa2Cu3O72d can be controlled by varying
p~O2! during annealing treatments without changing the la
tice parameters and the oxygen content. As an origin ofTc
reduction by the heat treatment in lowp~O2!, a decrease in
hole concentration and the structural change can be ru
out, because of the unchanged oxygen content and lat
parameters. A plausible candidate for the change inTc is a
change in the Ni occupancies at the two Cu sites. In t
work, samples were prepared through three steps as follo
~1! sintering at 970 °C for 2 days in flowing oxygen gas,~2!
annealing treatment at 800–1000 °C and variousp~O2!’s,
and~3! oxygenation at 550 °C in flowing oxygen gas, accom
panied by slow cooling. Phase formation and oxygen abso
tion occur at the first and third steps, respectively. At t
second step, cation atoms move to the preferable ato
sites. Thep~O2! at the second step must be crucially impo
tant to determine the substitution site of substituted N
Therefore, it is highly possible that substituted Ni atoms a
distributed at both two Cu sites in the as-synthesiz
samples, and the annealing treatment~of the second step! at
lower p~O2! drives substituted Ni atoms from Cu~1! site to
Cu~2! site, giving rise to a stronger pair breaking effect in th
predominant superconducting layers.

IV. SUMMARY

For the samples of YBa2Cu32xNixO72d (x50.00, 0.02,
0.05, and 0.10! prepared in 1-atm oxygen atmosphere,x de-
pendence ofTc was similar to the previously reported data
These as-synthesized samples were annealed at tempera
higher than 800 °C in various atmospheres (N2, air and 400-
atm O2), and subsequently well-oxygenated below 550 °
At a fixed x, the values ofTc decreased with decreasin
p~O2! during high-temperature annealing, keeping lattice p
rameters and oxygen contents almost unchanged. This
gests the annealing treatment at lowerp~O2! moves substi-
tuted Ni atoms from the Cu~1! site to the Cu~2! one. The
present work provides a new technique to control the oc
pation site of substituted Ni in YBa2Cu3O72d .
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