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Effects of annealing treatments @R of Ni-substituted YBaCu;0;_ 5 have been studied. Ceramic samples
of YBa,Cu;_4Ni,O;_ 5 (x=0.00, 0.02, 0.05, and 0.1prepared 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 loweiTtheFor the samples with a fixexl but
differentT.'s, no appreciable difference in lattice parameters and oxygen contents was observed. The results
clearly indicate that th@ . of Ni-substituted YBaCuO;_ s 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.

I. INTRODUCTION oxygen nonstoichiometry against temperature and oxygen
partial pressurep(O,), for YBa,CusO;_ s was well estab-
Since the discovery of higfi, cuprate superconductors, lished by the chemical analysis More directly, Jorgensen
much effort has been devoted on the transition-metal substet al*? investigatedn situ neutron powder diffraction at el-
tution effects on their physical propertits® Especially, evated temperatures in variop€,)’s. Their results indicate
the Ni and Zn substitution effects are very interestingthat the occupancy of the oxygen sites next taiCwat a
because of the contrast in magnetism of thefixed temperature in the range of 400—-900 °C can be con-
substituents;1®18-22:25.29.30.373¢he previous reports on the trolled by changing(O,). These results suggest to us a way
YBa,Cu;0;_ 5 superconductor informed that Zn suppressedo control the chemical potential at Qi site by tuning the
T, most significantly among the examined transition metalscondition of heat treatments. Assuming that the site selection
and the effect of T, suppression by Ni substitution is of substituted Ni is linked with the chemical potential at
weaker!~2° On these experimental results, some researche@u(1), we may be able to control the ratio of Ni occupancies
discussed the role of Cu in the Cu@lane, assuming that at the two sites by changing the heat-treatment condition, in
both Zn and Ni atoms enter into the QU (planes site, not  which temperature is high enough to move cation atoms but
into the Cul) (chain one. In fact, Islam and Baetzdfd lower for decomposition. It is expected that the samples with
suggested that both Zn and Ni preferentially substitute fodifferent Ni distribution, if obtained, show differefit, val-
the CUY2) site by energy calculation using atomistic simula- ues.
tion techniques. Hoffmaat al® reported that the substituted  In this work, we prepared successfully YB&u,Ni);0;_ s
Ni were located at the GR) site from their study of anoma- samples that have the same cation composition, oxygen con-
lous dispersive x-ray-diffraction measurements. tent, and unit-cell dimension, but appreciably differdnt
On the other hand, Howlanet al!! and Bridgeset al}®*  values. This provides a new synthetic method for
reported a nearly random distribution of Ni atoms at the twoYBay(Cu, Ni);0;_ s having different site occupation of Ni.
Cu sites from the studies of a differential anomalous x-ray
scattering and x-ray-a_lbsorptlon flne-structure measurements, Il EXPERIMENT
respectively. The optical conductivity studi&8’ suggested
the existence of Ni atoms at C) site. The recent Cu-NQR Ceramic samples were prepared by a solid-state-reaction
study (where NQR is nuclear quadropole resonaniceli- method. %0O; BaCQO, CuO, and NiO powders were
cated that Ni preferentially goes to the @usite> If a  weighed out at the nominal composition of
considerable amount of Ni atoms were located at thélCu YBa,Cu;_,Ni,O;_5 (x=0.00, 0.02, 0.05, and 0.10and
site, it is likely that the observed weaker effect of Ni substi-thoroughly mixed. The powder mixture was calcined at 860—
tution onT. suppression, compared with the case of Zn sub920°C for 3 days in air with intermediate grindings. The
stitution, is due to a smaller Ni content in the Cu@lane calcined powders were pelletized and sintered at 970 °C for 2
than the total amount of substituted Ni. Without information days in flowing oxygen gas and then slowly cooled at a rate
about the location of the substituents, we cannot understanaf 100 °C/h. The obtained “as-synthesized” samples were
correctly the impurity effects on the superconductivity. Forannealed under different conditions as follows:
an ideal way to study the impurity effects on superconduc- (i) at 800 °C for 3 days in flowing nitrogen gas, and then
tivity, it is required to produce samples in which Ni atoms quenched,
are preferentially substituted for the Qu site in the plane. (i) at 800 °C for 14 days in flowing nitrogen gas, and then
The two sites for Cu atoms in the YBau,0;_ s super-  quenched,
conductor have different coordination numbers for oxygen (iii) at 900 °C for 3 days in air, and then quenched,
atoms; namely, 2—4 for Q) and 5 for C2). The former is (iv) at 1000°C for 3 days in a mixture of
changed, depending on oxygen contens. #he diagram of 80% Ar—20% Q gases at 2000 atm, i.(O,)=400 atm.
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are lowered with increasing, which are plotted in Fig. 4
FIG. 1. XRD patterns for YBgCu;_,Ni,O,_ s samplesfa) as-  (closed circles This x dependence of. agrees with the
synthesized(b) annealed at 800 °C for 3 or 14 days in nitrogém,  results in the previous repoftg:?10:14:15.17.18.21.23.38he gy
annealed at 1000 °C for 3 days in 400-atm oxygen and at 900 °C fogen contents, &; for the as-synthesized samples are 6.92—
3 days in air. 6.95, indicating that almost full oxygenation was attained for
the samples. The obtained results of lattice parameters,
The annealing treatment ¢iv) was carried out using a hot and oxygen content are summarized in Table I. It is clearly
isostatic pressing apparatus. The all-annealed samples werglicated that Ni substitution brings about changes in the
finally oxygenated by heat treatment at 550 °C for 18 days inattice parameters ant, .
flowing oxygen gas, and then slowly cooled at a rate of The annealing treatmer) was performed on the as-
50 °C/h. synthesized samples. According to the dependence of oxy-
Structural properties were examined by powder x-ray dif-gen content orp(O,) for various temperatures reported by
fraction (XRD) using Cuku radiation. The lattice parameters Kishio et al,*! this performed annealing condition, i.e.,
were determined by calculation using the least-square800°C in nitrogen, is critical for phase stability of
method. dc magnetic susceptibility was measured by coolinyBa,Cu;0;_ 5. However, the obtained samples were of
samples in an external field of 10 or 20 Oe using a supersingle phase in XRD patterns and no appreciable decompo-
conducting quantum interference device magnetometer. Theition was detected. The XRD patterns are shown in Fig). 1
oxygen contents were determined by a conventional iodo¢the upper-four patterfisWe can see the similar peak posi-
metric titration method, assuming valences for Y, Ba, Ni,tions to those for the as-synthesized samples. The lattice pa-

and O are+3, +2, +2, and—2, respectively. rameters are plotted as a function of Ni contegtjn the
right panels in Fig. Aopen circles No appreciable differ-
Il RESULTS AND DISCUSSION ence in the lattice parameters can be seen between the as-

synthesized and anneal@DO0 °C, 3 days, B) samples. Oxy-

The as-synthesized samples of ¥Ba;_,Ni,O;,_s had gen contents for the annealed sample$.93-6.94 were
single-phase patterns in XRD spectra. Figuf® $hows the also almost the same as those for the as-synthesized samples.
XRD patterns of the samples with various Ni contentfpr A clear difference between the two series of samples is seen
006, 020, and 200 reflections. The lattice parameters ari@ T, suppression. Figure(B) shows the temperature depen-
plotted as a function ok as shown in the left panels in Fig. dences of dc magnetic susceptibility for the annealed
2 (closed circles With increasingx, the parametera andb ~ samples.T. of the sample withx=0.00 is 91 K, which is
do not change significantly, whereas the parametearly  exactly the same value as that for the as-synthesized sample
decreases. Figurd@® shows the temperature dependences ofvith x=0.00. T, values are lowered with increasing For
dc magnetic susceptibility for the as-synthesized samples\i-substituted samplesT. suppression in the annealed
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3 | x=010 (annealed: 800°C, 3 days, N;) nealing in the reducing atmosphere moved Ni atoms from
D gLy . . Cu(1) site to Cu2) one. The coordination number of Cliy
F H = 20 Oe ' ((':)- site approaches to 2 by the annealing at 800 °C at a lower
0 42 . . . . . ~
g p(0,).”” The atomic site with twofold coordination by oxy
2'_ - ] gen is not a suitable one for substituted Ni from the view-
| v "(:1862)90’ ] point of chemical potentidf Ni atoms prefer the atomic site
4k WV&& PLOz) =400 atm) | with larger coordination number than Cu atofisConse-
R | X=0:10(300°, ai) J quently, it is likely that substituted Ni at the Q) site tends
i | ) n n L L 1 L 1 " .
50 75 100 to move to the C(2) site.
Temperature (K) As mentioned above, the annealing treatment at 800 °C

for 3 days in flowing nitrogen gas could change ¥aepen-
FIG. 3. Temperature dependences of dc magnetic susceptibilitdence ofT . for YBa,Cus_,Ni,O;_ 5. To check whether the
for YBa,Cu;_,Ni,O;_ s samples(a) as-synthesizedb) annealed at  3-days annealing is enough to attain an equilibrium condition
800 °C for 3 or 14 days in nitrogettc) annealed at 1000 °C for 3 or not, a longer annealing duration of 14 days was examined
days in 400-atm oxygen and at 900 °C for 3 days in air. [the annealing treatmeiiii)]. The obtained samples with
=0.00, 0.02, and 0.05 contained impurities, 805, 5
samples is more pronounced, compared with the case of th®ef. 45 and Y,BaCuG,“® as displayed in the XRD patterns
as-synthesized ones, as shown in Fig(open circles It  of Fig. 5. This implies that these samples started to decom-
should be noted that two series of Ni-substituted samplepose at 800 °C in flowing nitrogen gas. Therefore, the results
with the same compositions and lattice parameters exhibitedbtained by the annealing treatméit as described above,
differentx dependence oF . This strongly suggests that the are on the samples prepared in a transient condition. How-
conducted annealing treatment altered the distribution oéver, we can see in Fig. 5 that the impurity peaks become
substituted Ni; more concretely, the high-temperature anweaker with increasing. The sample wittk=0.10 was of

TABLE I. Summary of lattice parameters, and oxygen content for YB&ug ,Ni,O;_s

Sample Lattice parametetd) Oxygen
Te content
Processing condition X a b c (K) 7-5
(As-synthesized 0.00 3.8191) 3.8881) 11.6933) 90.5 6.93
0.02 3.8191) 3.88711) 11.69Q3) 87.5 6.95
0.05 3.8221) 3.8851) 11.6834) 85 6.94
0.10 3.8211) 3.8853) 11.6804) 80 6.92
800°C, N 0.00 3.8201) 3.8881) 11.6923) 91 6.93
0.02 3.8191) 3.8811) 11.6892) 86 6.94
0.05 3.8211) 3.8861) 11.68%4) 80 6.93
0.10 3.8212) 3.8842) 11.6786) 70 6.93
(14 days 0.10 3.827) 3.8841) 11.6785) 70 6.95
900 °C, air 0.10 3.821) 3.8851) 11.6793) 75 6.93

1000 °C,p(0,)=400 atm 0.10 3.823) 3.8842) 11.6797) 81 6.92
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Cu Ko YBa,Cu, ,Ni,O;_s gen contents for the samples processed through the treat-

— WWWWWW ments (iii) and (iv) are 6.93 and 6.92, respectively. These
& | @ Balus; (annealed: 800°C, 14 days, Na ) results are summarized in Table I. By changi@,) during

T | YBaCos the annealing treatments, only is substantially changed in
= the samples witkx=0.10.

Q The present experimental data clearly indicate thaof

f“, i Ni-substituted YBaCu;O,_ s can be controlled by varying
- {x=000) p(O,) during annealing treatments without changing the lat-
& |[x=002] - tice parameters and the oxygen content. As an origif of

2 [x=0.05] reduction by the heat treatment in IqwO,), a decrease in
..g (=019 hole concentration and the structural change can be ruled
— M ITITIAT

bt il bl bl out, because of the unchanged oxygen content and lattice
26 27 23 0 2? de 3‘; 81 32 3 parameters. A plausible candidate for the chang&.ims a
9 change in the Ni occupancies at the two Cu sites. In this

FIG. 5. XRD patterns for YB&u; ,Ni,O, ,samples annealed Work, sar_nples were prepared thrpugh three steps as follows:

at 800 °C for 14 days in flowing nitrogen gas. 1) sintering at 970 °C for 2 days in flowing oxygen 083,
annealing treatment at 800—1000°C and varig(®,)’s,

single phase. This result indicates that the Ni substitutiorand(3) oxygenation at 550 °C in flowing oxygen gas, accom-
enhances the phase stability and increases the decompositipanied by slow cooling. Phase formation and oxygen absorp-
temperature. The XRD peaks of 006, 020, and 200 reflection occur at the first and third steps, respectively. At the
tions for the 14-days-annealed sample with 0.10 are lo- second step, cation atoms move to the preferable atomic
cated at the same #2position as those for the 3-days- sites. Thep(O,) at the second step must be crucially impor-
annealed sample witk=0.10, as shown in Fig.(l) (the tant to determine the substitution site of substituted Ni.
lowest patterh indicating the same lattice parameters. More-Therefore, it is highly possible that substituted Ni atoms are
over, theT. value of 70 K[see Fig. 8)] and the oxygen distributed at both two Cu sites in the as-synthesized
content of 6.95 are almost identical to the values for thesamples, and the annealing treatmg@ftthe second stemt
3-days-annealed sample. Lattice paramefBfsand oxygen lower p(O,) drives substituted Ni atoms from Cb site to
content are listed in Table |I. No appreciable difference isCu(2) site, giving rise to a stronger pair breaking effect in the
seen between the two 800°C-annealed samples with predominant superconducting layers.
=0.10. Therefore, it is concluded that an equilibrium condi-
tion was attained in the 3-days-annealed sample with IV. SUMMARY

=0.10. :
' . . For the samples of YB&u;_,Ni,O;_s (x=0.00, 0.02,
In order to conﬁrm the effect op(O) dgrmg high- 0.05, and 0.1pprepared in 1-atm oxygen atmospherale-
temperature annealing, we a_ttemRted ann_eallng treatments ﬂ)r}—:ndence off . was similar to the previously reported data.
different atmospheres, i.e., in i) and in a mixture of These as-synthesized samples were annealed at temperatures

80% Ar—20% Q gases at 2000_a}tmv) for x=0.10. It is higher than 800 °C in various atmospheres,(hir and 400-
expected that the decomposition temperature become

higher, when theg(O,) is higher. Therefore, we chose the atm @), and subsequently well-oxygenated below 550 °C.

temperatures of 900 and 1000 °C for the annealing treat'?‘t a fixed x, the values ofT, decreased with decreasing

ments (iii) and (iv), respectively, to accelerate the cation P(Oy) during high-temperature annealing, keeping lattice pa-

movement. In the obtained samples, no decomposition Waréameters and oxygen contents almost unchanged. This sug-

detected in XRD. Figure () shows the XRD data of the ges'ijs lt\lhe anneaflmg trﬁatment ‘f’“ lOVmSZ) moves su_tl)_rs1tl-
obtained samples. In the peak position for 006, 020, and 206Jte | atoms rom the Qa) site t‘.) the C() one. The
reflections, no appreciable difference from other samplegre.Sent _work prowaes anew technique to control the occu-
with x=0.10 given in Figs. (8) and Xb) is seen, indicating Pation site of substituted Ni in YB&0;_ ;.

no difference in lattice parameters. The temperature depen-
dence of dc magnetic susceptibility of these samples are plot-
ted in Fig. 3c). Systematic decrease T of samples with This work was supported by the New Energy and Indus-
x=0.10 is observed with decreasimgO,) during the an- trial Technology Development OrganizatighEDO) as a
nealing treatments, as is plotted in Fig. 4. Here, the highegtart of its Research and Development of Fundamental Tech-
p(O,) is examined in the treatmefiv). The p(O,) for the  nologies for the Superconductor Applications Project under
as-synthesized condition, i.e., 1 aftfflowing oxygen, is the New Sunshine Program administrated by the Agency of
higher than that in the treatmefiii ), i.e., 0.2 atm. The oxy- Industrial Science and Technologies M.I.T.l. of Japan.
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