
PHYSICAL REVIEW 8 VOLUME 41, NUMBER 7
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The effect of the substitution of 3d metals (Fe, Co, Ni, and Zn) for Cu in a high-temperature su-

perconductor Bi2(Sr,Ca)3Cu20~ was investigated by measuring lattice constants, dc resistivity, Hall

effect, and magnetic susceptibilities in normal and superconducting phases. For all kinds of impuri-

ties, within the composition range where the single-phase samples are synthesized, the supercon-

ducting transition temperature T, was found to decrease with increasing impurity concentration.
Even nonmagnetic Zn was found to decrease T„as well as, magnetic Fe, Co, and Ni, without

changing the hole concentration. These behaviors cannot be explained by the Abrikosov-Gorkov
theory for conventional BCS superconductors. Possible explanations are discussed.

I. INTRODUCTION

In the copper-oxide-based superconductors, many
studies have been done on the effect of the substitution by
impurities on the physical properties. In particular, the
substitution of 3d metals for Cu is expected to provide
important information on the pairing mechanism of
high-temperature superconductivity. For instance, by
the substitution of Fe for 5% of Cu in I-BazCu30~ system
(L =Y or some of the lanthanides, hereafter we shall call
them 1:2:3 compounds), the superconducting transition
temperature decreases by 40 K. Other 3d metals de-
crease r, by almost the same magnitude. Furthermore,
the substitution of Zn, which has the closed d shell, de-
creases T, the most. Thus, it is expected that an unusual
mechanism for the pairing may exist in high-T, Cu ox-
ides.

However, the substitution in 1:2:3compounds induces
a large change of the carrier density, which is most prob-
ably due to the existence of the CuO chain. Further-
more, the existence of two kinds of Cu sites makes the
problem much more complicated. Thus, it still remains
an open question of whether the effect of the impurity,
that is, the pair breaking by magnetic or nonmagnetic
impurities, exists in high-T, superconductors or not.

Biz(Sr,Ca)3CuzO» (Ref. 8) (hereafter we shall call it the
Bi-Sr-Ca 2:2:1:2phase) is another material which shows
superconductivity above liquid-nitrogen temperature.
This material has only one kind of Cu site, and the oxy-
gen deficiency during a heat cycle is very small. Thus, it
is expected that the Bi-Sr-Ca system is a more appropri-
ate candidate for the study of substitution experiments in
the Cu site. In this paper, we shall present the results of
the experiments on the effect of the substitution of 3d
metals for Cu in the Bi-Sr-Ca 2:2:1:2phase (T, =80-K
phase). For all kinds of impurities, within the composi-
tion range where the single-phase samples are syn-
thesized, the superconducting transition temperature T,
was found to decrease with increasing impurity concen-
tration. Even nonmagnetic Zn was found to decrease T,
as well as magnetic Fe, Co, and Ni without changing the

hole concentration. Possible explanations on these re-
sults are presented.

II. EXPERIMENTS

In previous work' it was revealed that the supercon-
ducting 80-K phase Bi-Sr-Ca-Cu-0 system can be ob-
tained most easily at z =0.4 in Biz(Sr, ,Ca, )3CuzO» solid
solution. Therefore, we adopted Biz(Sro 6Ca04)&CuzO» as
the basic material for the substitution. The samples of
Biz(Sro 6Cao ~)3(Cu, „M„)zO (M=Fe, Co, Ni, or Zn)
were prepared by conventional solid-state reaction
methods from BizO„SrCO3, CaCO3, and Fez03 (or CoO,
NiO, and ZnO) powders (purity 99.99%%u&). Typical
preparation conditions were calcination at 820'C for 12
h, sintering at 860'C for 12 h, and slow cooling in a fur-
nace.

The samples obtained were characterized by x-ray
powder diffraction, the scanning-electron-microscope-
electron-probe-microanaiysis (SEM-EPMA) method,
magnetic-susceptibility measurements, and resistivity
measurements. The Hall coef6cient was also measured
for these samples. For the resisitivity measurements and
Hall-coefficient measurements under the magnetic field of
1.8 T, electrical contacts were made by Dupont 6500
silver paste.

III. EXPERIMENTAL RESULTS

Figure 1 shows the lattice constants of Fe-doped and
Co-doped samples determined by the powder x-ray
diffraction method. Up to x =0.06—0.08 for Fe doping,
0.10 for Co doping, 0.015 for Zn doping, and 0.02 for Ni
doping, all peaks can be indexed with the 2:2:1:2phase of
Bi-Sr-Ca compounds. When x exceeds these values,
diffraction peaks of the impurity phases appear. As is
shown in Fig. 1, the e parameter decreases very slightly
with increasing x. Thus, it is expected that the oxygen
content increases with increasing x. However, what is
important is the concentration of mobile holes, which can
be monitored by the Hall coe%cient. The result of the
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Hall-coefficient measurements will be given later.
Here it should be noted that the crystal structure does

not change by the doping of impurities. Since the impuri-
ty concentration of the current interest is very small, it is
almost impossible to decide the precise impurity dopant
concentrations even by the SEM-EPMA method. How-
ever, the SEM-EPMA observation of these samples
showed that there is almost no separation of other phases
at the grai'n boundaries for the samples whose x-ray
diffraction patterns showed no impurities. This demon-
strates that the impurities are uniformly doped into crys-
tals.

Figure 2 shows the magnetic susceptibility of
Biz(SrpsCa04)3 (Cu, „Fe„)zO» below and near T, . It
shows that the transition temperature T, (defined by the
temperature at which the Meissner signal begins to ap-
pear) decreases progressively with x, and the absolute
value of the Meissner signal also decreases. The Meissner
signal of the sample with x =0.10 shows almost the same
behavior as that of the sample with x =0.08 and has the
same T, . This corresponds to the fact that the samples
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FIG. 2. The Meissner effect of the Fe-doped Bi-Sr-Ca 2:2:1:2
samples.
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with x larger than 0.08 cannot be single phase. In the
same manner, it was revealed that single-phase samples
can be obtained up to x =0.10 for Co, x =0.02 for Ni,
and x =0.015 for Zn.

Figure 3 shows the temperature dependence of the
resistivity of the Fe-doped samples. Every sample shows
the T linear dependence characteristic of Cu-oxide-based
superconductors, and the resistivity increases with in-
creasing x. On the other hand, the transition tempera-
ture decreases with increasing x up to 8%. With further
increasing x, T, ceases to change. This corresponds to
the change in the Meissner effect as a function of the Fe
composition, and is also consistent with the result of the
powder x-ray diffraction. Thus, it can be said that the su-
perconducting transition temperature decreases by the
doping within the compositional range where the single-
phase samples can be synthesized in the Bi-Sr-Ca 2:2:1:2
system. . In Fig. 3, the magnitude of the resistivity contin-
ued to increase in the compositional range where T,
ceases to depend on the impurity concentration. Thus,
the increase of the resistivity in the normal state is likely
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FIG. 1. The lattice parameters of (a} Fe-doped and (b) Co-
doped Bi-Sr-Ca 2:2:1:2samples determined by the powder x-ray
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FIG. 3. The temperature dependence of the dc resistivity of
the Fe-doped Bi-Sr-Ca 2:2:1:2samples.
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y( T) =go+ C/T,
C =Np', rrpjr l(3k' ),

(3.1)

(3.2)

where go is the temperature-independent term, N is the
number density of the impurity atoms. In the Bi-Sr-Ca
2:2:1:2system, even the susceptibility of undoped materi-
als shows complicated temperature dependence. ' ' "
However, when seen in the scale of current interest, we

to be due to grain boundaries. Almost the same behav-
iors were observed in the case of Co, Ni, and Zn doping.
We also tried the Ga substitution. However, in this case,
Ga did not substitute at all.

Figure 4 shows the superconducting transition temper-
ature T, versus x for the samples doped with Fe, Co, Ni,
and Zn. As was mentioned above, within the composi-
tion range where the single-phase samples were obtained,
T, decreases with increasing x. On the other hand, in the
range of x where the single-phase sample cannot be ob-
tained, T, ceases to change with increasing x. Thus, the
decrease of T, seems to be caused by the substitution of
the 3d atoms. For comparison, we also prepared the Cu-
deficient samples Bi2(Sro 6Cao 4) 3 (Cu, „Q„)zO» (0=Cu
vacancy}. In this case, T, changes only very slightly.
This strongly suggests that the change of T, is not due to
the deficiency of Cu but really due to the substitution of
31 metals for Cu. It should be also stressed that the sub-
stitution of Zn, which has a closed d shell, also decreases
T, as well as Fe, Co, and Ni.

Figure 5(a} shows the magnetic susceptibility in
Bi2(Sro 6Cao 4)3(Cu, „Co„)20» in the normal state. It
clearly shows the existence of local magnetic moments.
A small kink observed in x =0.02 and 0.04 samples is
due to the Meissner effect by the very small amount of
the 2:2:2:3 phase, which was not detected by other
methods of characterization. With increasing x, the
Curie-like component increases monotonically. Thus, it
is clear that the local moments are due to the Co ions
substituted in the Cu site of Bi-Sr-Ca.

We assume that the susceptibility g( T) can be ex-
pressed as
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can regard the susceptibility of undoped material almost
independent of temperature. Figure 5(b) shows the in-
verse of the susceptibility as a function of the tempera-
ture, together with curves obtained by the fitting to Eq.
(3.1).

Figure 6 shows the obtained Curie constants for Fe-
doped and Co-doped samples. From the gradient of this
plot, we obtained the effective numbers of the Bohr mag-
neton p,&=3e6 for both Fe and Co in the single-phase
samples. It is a delicate problem to determine the spin
state of the doped impurities from the experimentally ob-
tained p,&. Thus, in the present experiment we cannot
definitely understand the magnetic states of Fe and Ni.
What is definite from the result of Fig. 6 is that Fe and
Co are substituted magnetically for Cu.

For Ni-doped samples, as is shown in Fig. 7(a), suscep-
tibility increases with increasing impurity concentration
up to the critical value of x above which the single-phase
sample cannot be obtained. However, the x region of the
single phase is limited too much to obtain p,z. On the
other hand, the effect of the Zn substitution is quite
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FIG. 4. The superconducting transition temperature T, as a
function of the impurity concentration for Fe-, Co-, Ni-, and
Zn-doped samples. The result for the samples with nominally
Cu-deficient composition are also included.

FIG. 5. (a) Magnetic susceptibility in the normal state for the
Co-doped Bi-Sr-Ca 2:2:1:2samples. (b) The inverse of the mag-
netic susceptibility of the same sample as a function of tempera-
ture, together with the fitting curve to Eq. (3.1}.
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different from others. As is shown in Fig. 7(b), with the
Zn substitution the normal-state susceptibility barely
changes and, rather, it tends to decrease with x in the x
region of single-phase samples. Therefore, we can con-
clude that the substituted Fe, Co, and Ni atoms really
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FIG. 8. The temperature dependence of the Hall coeScient
of the Fe-doped Bi-Sr-Ca 2:2:1:2samples.

have localized magnetic moment and .the Zn ion is non-
magnetic in Bi2(Srp 4Cap 4}&(Cu, „M„)iO». Thus, the re-
sults in Figs. 4, 5, and 7 clearly show that the decrease of
T, by the substitution is almost the same for impurities
with magnetic moments and for those without magnetic
moments. This is highly unusual in terms of the ordinary
Abrikosov-Gorkov (AG) theory developed for conven-
tional Bar deen-Cooper-Schrieffer (BCS) superconduc-
tors.

Figure 8 shows the temperature dependence of the Hall
coefficient RH in Bi2(Srp &Cap 4)&(Cu, „Fe„)20». The
change of RH with x is very small and much smaller than
that in the case of the 1:2:3coinpounds, and also than
that in the L substituted Bi-Sr-Ca." ' This is shown
more clearly in Fig. 9, where RH at 300 K is drawn as a
function of the impurity concentration for Fe-doped and
Co-doped samples. VA'thin the experimental error, RH
does not depend on the impurity concentration. It was
also found that this applies to the substitution of Ni and
Zn (not shown as a figure). In the case of Ni and Zn dop-
ing where T, decreases by 15 K, they were substituted up
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to only 1.5 —2.0%. Thus, there may remain a suspicion
that the change in R~ was not detected in this experi-
ment. In the case of the L substitution for the 2:2:1:2sys-
tem, R~ at room temperature changes from 1.4X10
cm /C to 2.4X10 cm /C, when T, changes from 80 to
65 K.' If the change in T, was caused mainly by the
change in the hole concentration, R& should change in
almost the same amount, which can be detected in the
present experimenta1 precision. However, the present ex-
perimental result shows that the change in R~ (if there is

one) is much smaller than this value. Thus, we can say
that Rtt is also unchanged by Ni and Zn doping. Empiri-
cally, in the Bi 2:2:1:2 system the inverse of the Hall
coefficient roughly scales with the hole concentration. '

Thus, we can regard the Hall coeScient as a barometer of
the hole concentration. Then, the present result demon-
strates that the carrier number does not change with the
substitution.

IV. DISCUSSION

The above results clearly show that 31 impurities were
certainly substituted for Cu without changing the crystal
structure. From the magnetic susceptibility measure-
ment in the normal state, Fe, Co, and Ni are found to be
magnetic when substituted in the sample, whereas Zn was
confirmed to be nonmagnetic. For all kinds of impurities
that were investigated, within the compositional range
where single-phase samples were synthesized, the super-
conducting transition temperature T, was found to de-
crease with increasing impurity concentration. From the
Hall-coefficient measurements, however, the hole concen-
tration was found to be unchanged by the doping. On the
other hand, the doping of Y, Lu, or Tm changes Rz by a
factor of 2 when T, decreases from 80 to 40 K." ' As
was already pointed out above, in the 1:2:3compounds,
substitution induces a large change in carrier density in
many cases. In particular, substitution of Zn, which is
nonmagnetic, drastically decreases T„which is associat-
ed with the large increase of the carrier number. '
Therefore, we cannot tell whether the decrease of T, is
the direct effect of the substitution or is caused indirectly
through the change of the carrier density. To our
knowledge, there is only one exception, the doping of
Ni. ' Ni is thought to be substituted for Cu on the Cu02
plane in the 1:2:3compounds. ' By the doping of Ni up
to 10%, T, decreases from 92 to 60 K, whereas the Hall
coefficient remained unchanged with l. 1 X 10 cm /C at
100 K. Based on this result, Clayhold et al. ' concluded
that the origin of the decrease in T, caused by Ni doping
in the 1:2:3compounds is different from that caused by
other impurities like Co, which is substituted in the CuO
chain and induces a large change in R&. The present ex-
periment shows very clearly that the decrease of the T, in
the Bi-Sr-Ca 2:2:1:2system caused by the doping of 3d
impurities is a direct effect of the impurities. In other
words, T, decreases by the pair-breaking effect due to
magnetic and nonmagnetic impurities.

The experimental results of the magnetic susceptibility
in the normal state clearly shows that the magnetic states

are different between the two groups (Fe, Co, Ni) and Zn.
On the other hand, the decrease of T, with the substitu-
tion is almost the same between the two groups in the
single-phase regions. This may exclude the possibility
that the decrease of T, is caused by the simple magnetic
impurity effect proposed by Abrikosov and Gorkov for
the BCS-type superconductors. From these arguments, it
can be said that the conventional AG theory does not ap-
ply to high-T, superconductors. This may indicate that
the pairing mechanism of the high-T, superconductor is
fairly different from the conventional one.

Here it should be noted that the magnitude of the
Meissner signal decreases with decreasing T, . Nakami-
chi et al. ' showed that this is not due to the local de-
struction of superconductivity around the doped impuri-
ties. According to their NMR and Mossbauer experi-
ments, the doped impurity is considered to strongly affect
the antiferromagnetic spin correlations. It has been
established that the superconducting phase of high-T, su-

perconductor is located close to the antiferromagnetically
ordered phase. ' Even in the sample exhibiting supercon-
ductivity, the large-scale spin fluctuation was observed in
the normal state. ' If we assume that the attractive in-
teraction is mediated by the magnetic fluctuation, we can
imagine that the doping of the impurity with magnetical-
ly different spin configurations may strongly affect the
pairing interaction, irrespective of whether the doped im-
purities are magnetic or nonmagnetic. However, if this is
the case, it may be expected that the magnetic moment
increases, even for the Zn doping, because the fluctuation
of Cu spins is expected to be suppressed. However, the
present experimental result is in sharp contrast to the ex-
pectation from the simple discussion above. It should
also be noted that in Fe-doped and Co-doped samples the
magnetic moment is thought to be due to the doped ions,
as was already discussed. Thus, the simple idea of the
suppression of the spin fluctuation between Cu spins
seems to be unable to explain the decrease of T, .

In conventional BCS superconductors, the randomness
of the periodic potential is known to affect the supercon-
ductivity as a result of the higher-order interaction.
This kind of decrease in T, should also be examined
theoretically for oxide superconductors, as is already be-
gun by Coffey and Cox.

Nothing has been mentioned above on the effect of 3d-
metal substitution in the (La,Sr)2CuO~ system (2:1:4sys-
tem) because of the absence of the comprehensive study
on the physical properties. In the early work by
Hasegawa et al. ' and by Tarascon et al. , it was found
that T, also decreases by the doping of Zn in this system.
Park et al. reported that the Hall coefficient remained
constant with increasing impurity concentration for Fe,
Co, and Zn. All of these are similar to the results report-
ed above. However, the normal susceptibility was report-
ed to increase even for Zn doping, which is different
from the present experimental result in the Bi-Sr-Ca
2:2:1:2system. Further studies are necessary to resolve
this controversy.

At present, the detailed mechanism of the suppression
of T, in the present experiment is quite puzzling. Phe-
nomenologically, however, it can be said that there are
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three routes to change T, in Bi-Sr-Ca system. One is the

T, change with the change of the number of Cu02 sheets.
In this case, "the plasma frequency" in the infrared
re6ection spectrum increases with the increasing number
of Cu02 sheets. ' ' The second case is the change in T,
with the change of the hole concentration. In this case,
the Hall coeScient changes, whereas "the plasma fre-
quency" does not change. ' ' In the third case, which is
the present case, neither the plasma frequency nor the
hole concentration changes. Thus, it can be said that the
decrease of T, observed in this study is due to the effect
of the impurity. In this sense, the Bi-Sr-Ca 2:2:1:2system
is much more appropriate than the 1:2:3compounds for
the study of the effect of the impurities in the Cu02
plane.

V. CONCLUSION

The effect of the substitution of 3d metals (Fe, Co, Ni,
and Zn} for Cu was investigated for the Bi-Sr-Ca 2:2:1:2

system. For aH kinds of impurities, within the composi-
tion range where the single-phase samples were syn-
thesized, the superconducting transition temperature T,
was found to decrease with increasing impurity concen-
tration. Even nonmagnetic Zn was found to decrease T,
as well as magnetic Fe, Co, and Ni, without changing the
hole concentration. These features are quite different
from those expected by the conventional AG theory.
Thus, this may indicate that the pairing mechanism in
cuprate superconductors is quite different from those in
conventional BCS superconductors.
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