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The fluctuation conductivity above T, was measured in (Bi,Pb)-Sr-Ca-(Cu& „,Ni„)-0 superconductors
having the 110-K phase. The temperature dependence of the paraconductivity can be described by a

power law following Aslamazov-Larkin theory. For nondoped (x =0) samples, the conductivity data
show a two-dimensional fluctuation of the order parameter, whereas Ni-doped samples show lower-

dimensional fluctuations and reduced widths of the resistive transition. The critical exponent of the

power law and its amplitude are well correlated with T„which decreases monotonously with increasing
x up to -0.02 and then saturates around 90 K over the range 0.02%x &0.1. The observed crossover
from two- to one- (or lower-) dimensional behavior with increasing Ni dopant level may be related to a
fractal nature for the system. The T, reduction of the present system is discussed from the standpoint of
pair-breaking effects induced by the Ni doping.

I. INTRODUCTION

Op Op

where cr(T) is the temperature-dependent conductivity
measured, cr„(T) is the normal-state conductivity to be
deduced from cr( T) data at higher temperatures, o o is the
conductivity at some high temperature without the fluc-

Series of high-T, oxide systems commonly show two-
dimensional (2D) characteristics in both normal and su-
perconducting properties, with large anisotropy between
in-plane and out-of-plane directions. ' It is well known
that measurements of the fluctuation conductivity above
T, (the paraconductivity) afford direct information on the
dimensionality of the order parameter. Such studies are
very useful for the cuprate superconductors where fluc-
tuation effects can readily be observed even in bulk sarn-
ples because of the extremely short coherence length.
Experimental results for several of the oxide systems sup-
port the 2D fluctuation of the superconducting order pa-
rameter, ' though other results suggest crossover of
the dimensionality from 2D to 3D (Refs. 11—14) or even
3D behavior. ' ' Recent studies on high-quality sam-
ples have indicated that the paraconductivity is basically
3D in Y-Ba-Cu-0 (YBCO) type compounds's and 2D in
Bi-Sr-Ca-Cu-0 (BSCCO) or Tl-Ba-Ca-Cu-0 related com-
pounds with the crossover from 2D to 3D near T, . ' '

The paraconductivity is generally discussed on the
basis of the Aslamazov-Larkin (AL) and Maki-Thompson
(MT) theories. ' For a high-T, superconductor, however,
the latter contribution can be neglected because of large
depairing effects due to strong phase breaking scattering
inherent in these kinds of materials. ' On this assump-
tion, we can analyze the paraconductivity o. ' of high-T,
oxides in terms of a simple power law

cr(T) cr„(T)—

tuation (300K), rl=ln(T/T, ) [-(T T, )t'T, —] is the re-
duced temperature, and C and n are treated as adjustable
parameters. We have included the critical exponent n in
the amplitude of the power law, which would make it
possible to express parameter C in a unified way among
systems with different fluctuation dimensionality. In Eq.
(1) n is related to the dimensionality D of the order pa-
rameter, such that

(2)

In most cases the paraconductivity for high-T, materials
has been well described by the AL theory, or alternative-
ly by the Lawrence-Doniach (LD) theory for layered su-
perconductors in which only the AL process of the fluc-
tuation is taken into account.

We have recently reported the effects of Ni substitution
for Cu in the 110-K "2:2:2:3"phase of (Bi,Pb)-Sr-Ca-Cu-
0 compounds, and found that the T, of the system
reduces linearly for small Ni concentrations (x &0.03)
and then saturates around 90 K for higher dopant levels
(0.03 ~x ~0.1). This behavior is qualitatively similar
to that observed in Ni-doped BSCCO samples within the
80-K "2:2:1:2"phase. Comparing the effects of Ni dop-
ing between the two phases, we have deduced that Ni in
our present system substitutes in place of Cu not only in
the pyramids but also the central Cu-O sheet. In this cir-
cumstance it is of interest to investigate the effects of the
Ni substitution on the dimensionality of the order param-
eter. Experimental data were analyzed within the AL
theory to determine the conduction dimensionality. The
present results show a crossover of dimensionality with
increasing Ni concentration.

II. EXPERIMENTS

The samples under study were prepared by the usual
solid-state reaction with starting molar ratios
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[Bi]:[Pb]:[Sr]:[Ca]:[Cu]:[Ni]
= 1.84:0.34:1.91:2.03:3.06(1—x):3.06x .

Methods of sample preparation and characterization
have been described previously. Here we simply give a
summary of our structural analyses. The 110-K phase
was uniquely obtained up to x =0.015, beyond which the
80-K phase appears and grows with increasing x, the
volume fraction between the two phases becoming com-
parable at x=0.1. For x ~0.06 some impurity phases
were also detected. From x-ray photoemission studies,
the Cu 2p peak position was found to shift towards the
lower-energy side, while peaks for other atoms remained
unchanged, indicating that Ni substituted for Cu only.
The temperature dependence of the resistance in each
sample was measured in detail using a fully automatic
cryostat system equipped with a 10-K refrigerator. A
platinum resistor was used as temperature sensor. The
temperature scanning rate was slow enough (-1 K/min)
to reproduce the resistance data with thermal cycling.
The sample resistance was measured at every 0.15 K near
T, and 0.7 K for higher temperatures by means of a dc
four-probe technique with a constant current of 1 mA,
and then transformed into the resistivity by referring its
value to that obtained by the van der Pauw method at
room temperature.

III. RESULTS AND ANALYSES

In Fig. 1 we show the temperature dependence of the
resistivity for our pure (x=0) and Ni-doped BSCCO
compounds. All the samples measured here show linear
temperature dependence of the resistivity above 150 K, as
indicated by the solid lines expressed as p„(T)= AT+ B,
where values of constants A and B are determined so as
to fit the experimental data. The following method has
been adopted to determine the values of these parame-
ters. Choosing randomly one data point (T„p,) between
180 and 230 K and another point (T2,p2) between 230
and 280 K we produce a set of values for A and B. This

procedure is repeated a thousand times using a personal
computer, and then values of A and B are obtained by
taking the simple algebraic average. We have found that
the present method gives more systematic results than a
least-squares fitting. The deviation from the extrapolated
linear dependence of p„(T) can be regarded as the excess
conductivity due to the thermal fluctuation effect on the
superconducting order parameter.

Determination of T, is perhaps the most important
problem in the analysis of the paraconductivity. The fol-
lowing three methods have been used for high-T, super-
conductors: T, is defined as a temperature (1) at which
the resistivity of a sample vanishes or becomes a half of
its normal-state value; (2) at which the temperature
derivative of the resistivity dp /d T has its maximum
value or equivalently d p/dT =0; (3) T, is determined
so as to give the best fitting to the theory. Some authors
have chosen a value of T, by combining these methods.
It is in fact possible to determine the dimensionality
without knowing T, by using the derivative method. ' '

Even with this technique, however, ambiguity still exists
in the exponent of the conductivity behavior since data
can be more scattered in derivative plots. While the last
method commonly is used for conventional supercon-
ducting metallic films or alloys, it is not the case for our
high-T, oxides because of the intrinsic ambiguity in the
conduction dimensionality. We have adopted the second
method because of its well-defined nature, as indicated
below. This method has been shown to provide a T,
value very close to the mean-field T, from Eq. (1).

Figure 2 shows the temperature dependence of the
resistivity and its derivative dp/dT near the supercon-
ducting transition for samples with x =0 and 0.08. The
arrows indicate the positions of T, determined in the
above-mentioned way. The paraconductivity can clearly
be seen over a wide range of temperature, particularly in
the case of the nondoped sample. The sharper structure
of the dp/dT vs T relation observed in Ni-doped samples
indicates a narrower resistive transition width, thereby
implying the suppression of the fluctuation.

In order to investigate the influence of the choice of T,
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FIG. 1. Temperature dependence of the resistivity for
(Bi,Pb)-Sr-Ca-(Cu, Ni )-0 samples with x =0, 0.015, and
0.08. The solid lines represent the fitting form to the resistivity
p„(T)= AT+B. The broken lines define the two regions from
which p„( T) is determined (see the text).

FIG. 2. Temperature dependence of the resistivity p and its
derivative dp/dT near T, for (Bi,Pb)-Sr-Ca-(Cu, „,Ni„)-0 sam-

ples with x =0 and 0.08. The solid lines represent p„(T). T, is
defined from the criterion d p/dT =0, and is indicated by ar-
rows.
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TABLE I. Parameter values for the normal-state resistivity and the paraconductivity in (Bi,Pb)-Sr-Ca-(Cu& „,Ni„)-0 systems. n,
C, and T, are plotted against x in Fig. 5.

0
0.005
0.010
0.015
0.020
0.040
0.060
0.080
0.100

A =dp„/dT
( pQcm/K)

3.37
3.56
3.46
3.86
4.04
4.47
4.14
4.73
4.56

B=p„(0)
(mQ cm)

0.219
0.331
0.273
0.351
0.467
0.530
0.387
0.442
0.413

p„(300)
(mQ cm)

1.23
1.40
1.31
1.51
1.68
1.87
1.63
1.86
1.78

T.
(K)

105.6
101.3
100.9
98.8
93.8
92.5
89.7
90.1

91.9

1.10
1.20
1.25
1.40
1.42
1.60
1.90
1.80
1.82

0.0210
0.0180
0.0163
0.0120
0.0128
0.0064
0.0044
0.0054
0.0047

CT /CTO

(7I=0.1)

0.239
0.238
0.231
0.214
0.237
0.159
0.285
0.189
0.172

on the conductivity analysis, we show in Fig. 3 log-log
plots of the normalized conductivity o'/oo and the re-
duced temperature r), where oo is a value of the canduc-
tivity at 300K obtained from the relation
p„(T)= AT+8. The results have been shown for a non-

doped sample in the cases of three different T, determina-
tians. The criteria used are (a) p=0, (b) d pldT =0, and
(c) p=p„j2, giving T, values 103.5, 105.6, and 106.6 K,
respectively. The case for the criterion (b) gives the best
adherence to the theoretical prediction Eq. (1) over the
widest temperature range. Furthermore, the data for (b}
closely corresponds to the case when the T, is treated as
a free parameter (the best-fitting value being T, = 105.8K)
in the 2D AL theory portrayed by the solid line in Fig. 3.
As has been pointed out, '~'s the results for ln rI ) —3 are
not so sensitive to the choice of T, provided that values
of T, do not differ by much.

The effects of the Ni substitution upon the paraconduc-
tivity are shown in Fig. 4, where the data have been
displayed in a similar manner to Fig. 3. The solid lines

have been obtained from Eq. (1) by choasing values of n
and C so as to fit the data over the temperature range of
—3.5 ~ lng ~ —1.5, where results do not depend too sen-
sitively on the procedures to determine either T, or
p„(T). In this temperature region all the samples show
conductivity data describable by Eq. (I). Values of T„n,
and C in each sample are listed in Table I together with
parameters for the normal-state resistivity. At tempera-
tures outside the above range of lnrj the data for all the
samples fall below the theoretical lines, which might indi-
cate a crossover of conduction dimensionality. However,
it ought to be noticed that the sitnple power law of the
AL theory can no longer hold in the region very close to
T„nor again at much higher temperatures. For in-
stance, in the former region interaction among Cooper
pairs becomes important, while in the latter case terms
other than Eq. (1) can modify the conductivity, neither of
which circumstance is considered in simple AL theory.

As indicated in Fig. 4 the theoretical line for the sam-
ple with x =0 has the slope n =1.1, very close to the 2D
fluctuation case (n=1} for the orde parameter. Sum-
marizing experimental results for the paraconductivity so
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FIG. 3. Log-log plots for the reduced paraconductivity
o '/oo vs the reduced temperature g=ln( T/T, ) for an undoped
(Bi,Pb)-Sr-Ca-Cu-O sample, indicating influence of the choice of
T, on the data. cro is the value of the conductivity at T=300 K.
The criteria to determine T, are (a) p=0, (b) d p/dT =0, and
(c) p=p„/2, giving T, values indicated in the figure. The solid
line represents the 2D AL theory Eq. (1) with n =1 and
C =0.024.

In/

FIG. 4. Log-log plots for the reduced paraconductivity
cT /cTO vs the reduced temperature TI for (Bi,Pb)-Sr-Ca-
(Cu& „,Ni„)-0 samples with x =0, 0.015, and 0.08. The solid
lines represent the theoretical expression (1) fitted to the experi-
mental data in the range —3.5 5 lnq ~ —1.5. Parameter values
are listed in Table I.
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far reported, YBCO compounds show 2D or 3D Auctua-
tion depending on the nature of samples, while BSCCO
or Tl-Ba-Ca-Cu-0 materials (in both higher- and lower-

T, phases) have a 2D-like behavior even in polycrystal-
line samples. Clearly the latter materials having larger
anisotropic character to their electronic properties show
more marked 2D behavior. Our results for @=0 are
therefore consistent with those observed by others. With
regard to the Ni-doped samples it is obvious that the neg-
ative slope becomes steeper with x, indicating rapid de-
velopment of lower-dimensional fluctuations. The
theoretical lines for samples with different x tend to inter-
sect at a point near g=0. 1 where o.'/ao has nearly the
same values, as listed in Table I. This behavior is quite
different from that in Fig. 3, and indicates that the
changes in the slope cannot be a consequence of the
choice of T, nor p„(T) either. The values of C also de-
crease rapidly with increasing Ni concentration,

IU. DISCUSSION
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FIG. 5. Dependence of T„n, and C on the Ni concentration
x obtained from the analyses of the paraconductivity for
(Bi,Pb)-Sr-Ca-{Cu& „,Ni„)-0 samples. The broken line indi-
cates a linear reduction in T, over the range 0 ~ x ~ 0.02.

The present analysis of the paraconductivity shows sys-
tematic changes in both the critical exponent and the am-
plitude for the Ni-doped BSCCO system. In Fig. 5 we
display values of n and C as a function of x, and compare
these with T, variations for the system. There are close
correlations among the parameters. Although the depen-
dence of T, on x is not quite the same as in our previous
paper in which T, was determined from the zero-
resistance criterion, its main features remain unchanged.
With increasing x, T, decreases monotonously in the re-

gion up to x-0.02, beyond which T, has a constant
value of around 90 K. It is to be remembered that n is re-
lated to D via Eq. (2). In the AL theory values of D may
be thought meaningful only for integers 1, 2, or 3, corre-
sponding to n =—'„1,or —,', respectively. (It might be pos-

sible to include the case of D=O and n=2 for systems
with fine particles. ) However, it has been shown that

Eq. (2) can be generalized to embrace noninteger values
of the dimensionality for inhomogeneous or granular su-
perconductors. There exists some experimental support
for such a fractal description in the high-T, oxides.
In our case n increases with x, having a value around —',

(1D behavior) at x=0.02, and tending to saturate be-
tween —', and 2 (possibly OD) at higher dopant levels.

Ying and Kwok have reported that YBCO films can
show 1D behavior in the paraconductivity in the region
close to T„and that the results can be recognized as be-
ing due to the imperfection of the 20 character in the
system. The conduction behavior with even lower dimen-
sionality of order parameter observed in our samples
probably is due to a percolative transport being induced
by the Ni doping. This interpretation suggests that Ni
must substitute for Cu ions not only in the pyramids (as
in "2:2:1:2")but also in the central square planar Cu-0
array.

In the AL theory the temperature-independent ampli-
tude g depends on the characteristic size of sample
dimensionality, so that the question might arise as to
whether it is meaningful to compare the magnitude of C
among samples having fiuctuations of different dimen-
sionality. However, it is to be noted that our results for
the amplitude and the transition width are self-consistent.
The magnitude of C can be regarded as a parameter
which gives the resistive transition width associated with
the fluctuation. Accordingly, the addition of Ni shar-
pens the resistive transition, as can be seen in Fig. 2, by
suppressing the thermal fluctuation of the order parame-
ter. This result is directly in line with the magnetic im-
purity effects in standard superconductivity, which can
give rise to a significant depression in the paraconductivi-
ty as we11 as in T, itself due to their pair-breaking
eScacy. In a conventional 2D superconductor depairing
effects have been introduced through the so-called pair-
breaking parameter included in the MT term. It has been
shown theoretically that magnetic impurities will affect
the paraconductivity due mainly to suppression of the
MT term. ' However, we do not expect a significant con-
tribution from the MT term in our paraconductivity
data, even in nondoped samples, because there is no indi-
cation for the n=0 behavior that provides direct evi-
dence for a 2D MT contribution.

Some authors have discussed the magnitude of the am-
plitude of the power 1aw, which in genera1 depends on the
sample quality. A possible explanation for this may be
nonuniform current flow caused by sample inhomogenei-
ty." Systematic changes in the amplitude and the ex-
ponent similar to the present results have been reported
by Pureur et al. in their study of the resistive transition
for YBCO-type materials with inhomogeneities. They
have shown such systems to have a critical exponent be-
tween 1 and —,', and that the exponent becomes larger for
the case of smaller amplitude, while T, is independent of
either of them. A similar correlation between the ampli-
tude and the exponent may then be expected in other
samples of fracta1 nature.

The present system includes some lower-T, phase for
x 0.02, and hence there is the possibility that this phase
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may have some inhuence upon the dimensionality of the
order parameter. In fact p( T) behavior reported by Pod-
dar et al. indicates that an undoped BSCCO sample
mainly in the 110-K phase indeed shows paraconductivi-
ty over a wider range of temperature than that having
both 80- and 110-K phases. From the following reasons,
however, we conclude that our main results are not sim-

ply due to inclusion of the lower-T, phase: (i) Values of n

and C change significantly already in the region
O~x ~0.02 where the samples are thought to be single
phase having sharp T, values larger than or around 100
K; (ii) If T, for the second phase is assumed to be 80 K,
then the condition lnq~ —1.5 under which the Auctua-
tion effects are not important is operative for T ~ 100 K;
(iii) As can be seen in Fig. 3, the choice of a T, value
higher than that of the real T, would cause a less steep
negative slope and hence a higher-dimensional conduc-
tion, the opposite to what we have obtained in our sys-
tem.

Next we would like to comment on the T, reduction
for our system from the standpoint of magnetic depair-
ing. According to the Abrikosov-Gor'kov theory for a
BCS superconductor, T, can be expressed as

Tco
ln

C

r—+
2 27Tkg Tc

1

2
(3)

where T,~ is the value of T, in the absence of magnetic
impurities, f is the digamma function, and I is the pair-
breaking parameter proportional to the magnetic impuri-
ty concentration. This formula gives the initial reduction
in T, as being linear in I: T, /T, c-l (nI/4k~—T,c)..
The results for T, vs x shown in Fig. 5 and also those in
our previous paper support such a linear reduction over
the dopant range O~x &0.02. The saturation of T, for
higher x almost certainly results from the solubility limit
x, of Ni in the host material, which is roughly estimated
as x, -0.02. Beyond this value addition of Ni then is
much less effective in suppressing superconductivity,
both in 80- and 110-K phases. The above consideration
is based on the magnetic impurity effect within standard
BCS theory. A calculation of T, in a system with mag-
netic impurities has recently been made on the basis of a
negative-U model by one of the authors. The results are
qualitatively similar to those in the Abrikosov-Gor kov
theory except that the reduction in T, is much weakened
in a negative-U superconductor. Although a direct com-
parison with the calculation is difficult to make due to a
lack of information on parameter values characteristic of
the negative-U model, relative insensitivity to magnetic
depairing would appear accordingly to be a general result
for high-T, materials with magnetic dopants.

From the above discussion, magnetic depairing effects
due to Ni doping seem to give a satisfactory explanation
of the present results for the reduction in both paracon-
ductivity and T, . However, it is necessary to point out
that pair-breaking effects in the superconducting oxides

are not restricted to magnetic scattering. Ample evi-
dence for phase-breaking scattering from nonmagnetic
impurities and defects comes in systems under atomic
substitution as an upturn in the behavior of p(T) at low
T. This may be attributed to electron localization driven
by the random impurity potential. The localization re-
gime can quickly emerge for La-Sr-Cu-0 and YBCO
compounds having quite small amounts of dopants and
can be seemingly independent of whether impurities are
magnetic (e.g., Ni) or nonmagnetic (e.g., Zn). In
consequence T, in these systems is quickly reduced with
increasing impurity concentration. On the other hand
BSCCO-type compounds are more stable against localiza-
tion effects, in the sense that the resistivity upturn behav-
ior is observed only for systems having much higher
dopant levels. This fact allowed us to model the
normal-state resistivity in the present system by a simple
linear relation p„(T)= A T+B, even though the effects of
disorder are apparent in the fractal nature observed for
the paraconductivity.

The T, reduction in La-Sr-Cu-0 and YBCO via the
seemingly nonmagnetic impurities Zn or Ga can, it
seems, be explained by a model in which these impurities
also effectively behave as magnetic scatterers. There
are a number of experiments indicating that these per-
turbing ions induce magnetic moments in host high-T,
materials. ' It is not clear at the present stage if the
same circumstances will apply to BSCCO systems con-
taining nonmagnetic impurities. Maeda et al. have re-
cently claimed that Zn-doped BSCCO in the 80-K phase
(which has a T, reduction similar to that for the case of
Ni doping) shows no evidence of localized magnetic mo-
ments. Clearly further studies are required to clarify the
role of nonmagnetic dopants in the BSCCO and Tl-Ba-
Ca-Cu-0 —type compounds.

V. CONCLUSION

We have investigated the effects of Ni substitution in a
BSCCO system with the 110-K phase in the fluctuation
regime. The paraconductivity has been analyzed within
the context of the AL theory based on the assumption
that the normal-state resistivity can be expressed as a
simple linear relation and that the T, is determined from
the criterion d p/dT =0. The system shows a crossover
of the order-parameter dimensionality from 2D to 1D or
lower with increasing Ni concentration. The falling
dimensionality could be the result of a fractal nature in-
duced in the system by the impurity doping. Our con-
clusion on the dimensionality cannot be explained by the
existence of the lower-T, phase. The reduction in T, for
small dopant levels can be interpreted in terms of pair-
breaking effects due to magnetic impurities (which are
weaker in negative-U than in conventional superconduc-
tors). The width of the superconducting transition was
found to be decreased by increasing Ni concentration,
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which lends support to the existence of magnetic depair-
ing in the present system. Nonetheless we anticipate for
a local negative-U situation that comparable results will
be obtained through substitution by nonmagnetic ions
Zn + even in better metals like BSCCO, following a more
generalized pair-breaking role. This we intend to pursue.

ACKNOWLEDGMENTS

We would like to thank H. Enomoto and T. Kishirnoto
for their useful discussion as well as sample preparation.
Technical assistance of T. Nomoto and Y. Kawashirna is
gratefully acknowledged.

'Present address: Oyama National College of Technology, 771
Nakakuki, Oyama-shi 323, Japan.

~See, for example, M. J. Naughton, R. C. Yu, P. K. Davies, J. E.
Fisher, R. V. Chamberlin, Z. Z. Wang, T. W. Jing, N. P. Ong,
and P. M. Chaikin, Phys. Rev. B 38, 9280 (1988), and refer-
ences therein.

M. Ausloos and Ch. Laurent, Phys. Rev. B 37, 611 (1988).
S. J. Hagen, Z. Z. Wang, and N. P. Ong, Phys. Rev. B 38, 7137

(1988).
G. Balestrino, A. Nigro, R. Vaglio, and M. Marinelli, Phys.

Rev. B 39, 12264 (1989).
~D. H. Kim, A. M. Goldman, J. H. Kang, K. E. Gray, and R. T.

Kampwirth, Phys. Rev. B 39, 12 275 (1989).
W. Schnelle, E. Braun, H. Broicher, H. Weiss, H. Geus, S.

Ruppel, M. Galffy, W. Braunisch, A. Waldorf, F. Seidler, and
D. Wohlleben, Physica C 161, 123 (1989).

7S. N. Bhatia and R. Walia, Solid State Commun. 75, 415
(1990).

8J. J. Wnuk, L. W. M. Schreurs, P. J. T. Eggenkamp, and P. J.
E. M. van der Linden, Physica B 1654166, 1371 (1990).

M. Akinaga and L. Rinderer, Physica B 1654166, 1373 (1990).
oS. Ravi and V. Seshu Bai, Physica C 182, 345 (1991).
B. Oh, K. Char, A. D. Kent, M. Naito, M. R. Beasley, T. H.
Geballe, R. H. Hammond, A. Kapitulnik, and J. M. Gray-
beal, Phys. Rev. B 37, 7861 (1988).

' M. Carrera, X. Granados, J. Fontcuberta, M. Vallet, and J.
M. Gonzalez-Calbet, Physica C 157, 285 (1989).

' G. Weigang and K. Winzer, Z. Phys. B 77, 11 (1989).
~4T. A. Friedmann, J. P. Rice, J. Giapintzakis, and D. M.

Ginsberg, Phys. Rev. B 39, 4258 (1989).
P. P. Freitas, C. C. Tsuei, and T. S. Plaskett, Phys. Rev. B 36,
833 (1987).
M. A. Dubson, J. J. Calabrese, S. T. Herbert, D. C. Harris, B.
R. Patton, and J. C. Garland, in Novel Superconductivity,
edited by S. A. Wolf and V. Z. Kresin (Plenum, New York,
1987), p. 981.

F. Vidal, J. A. Veira, J. Maza, F. Garcia-Alvarado, E. Moran,
and M. A. Alario, J. Phys. C 21, L599 (1988); F. Vidal, J. A.
Veira, J. Maza, J. J. Ponte, J. Amador, C. Cascales, M. T.
Casais, and I. Rasines, Physica C 156, 165 (1988). J. A. Veira,
J. Maza, and F. Vidal, Phys. Lett. A 131,310 (1988).
R. Hopfengartner, B. Hensel, and G. Saemann-Ischenko,
Phys. Rev. B 44, 741 (1991).
P. Mandal, A. Poddar, A. N. Das, B. Ghosh, and P.
Choudhury, Physica C 169, 43 (1990).
H. M. Duan, W. Kiehl, C. Dong, A. W. Cordes, M. J. Saeed,
D. L. Viar, and A. M. Hermann, Phys. Rev. B 43, 12925
(1991).
W. J. Skocpol and M. Tinkham, Rep. Prog. Phys. 38, 1049

(1975)~

T. R. Lemberger and L. Coffey, Phys. Rev. B 38, 7058 (1988).
Y. Matsuda, T. Hirai, and S. Komiyma, Solid State Commun.
68, 103 (1988).
See, for example, Refs. 14 and 18, in which experimental data
have been analyzed by the three kinds of theories (AL, MT,
and LD).
H. Natsume, T. Kishimoto, H. Enomoto, J. S. Shin, Y.
Takano, N. Mori, and H. Ozaki, Jpn. J. Appl. Phys. 30, L461
(1991).
A. Maeda, T. Yabe, S. Takebayashi, M. Hase, and K. Uchi-
nokura, Phys. Rev. B 41, 4112 (1990)~

M. Ausloos, P. Clippe, and Ch. Laurent, Solid State Commun.

73, 137 (1990);Phys. Rev. B 41, 9506 (1990)~

K. Char and A. Kapitulnik, Z. Phys. B 72, 253 (1988).
P. Pureur, J. Schaf, M. A. Gusmas, and J. V. Kunzler, Physica
C 176, 357 (1991).

3OQ. Y. Ying and H. S. Kwok, Phys. Rev. B 42, 2242 (1990).
'K. Okamoto, J. Phys. Soc. Jpn. 42, 1136 (1977); K. Okamoto

and M. Awano, ibid. 43, 1089 (1977).
A. Poddar, P. Mandal, A. N. Das, B. Ghosh, and P.
Choudhury, Physica C 159, 231 (1989);161, 567 (1989).
A. A. Abrikosov and L. P. Gor'kov, Zh. Eksp. Teor. Fiz. 39,
1781 (1960) [Sov. Phys. JETP 12, 1243 (1961)];S. Skalski, O.
Betbeder-Matibet, and P. R. Weiss, Phys. Rev. 136, A1500
(1964).
N. Mori, Physica B 1658t166, 1047 (1990).
For a recent paper, see S. K. Agarwal, R. Suryanarayanan, O.
Gorochov, V. N. Moorthy, and A. V. Narlikar, Solid State
Commun. 79, 857 (1991).
R. Liang, T. Nakamura, H. Kawaji, M. Itoh, and T. Nakamu-

ra, Physica C 170, 307 (1990).
37G. Xiao, J. Q. Xiao, C. L. Chien, and M. Z. Cieplak, Phys.

Rev. B 43, 1245 (1991).
38R. Gajic, J. Keller, and M. L. Kulic, Solid State Commun. 76,

731 (1990).
M. Z. Cieplak, G. Xiao, A. Bakhshai, and C. L. Chien, Phys.
Rev. 39, 4222 (1989).
V. E. Kataev, E. F. Kukovitskii, G. B.Teitel'baum, and A. M.
Finkel'shtein, Pisma Zh. Eksp. Teor. Fiz. 51, 115 (1990)
[JETP Lett. 51, 129 (1990)].

N. E. Phillips, R. A. Fisher, J. E. Gordon, S. Kim, A. M. Sta-

cy, M. K. Crawford, and E. M. McCarron III, Phys. Rev.
Lett. 65, 357 (1990);N. E. Phillips and R. A. Fisher, J. Magn.
Magn. Mater. 904491, 589 (1990).
For a review article, see J. A. Wilson, J. Phys. C 20, L911
(1987); 21, 2067 (1988); R. Micnas, J. Ranninger, and S.
Robaszkiewicz, Rev. Mod. Phys. 62, 113 (1990).


