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We report detailed experimental results on the fluctuation-induced in-plane conductivityDsab , magneto-
conductivityDs̃ab , and diamagnetismDxab , of high-quality Bi2Sr2CaCu2O8 crystals. The data were obtained
with magnetic fieldsH applied perpendicularly to the superconducting~CuO2! planes and up tom0H55 T,
which not too close to the transition@for reduced temperatures«[(T2TC0)/TC0*1022# may be considered in
the weak magnetic field limit. In the mean field region~MFR! above the transition, these data are analyzed in
terms of thermal fluctuations of the superconducting order parameter amplitude~OPF!, on the grounds of the
existing theoretical approaches for layered superconductors that take into account the presence of two super-
conducting layers in the layer periodicity length,s, which for these compounds is equal to one-half the
crystallographic unit-cell length in thec direction. These results show that, due to its strong« dependence,
Ds̃ab is dramatically affected by the presence of smallTC inhomogeneities, associated with small oxygen
content inhomogeneities uniformly distributed in the crystals. These inhomogeneity effects are taken into
account, consistently with ourDsab andDxab results, by using an effective medium approach proposed by
Maza and Vidal. In this way, the amplitude and the« behavior of the three observables studied here are
explained in terms of the direct OPF effects, at a quantitative level, confirming then the absence of appreciable
indirect contributions@as, for instance, the Maki-Thompson and the density-of-states~DOS! terms#. These last
results may suggest unconventional~non 1s0!, pair breaking, wave pairing in these compounds, as first pro-
posed from OPF analyses by Veira and Vidal. The resulting values of the in-plane and out-of-plane coherence
length amplitudes are, respectively,jab~0!5~0.960.1! nm andjc~0!&0.05 nm. These coherence length ampli-
tudes are consistent with the values that we have obtained before for other Bi-based crystals by analyzing the
effects of the vortex position fluctuations on the magnetization below the transition. These results also confirm
at a quantitative level that in Bi-2212 compounds the effective number of fluctuating CuO2 planes per peri-
odicity length above the superconducting transition isNe'2 and that the OPF’s are essentially two dimen-
sional over the entire MFR.@S0163-1829~96!07833-2#

I. INTRODUCTION

One of the striking features of the Bi-based high-
temperature copper-oxide superconductors~HTSC’s!, first
observed through measurements of the paraconductivity in
polycrystalline Bi2Sr2CaCu2O8 ~Bi-2212! samples, is the
strong two-dimensional~2D! character of their thermal fluc-
tuations of the superconducting order-parameter amplitude
~OPF! in the mean-field region~MFR! above the supercon-
ducting transition.1 As earlier stressed in Refs. 1 and 2, this
2D behavior of the OPF contrasts with the one observed in
some other HTSC’s, as for instance, the YBa2Cu3O72d ~Y-
123! compounds, for which the OPF in the MFR above the
transition are essentially 3D. These differences were consis-
tent with the much stronger anisotropy of the Bi-based com-
pounds, the anisotropy factorg, beingg5100–200 for Bi-
2212 andg55–10 for Y-123. Moreover, these differences,
which manifest themselves also in the thermal fluctuation
effects below the superconducting transition,3 have enhanced
the interest of the OPF above the transition in Bi-based
HTSC, and in the last years an appreciable number of works
have addressed the study of these fluctuation effects above
the transition on various observables in these compounds, as
the electrical resistivity,2,4–13 the magnetic suscep-

tibility, 5,14–17 and the magnetoconductivity.7,11,13 However,
in spite of these efforts, at present some of the central aspects
of the OPF effects above the transition in Bi-based HTSC are
still open or are controversial. In fact, these different works
only agree in the confirmation of the 2D character of the
OPF in the MFR above the transition. Also, in the case of the
electrical conductivity there is some consensus about the ab-
sence of appreciable indirect~in particular, Maki-Thompson!
OPF effects in these compounds, as first proposed explicitly
in Refs. 2 and 5. However, there are important discrepancies
among the values obtained by different authors1,2,4–17of the
two basic characteristic lengths of these OPF effects: the
in-plane,jab~0!, and the transversal,jc~0!, superconducting
coherence length amplitudes~atT50 K!. The disagreements
concern also the periodicity length,s, of the superconducting
CuO2 planes, or the effective number,Ne , of fluctuating
planes ins. In the case of the fluctuation-induced magneto-
conductivity, there are also striking discrepancies among the
amplitudes measured by different authors,7,11,13which in turn
always disagree, by 1 or 2 orders of magnitude, with the
amplitudes that may be deduced from the theoretical
approaches.18–24 In addition, there is no consensus at all on
the reasons for these last disagreements, the proposed expla-
nations including sample inhomogeneities,13 anomalous high
jab~0! values7 or even the nonapplicability of the currently
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accepted theoretical approaches to the Bi-based HTSC.11

This quite confused situation is illustrated in Table I, where
we have summarized some of the values proposed by various
groups for the characteristic parameters of the OPF above the
transition in Bi-2212 compounds.

As a further contribution to the understanding of the OPF
effects above the superconducting transition in Bi-based
HTSC, in this paper we present detailed experimental data of
the fluctuation-induced in-plane conductivityDsab , magne-
toconductivityDs̃ab , and diamagnetism,Dxab , of two Bi-
2212 single crystals. In the case ofDs̃ab and Dxab , the
measurements were performed for magnetic fieldsH applied
perpendicularly to theab planes and up tom0H55 T, that
corresponds to the so-called low magnetic field limit, even
for reduced temperatures«[(T2TC0)/TC0, of the order of
«'0.01,TC0 being the mean-field transition temperature for
m0H50. In the case of the fluctuation-induced diamagne-
tism, we have presented already some results obtained in
other Bi-2212 crystals.16,17 However the interest of the new
Dxab data presented here is enhanced by the fact that they
correspond to the crystals on which we have also measured
the paraconductivity and the fluctuation-induced magneto-
conductivity and, therefore, these data will allow a simulta-
neous, quantitative and consistent analysis of the three quan-
tities, all of which depend on the same characteristic lengths.
Two basic and new aspects of this analysis are~i! whereas
the effective mean-field critical exponent,x, of the paracon-
ductivity and of the fluctuation-induced diamagnetism is of
the order ofx'21, it is x'23 for the fluctuation-induced
magnetoconductivity in the weak magnetic field limit.18–24

As a consequence of such a stronger«-dependence,
Ds̃ab(«,H) could be very appreciably affected by the pres-
ence in the sample of smallTC inhomogeneities, associated
with small stoichiometric~oxygen content! inhomogeneities.
These nonintrinsic effects onDs̃ab(«,H) are going to be

estimated at a quantitative level and consistently with the
Dsab andDxab results~see also the footnote of Ref. 13! by
using an effective-medium approach proposed by Maza and
Vidal.25 In fact, we will see here that the important discrep-
ancies mentioned above among the differentDs̃ab measure-
ments may be in part explained in terms of these nonintrinsic
inhomogeneity effects.~ii ! The analysis of the three quanti-
ties will be performed on the grounds of the theoretical ap-
proaches that take into account the presence of two CuO2
layers ins, the periodicity length associated with these su-
perconducting layers.17,19,21,22,24,26Together with the impor-
tant corrections associated with the inhomogeneities, the in-
fluence of the two superconducting layers ins will be crucial
to explain simultaneously and consistently both the reduced
temperature behavior and the amplitude of the three quanti-
ties studied here.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Sample preparation and measurement techniques

The Bi-2212 single crystals used in this work were grown
from stoichiometric mixtures of Bi2O3, Sr~OH!•8H2O,
CaCO3, and CuO by using a flux-growth technique previ-
ously described, together with their structural characteriza-
tion, in Ref. 27. Let us just note that these mixtures were
heated in alumina crucibles at 780 °C, ground and then
heated again at 840 °C for 12 h and examined by x-ray pow-
der diffraction as pure polycrystalline 2212. Then, the prod-
uct was transferred to a rotary conical gold crucible, melted
at 980 °C in 6h 15m and kept at this temperature for 2 h. The
melt was cooled to 870 °C at 0.5 °C h21 and, once crystal-
lized, to 600 °C at 25 °C h21 and, finally, to room tempera-
ture by turning off the furnace power. No traces of other
phases than Bi-2212 were found when performing x-ray dif-

TABLE I. Values of the characteristic parameters for the fluctuation-induced conductivity,Ds, magne-
toconductivity,Ds̃, and diamagnetism,Dx, aboveTC0 in Bi-2212 samples determined in this work and some
results from the literature. The values into brackets were obtained by the corresponding authors from the
analysis of other quantities.

Ref. Sample
TC0
~K! Quantity MFR Ne

s
~nm!

jab~0!
~nm!

jc~0!
~nm!

This
work

Single crystal
Bi1

89.1 Dsab ,Ds̃ab ,
Dxab

0.02&«&0.1 2 1.54 0.85 &0.04

This
work

Single crystal
Bi2

87.3 Dsab ,Ds̃ab ,
Dxab

0.02&«&0.1 2 1.54 0.90 &0.05

4 Single crystal 79 Dsab 0.02&«&0.15 1 3.02 ~3.01! ~0.57!
6 Thin films ;80 Dsab 0.02&«&0.13 1 1.0 →0
7 Single crystal

~Pb doped!
92 Dsab ,Ds̃ab 0.05&«&0.3 1 1.56 3.8 0.1

8 Polycrystal
~Ag doped!

;80 Ds 0.03&«&0.4 1 3.06 0.16

9 Single crystal 82 Dsab 0.03&«&2 1 1.26 0.04
10 Thin films 87 Dsab 0.03&«&0.3 1 ;1.5 0.1
11 Thin films 84 Ds,Ds̃ 0.01&«&0.15 1 1.0 1.3 →0
12 Single crystal 86.5 Dsab 0.02&«&0.4 1 1.5 ~1.3! ;0.1
14 Single crystal 84 Dxab 0.04&«&0.5 2 1.54 1.09 →0
14 Polycrystal

~Pb doped!
91.1 Dxab 0.18&«&0.8 2 1.54 2.04 0.03
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fraction. Also, the oxygenation of these crystals was found to
be homogeneous to within 4%, the resolution of our x-ray
measurements. However, it is now well established that the
presence of oxygen content inhomogeneities well to within a
few percentage of the total oxygenation may appreciably af-
fect the local transition temperature of the crystals.28,29 We
will see here that, in turn, these smallTC0 inhomogeneities
do not appreciably affectDsab~«! but they deeply affect
Ds̃ab~«!, due to its stronger« dependence near the average
TC0 .

The resistivity at zero magnetic fieldrab(T,0), and the
magnetoresistivityrab(T,H)2rab(T,0), were measured by
using a conventional lock-in amplifier phase-sensitive tech-
nique previously described.2,30,31 The relative ac voltage
resolution was better than 0.05mV, whereas the relative
magnetoresistivity accuracy [rab(T,H)2rab(T,0)]/
rab(T,0), was 531024. Before performing the magnetoresis-
tivity measurements, the magnetic susceptibilities of the
crystalsxc andxab , for H parallel and, respectively, perpen-
dicular to theab planes, were measured in the low magnetic
field limit with a SQUID based-magnetometer~Quantum De-
sign!, following a procedure similar to that previously used
in other experiments and described in detail in Refs. 5 and
32.

B. Results

Some examples of the in-plane magnetoresistivity
rab(T,H), measured in the two crystals studied here~noted

samples Bi1 and Bi2! are shown in Figs. 1~a! and 1~b!. In
these examples, the external magnetic field,H, was applied
perpendicularly to theab ~CuO2! planes. The dashed lines in
the insets of both figures correspond to the fitting, in the
normal region bounded by 150<T<250 K, of
rabB(T)5rabB(0)1(drabB/dT)T, with rabB~0! and
(drabB/dT) as temperature-independent free parameters.
The values of these parameters, together with other general
characteristics of the resistivity of the two samples used in
this work are summarized in Table II. The low rms errors of
the fits ~of the order of 0.2%! confirm the adequacy of such
a linear dependence and provide a first indication of the good
quality of our crystals. Note that the obtained values are
similar to the lowest values reported by other authors in Bi-
2212 samples,33–35and also to the values usually reported for
high-quality single crystals of other HTSC families as, for
instance, Y-123 compounds~see, e.g., Ref. 30 and references
therein!.

The temperatureTCI for whichdrab/dT has its maximum
is 89.1 K for sample Bi1, whereas it is 87.3 K for sample
Bi2. As it is shown in Table II, both temperatures are similar,
to within the experimental uncertainties, to the correspond-
ing TCx , the magnetic-susceptibility transition temperature
~see below!. Such an agreement suggests then that these tem-
peratures must be close toTC0 , the mean-field critical tem-

FIG. 1. ~a! and ~b!. Temperature dependence around the transi-
tion of the in-plane resistivity of the two crystals studied here, in
presence of an external magnetic field,H, applied perpendicularly
to the CuO2 planes. A general view ofrab(T) is shown in the
corresponding insets.

FIG. 2. ~a! and ~b!. Reduced temperature dependence of the
in-plane paraconductivity of the two crystals studied here. The re-
duced temperature was defined here by usingTCl , extracted from
the rab(T,0) curves, asTC0 . A log-log representation ofDsab~«!
for both crystals is shown in the corresponding insets. The solid
lines are the best fits of Eq.~9! to the experimental data in the
region bounded by the arrows. See main text for details.
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perature. Another noteworthy aspect to be commented on
here is the half width of the resistive transition,DTCI , de-
fined by

S drab~T!

dT D
TCI6DT

CI
6

5
1

2 S drab~T!

dT D
TCI

, ~1!

where1 or 2 corresponds to, respectively, the upper and
lower half width. The values ofDTCI

6 quoted in Table II
reveal a relatively broad transition which, together with the
slightly high values forrabB~0!, provides already an indica-
tion of the possible presence of small stoichiometric~oxygen
content! inhomogeneities in the crystals, as indicated above.

The in-plane paraconductivity,Dsab~«!, of the two Bi-
2212 crystals are presented in Figs. 2~a! and 2~b!. As usually,
Dsab~«! was defined by

Dsab~«![
1

rab~«!
2

1

rabB~«!
, ~2!

whererab~«! is the measured resistivity,rabB~«! is the bare
or background resistivity~i.e., the resistivity the samples
would have in absence of OPF effects!, and «[(T
2TC0)/TC0 is the reduced temperature form0H50. These
Dsab~«! data were extracted from the zero-magnetic field
results of Figs. 1~a! and 1~b! by using TCI as TC0 . As
rabB~«! we have used the linear extrapolation ofrab~«! mea-
sured between 150 and 250 K. Some comments on these
results are in order here. Note first the excellent agreement
between the paraconductivities measured in the two samples,
mainly in the mean-field-like region@the « region bounded
by the arrows in Figs. 2~a! and 2~b!#, where the agreement is
well within the experimental resolution~of the order of
10%!. This result is a first direct indication that the paracon-
ductivity is not appreciably affected by the small stoichio-
metric and structural inhomogeneities of the two crystals.
When compared with theDsab~«! data measured by other
authors in different Bi-2212 crystals4,7,9,12and films,10,11 we
observe also a similar« behavior~the corresponding critical
exponent in the MFR is close to21, see next section!. How-
ever, there are appreciable, although relatively small~up to
50%!, amplitude differences, probably associated with a
lower quality of the samples used in those works, which
always havedrabB/dT andDTCI

6 values higher than those of
the two crystals studied here.

Some examples of the reduced temperature dependence of
the in-plane fluctuation-induced magnetoconductivity
Ds̃ab(«)H , measured in the two crystals studied here, are
presented in Figs. 3~a! and 3~b!. In «, we have used theTCI
extracted fromr~T,H50! asTC0 . These data correspond to
m0H equal to 1 or 5 T, and they were obtained by applying
the usual definition,

Ds̃ab~«,H ![
1

rab~«,H !
2

1

rab~«,0!
, ~3!

to the data points of Figs. 1~a! and 1~b!. Although these data
are going to be analyzed and compared with the theoretical
approaches in the next section, it will be useful to comment
already here two aspects of these data. Note first that the
theoretical in-plane fluctuation-induced magnetoconductivity
is usually defined as18–24

Ds5 ab~«,H ![Dsab~«,H !2Dsab~«,0!. ~4!

So, Ds̃ab(«,H) and Ds5 ab(«,H) will coincide only if
sabB(«,0)'sabB(«,H), i.e., if the normal magnetoresistiv-
ity is negligible even through the transition. Our results in
the normal region well aboveTC0 confirm that such an ap-
proximation @also used by most of the authors which have
measuredDs̃ab ~Refs. 4, 6–13, and 30!# is reasonable and,
therefore, we are going to note hereafter byDs̃ab(«,H) both
the measured and the calculated in-plane fluctuation-induced
magnetoconductivity. Moreover, these theoretical ap-
proaches assume also the so-called weak magnetic field
limit, which may be characterized by17

l H[S \

2em0H
D 1/2@jab~«!, ~5!

where l H is the so-called magnetic length,e is the electron
charge, \ is the reduced Planck constant, and
jab~«!5jab~0!«21/2 is the superconducting coherence length
in theab plane. Taking into account that in Bi-2212 crystals
jab~0!'0.9 nm ~see later!, even form0H55 T one may ex-
pect deviations of the weak-magnetic field OPF behavior
only for «&1022, which is less than the expected Ginzburg
reduced temperature.17 Note, finally, the striking differences
between theDs̃ab(«)H data for the two crystals studied here
@compare the results form0H51T in Figs. 3~a! and 3~b!#.
These differences, which contrast with the excellent agree-
ment commented before between their paraconductivities
~see Fig. 2!, provide another indication of the presence in
these crystals of smallTC inhomogeneities: As was already
stressed in Ref. 25, due to the strong« dependence ofDs̃ab ,
theseTC inhomogeneities will affect much more this quan-
tity than Dsab . We will see in the next section that these
nonintrinsic effects may easily explain the huge differences
between the experimental results forDs̃ab and the theory for
ideal crystals~dashed lines!.

The zero-field-cooled~ZFC! and the field-cooled~FC! in-
plane magnetic susceptibility,xab , of sample Bi1 are shown
in Fig. 4. These data were already corrected from demagne-
tization effects~which may be important when the magnetic
moment is large!, by assuming the ellipsoidal approximation,
which leads to a demagnetization factor of the order of 0.8.

TABLE II. Values of some of the parameters, of the two Bi-2212 crystals studied here, obtained from
their in-plane resistivity and magnetic susceptibility. These parameters are defined in the main text.

Sample
Dimensions

~mm3!
TCl
~K!

DTCl
1

~K!
DTCl

2

~K!
drabB/dT
~mV cm/K!

rabB ~0 K!
~mV cm!

TCx

~K! 105 xabB 105 xcB

Bi1 1.1530.3530.16 89.1 0.30 0.35 0.68 24.5 88.9 2.2 20.8
Bi2 0.9530.7230.13 87.3 0.40 0.35 0.59 22.9 87.1 1.9 21.2
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As it can be seen in Fig. 4, the low-temperature susceptibility
saturates well to aboutx'21. This provides a direct indica-
tion of the excellent quality of this sample, which must have
then only a quite small proportion of nonsuperconducting
phases. Some examples ofxab(T) and xc(T) aboveTC0 ,
measured in the two crystals studied here, are presented in
Figs. 5 and 6. In making these measurements, we have fol-
lowed the same procedure we have previously used to deter-
mine the OPF effects on the susceptibility in YBa2Cu3O72d
crystals. Such a procedure has been detailed in Ref. 32. Let
us just note here that these data were already corrected for a
small Curie-Weiss-like contribution. The dashed lines repre-

sent the constant normal-state background for both field ori-
entations, respectively,xabB and xcB . The corresponding
temperature-independent values are summarized in Table II.
The comparison of the results of Figs. 5~b! and 6 shows that
the rounding effects onxab(T) aboveTC0 are quite similar
in both crystals. This provides a first direct indication that
these rounding effects are due to intrinsic OPF effects and

FIG. 3. ~a! and~b!. Fluctuation-induced magnetoconductivity in
theab plane vs reduced temperature of Bi1 and of Bi2 crystals, for
m0H51 T andm0H55 T. The dashed lines are the corresponding
direct OPF ~or Aslamazov-Larkin! contributions toDs̃ab(«,H),
calculated through Eq.~12! by using the values of Table III. The
reduced temperature was defined here by usingTCl , extracted from
the rab(T,0) curves, asTC0 . The dramatic disagreement between
the theoretical results for an ideal~homogeneous! crystal and the
experimental data is not mitigated by the inclusion of other~indi-
rect! OPF effects. Such a disagreement strongly suggests the pres-
ence in our samples of smallTC inhomogeneities. See main text for
details.

FIG. 4. Temperature dependence of the zero-field-cooled~ZFC!
and field-cooled ~FC! in-plane magnetic susceptibilityxab of
sample Bi2, measured with a magnetic field ofm0H55 mT applied
perpendicularly to theab planes.

FIG. 5. ~a! Temperature behavior of the magnetic susceptibility
of sample Bi2 form0H50.4 T, withH perpendicular~circles! and
parallel~triangles! to theab plane. The dashed lines are extrapola-
tions of the normal-state susceptibilities.~b! Detailed view around
the transition. The so-called magnetic-susceptibility transition tem-
perature,TCx , corresponds to the temperature wherexc(T) sepa-
rates from its behavior in the normal state. The solid line is the
mean-field-like prediction in the mean-field region.
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that, therefore, the extrinsic effects associated with possible
sample inhomogeneities remain small also for this observ-
able. In addition, these results are relatively similar to those
obtained by other authors in other good Bi-2212 single crys-
tals, the differences being well to within 25%.14 Finally, Fig.
5~b! illustrates the definition ofTCx , the temperature where
xc(T) presents the sharp deviation from its normal-state be-
havior. As it may be seen in Table II,TCx agrees, to within
DTCI

1 , with TCI , defined through Eq.~1!.
The fluctuation-induced diamagnetism, for a weak mag-

netic field applied perpendicular to theab planes,Dxab , is
obtained from the abovexab(T) data by using

Dxab~«![xabB~«!2xab~«!, ~6!

wherexabB~«! is the background susceptibility. Here again
we will use for xabB a linear extrapolation of the normal
susceptibility measured between 150 and 250 K@dashed
lines in Figs. 5~b! and 6#. The resultingDxab(«)/T is pre-
sented in Figs. 7~a! and 7~b! for sample Bi1 and, respec-
tively, Bi2. In Eq. ~6!, the reduced temperature is defined
with TCx asTC0 . Let us stress here, however, thatTCI and
TCx are so close to each other~see Table II! that the use of
TCI would not appreciably modify theseDxab(«)/T results.
These results onDxab~«! in both samples agree quantita-
tively with each other and, to within 25%, with the results
previously reported by other groups in Bi-2212 single-crystal
samples.14 Let us already stress also here that the comparison
of theDxab(«)/T results of Figs. 7~a! and 7~b! with those of
Dsab~«! of Figs. 2~a! and 2~b! confirms that for both crystals
these two observables have the same« behavior for
«*231022, a region of temperatures that will correspond to
the so-called mean-field region. These results not only con-
firm the 2D character of the OPF in these compounds, but
also it is a first indication of the absence of the indirect
contributions to the OPF effects~see next section!.

III. DATA ANALYSIS

It will be useful to summarize already here three aspects
of the comparison between the experimental data presented

in the preceding section and the available theoretical ap-
proaches. Note first that earlier results on the paraconductiv-
ity in Bi-based HTSC suggested that the so-calledindirect
OPF contributions~as for instance the so-called Maki-
Thompson contribution! were negligible and that thedirect
OPF term~in this case the so-called Aslamazov-Larkin con-
tribution! will suffice to account for the measurements.1,2

This conclusion was since then confirmed, at least at a quali-
tative level, by different analyses of the paraconductivity4–13

and of the fluctuation-induced diamagnetism14–16 ~see also
Table I!. So, in this paper we will analyze our experimental
data, included those of the fluctuation-induced magnetocon-
ductivity, in terms of the direct OPF contributions alone. In
addition, it is also now well established that in these com-
pounds one must take into account the presence of two su-
perconducting CuO2 planes in the layer periodicity length,
s51.54 nm,~which is equal toc/2, wherec53.08 nm is the
crystallographic unit-cell length in thec direction!.14,17,24,26

We will see that our present analyses fully confirm the ad-
equacy of such a procedure. Finally, we will see that the
presence in our crystals of small critical temperature inho-
mogeneities, uniformly distributed in the samples, does not
appreciably affect ourDsab~«! andDxab(«)/T data. How-
ever, as already stressed in the Introduction, due to its much
stronger« dependence, theseTC0 inhomogeneities dramati-
cally affect the fluctuation-induced in-plane magnetoconduc-
tivity. So, in analyzingDs̃ab(«,H) we are going to use an

FIG. 6. Detailed view around the transition of the temperature
behavior of the magnetic susceptibility of sample Bi1 form0H50.4
T, with H perpendicular to theab planes. The dashed line is the
normal-state susceptibility.TCx is the magnetic-susceptibility tran-
sition temperature and the solid line is the mean-field-like predic-
tion in the mean-field region.

FIG. 7. Fluctuation-induced diamagnetism~over T! for H ap-
plied perpendicularly to theab plane vs the reduced temperature for
sample Bi1~a! and sample Bi2~b!. In the insets a log-log represen-
tation is shown. The solid lines correspond to Eq.~10!, with the
parameters values given in Table III. See the main text for details.
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effective medium approach proposed by Maza and Vidal25

~MV ! to take into account these inhomogeneity effects.
Moreover, as a crucial test of consistency, we are going to
check that the corresponding inhomogeneity corrections will
not appreciably affect the in-plane paraconductivity.

A. In-plane paraconductivity
and fluctuation-induced diamagnetism

In layered superconductors with two superconducting lay-
ers per periodicity length,s, and with two different Joseph-
son coupling strengths,g1 andg2, between adjacent layers,
which in principle is the case well suited to the Bi-2212
crystals studied here, the direct contributions in the MFR to
the in-plane paraconductivity and to the fluctuation-induced
diamagnetism are given by17,24

Dsab~«,g1 /g2!5Ne~«,g1 /g2!
AAL

« S 11
BLD

« D 21/2

,

~7!

and, respectively,

Dxab~«,g1 /g2!

T
5Ne~«,g1 /g2!

AS

« S 11
BLD

« D 21/2

, ~8!

where Ne~«,g1/g2! is an effective number of independent
fluctuating planes per periodicity length,AAL[e2/16\s is
the Aslamazov-Larkin paraconductivity amplitude,BLD
[@2jc~0!/s#2 is the Lawrence-Doniach parameter which con-
trols the OPF dimensionality in these layered materials,
AS[m0pkBj ab

2 (0)/3f 0
2s is the Schmidt diamagnetism,kB is

the Boltzmann constant, andf05h/2e is the flux quantum.
Mainly due to the presence ofNe~«,g1/g2!, these expressions
for Dsab~«! andDxab(«)/T could be quite complicated.17,24

However, earlier results onDxab(«)/T in HTSC strongly
suggest that in these compounds the Josephson coupling
strength between neighbor CuO2 superconducting layers
must be only slightly dependent of the interlayer distances,
i.e.,g1/g2'1.17,32So, in this approximation, Eqs.~7! and~8!
reduce to

Dsab~«!5
2AAL

« S 11
4BLD

« D 21/2

~9!

and, respectively,

Dxab~«!

T
5
2AS

« S 11
4BLD

« D 21/2

. ~10!

If, in addition, BLD!« @or equivalently,jc(«)!s/2# in the
MFR, i.e., in the 2D limit and withg1/g2'1, Eqs.~9! and
~10! reduce toDsab(«)52AAL/« and Dxab(«)/T52AS/«.
Note also that, with all generality, Eqs.~7! and~8! lead to~in
MKSA units! ~Refs. 17 and 36!

Dxab~«!/T

Dsab~«!
52.793105jab

2 ~0!, ~11!

an«-independent relationship and which allows a straightfor-
ward estimation ofjab~0!. The presence inDxab~«! and
Dsab~«! of indirect contributions would modify Eq.~11!
which, in particular, will become« dependent.2,5,17 This

equation provides then a direct check of the possible rel-
evance of these indirect terms in the MFR aboveTC0 .

The solid lines in Figs. 2~a! and 2~b! correspond to the
best fits of Eq.~9! to theDsab experimental data for the two
samples, in the« region bounded by the arrows, i.e., for
231022&«&1021, with jc~0! as the unique free parameter.
From these fits we obtained,jc~0!&0.04 nm for sample Bi1,
and jc~0!&0.05 nm for sample Bi2, the rms error being in
both cases of the order of 3%. Thesejc~0! values are much
smaller than the periodicity length,s ~;1.54 nm!, confirm-
ing then at a quantitative level that in the MFR the OPF
effects in the Bi-based compounds have a 2D-like
behavior.1,2 Also, these figures show that the agreement be-
tween experimental data and theory is excellent, and that
without any indirect contribution. This last conclusion is
confirmed by the results shown in Figs. 8~a! and 8~b!.The
solid lines in these figures are the best fits of Eq.~11!, with
jab~0! as the unique parameter, to the experimental data. The
resulting values are indicated in Table III. With these values
for jab~0! and the previously obtained one forjc~0!, in Figs.
5~b!, 6, 7~a!, and 7~b! we have plotted Eq.~10! without any
free parameter~solid lines!. We found an excellent agree-
ment between the theory and the experimental data~the rms

FIG. 8. Relationship between the in-plane fluctuation-induced
diamagnetism overT and the in-plane paraconductivity for sample
Bi1 ~a! and sample Bi2~b! vs reduced temperature. The solid lines
are the best fits of Eq.~11!, with jab~0! as the unique free param-
eter. See the main text for details.

TABLE III. Superconducting coherence lengths and parameters
characterizing the critical temperature inhomogeneity of the
samples used in this work. These parameters are defined in the main
text.

Sample
jab~0!
~nm!

jc~0!
~nm!

T̄C0

~K!
DT̄C0
~K!

Bi1 0.85 &0.04 88.9 0.6
Bi2 0.90 &0.05 86.6 1.1
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error being of 5%!, which shows at a quantitative level the
adequacy of these theoretical approaches. These results also
confirm the absence of appreciable indirect contributions to
the fluctuation-induced diamagnetism in the MFR above
TC0.

B. Fluctuation-induced in-plane magnetoconductivity

In the MFR, the direct or Aslamazov-Larkin contribution
to the fluctuation-induced magnetoconductivity, in the weak
magnetic field limit and forg1/g251, is given by,24,31

Ds̃ab~«,H !52
AAL

8 S jab~0!

l H
D 4 @8«~«1BLD!13BLD

2 #

@«~«1BLD!#5/2
1
AAL

2 S jab~0!

l H
D 8 1

@«~«14BLD!#5/2 F215S 11
2BLD

« D 2
1
3

2 S 11
4BLD

« D1
35~112BLD /«!4

2~114BLD /«! G , ~12!

a result that may be directly obtained by just usings/2 in-
stead ofs in the original results of Hikami and Larkin18 or of
Maki and Thompson.19 The other direct contribution to
Ds̃ab(«,H), the so-called Zeeman fluctuation-induced term
~which reflects the Zeeman splitting effects!, is not to be
considered here because in HTSC this term is negligible in
weak magnetic fields applied perpendicular to the supercon-
ducting layers.31,37

In Figs. 3~a! and 3~b! the dashed lines correspond to Eq.
~12! with the jab~0! and jc~0! values obtained above~see
Table III! and form0H51 T and, respectively,m0H55 T.
These results show a very important disagreement between
the theory and the experimental data, the differences at
«;231022 being of 2 orders of magnitude. But, in addition,
it is very easy to check that on the grounds of the theoretical
OPF approaches summarized above it is not possible to si-
multaneously explain theseDs̃ab(«,H) data together with
those ofDsab~«! andDxab(«)/T measured in the same Bi-
2212 crystals. This conclusion strongly suggests that due to
its strong« dependence, theseDs̃ab(«,H) data may be very
appreciably affected by the presence of smallTC inhomoge-
neities in our Bi-2212 crystals. In fact, the relatively large
resistive transition~see Fig. 1 and Table II! makes such an
explanation quite feasible. So, in the remaining part of this
subsection we are going to use the effective-medium ap-
proach proposed by Maza and Vidal25 ~MV ! to estimate how
the presence in the samples of smallTC inhomogeneities,
uniformly distributed in the crystals, could affect themea-
sured~or effective! in-plane paraconductivity,Ds ab

e , and the
measuredin-plane fluctuation-induced magnetoconductivity,
Ds̃ ab

e .

To relate the measuredDs ab
e and Ds̃ ab

e to the corre-
sponding intrinsic observables,Dsab and Ds̃ab , we start
with the MV equation, based on the generalized Brugge-
man’s effective-medium-theory formula, which links the ef-
fective in-plane conductivity,s ab

e (T,H), with the intrinsic
one ~the conductivity measured in an ideal, homogeneous,
crystal!, sab(T,H),

25

E
0

` sab~T,H !2sab
e ~T,H !

sab~T,H !12sab
e ~T,H !

Q~sab ,T!dsab50, ~13!

whereQ(sab ,T) is the local conductivity distribution, i.e.,
the volume fraction of the sample with a local conductivity
betweensab(T,H) andsab(T,H)1dsab(T,H). ~Let us note
here that in the MV paper25 the above equation contains a
typographical error, a minus sign instead of the plus sign in
the denominator.! This local or intrinsic conductivity,
sab(T,H), may be written as the sum of the normal conduc-
tivity plus the corrections due to fluctuations,

sab~T,H !5sabB~T,H !1Dsab~T,0!1Ds̃ab~T,H !.
~14!

To approximateQ(sab ,T) in Eq. ~13!, we may note first
that the basic effects of the stoichiometric inhomogeneities
on s ab

e (T,H), and therefore onQ(sab ,T), are due to the
associated critical temperature inhomogeneities. For the cor-
responding distribution ofTC0’s, we will follow the MV pro-
cedure, which assumes a spatial Gaussian distribution char-
acterized by the mean value of the critical temperature,T̄C0,
and by the standard deviationDT̄C0. Thus, the conductivity
distribution may be written as

Q~sab ,T!dsab5
2

ApDT̄C0
expH 2S TC02T̄C0

DT̄C0
D 2J dTC0 . ~15!

As the exponential function in Eq.~15! is rapidly decreasing, to evaluate the integral in Eq.~13! we may change the integration
limits to the intervalT̄C062DT̄C0. Then, Eq.~13! becomes

E
T̄C022DT̄C0

T̄C012DT̄C0
sab~T,H !2sab

e ~T,H !

sab~T,H !12sab
e ~T,H !

C

DT̄C0
expH 2S TC02T̄C0

DT̄C0
D 2J dTC050, ~16!
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whereC50.5448 arises from normalization conditions. This
expression links, therefore, the intrinsic and the effective
conductivities throughDT̄C0, the standard deviation of criti-
cal temperatures due to the inhomogeneities. The corre-
sponding effective paraconductivity and magnetoconductiv-
ity may be defined by just usings ab

e ( «̄,H) given by Eq.~16!
in Eqs.~2! and ~3!, i.e.,

Dsab
e ~ «̄,0![sab

e ~ «̄,0!2sabB
e ~ «̄,0!, ~17!

and

Ds̃ab
e ~ «̄,H ![sab

e ~ «̄,H !2sab
e ~ «̄,0!, ~18!

where «̄[(T2T̄C0)/T̄C0 is the reduced temperature associ-
ated to the mean valueT̄C0. Therefore, the central task here
is now to calculate theDT̄C0 leadingDs ab

e and Ds̃ ab
e to

agree with the measured quantities. Note already here that a
crucial test of consistency will be the use of the sameDT̄C0
for both observables. The comparison betweenDs̃ ab

e and the
experimental data is showed in Figs. 9~a! and 9~b!. The solid
lines in these figures are the best fits to the experimental data
of Ds̃ ab

e , defined by Eq.~18! and calculated through Eq.
~16!, with T̄C0 and DT̄C0 as free parameters. The corre-
spondingsab(T,H) were obtained by imposing in Eq.~14!
the values ofjab~0! andjc~0! obtained before~see Table III!,
i.e., without any other free parameter. The resulting fits are
excellent, the rms error in the MFR being less than 10%, and
the correspondingT̄C0 and DT̄C0 being T̄C0588.9 K and
DT̄C050.6 K for sample Bi1 andT̄C0586.6 K and
DT̄C051.1 K for sample Bi2.

The above results show that by taking into account the
presence of smallTC inhomogeneities in our crystals, it is
possible to explain simultaneously and consistently the ef-
fects of the thermal fluctuations on the three observables
measured here. In fact, it is the first time that the fluctuation-
induced in-plane magnetoconductivity measured in Bi-2212
samples is explained at a quantitative level in terms of the
existing theoretical approaches.18–24 However, as the pres-
ence of inhomogeneities always introduces some additional
uncertainties in the data analysis, it is crucial to provide here
further checks on the goodness of our procedure. A first im-
portant check is to verify that theT̄C0 andDT̄C0 values ob-
tained before are consistent to each other and with the mea-
suredTCI . Following the MV approach,25 in the case of an
inhomogeneous sample with a Gaussian distribution of criti-
cal temperatures, the relationship betweenTCI , T̄C0, and
DT̄C0 may be approximated by taking into account that for
T'TCI the inhomogeneous sample must be close to its per-
colation threshold, which for a three-dimensional continuum
system will correspond to a superconducting fraction,P(T),
close to 15%. AsP(T) is given by25

P~T!5
1

2
F12erfS T2T̄C0

DT̄C0
D G , ~19!

the relationship betweenTCI , T̄C0, andDT̄C0 may be ap-
proximated as

0.15'
1

2
F12erfS uTCI2T̄C0u

DT̄C0
D G , ~20!

or, equivalently,

TCI2T̄C0'0.6DT̄C0 . ~21!

By using in Eq. ~21! the T̄C0 and DT̄C0 values obtained
before~see Table III!, we getTCI'89.3 K for sample Bi1,
andTCI'87.2 K for sample Bi2, both calculated values be-
ing in excellent agreement with the measured ones~see
Table II!.

FIG. 9. ~a! and~b!. The same in-plane fluctuation-induced mag-
netoconductivity data as in Fig. 3 but as a function of the average
reduced temperature,«̄[~T2T̄C0!/T̄C0. The solid lines are the best
fits of the effectiveDs̃ ab

e ( «̄,H), defined by Eq.~18! and calculated
through Eq.~16!, but with the jab~0! and jc~0! values obtained
before by analyzingDsab andDxab . The resultingT̄C0 andDT̄C0
values are those presented in Table III. The insets show the com-
parison between the measured in-plane paraconductivity and
Ds ab

e ( «̄), calculated by using the same values of the different pa-
rameters as inDs̃ ab

e ( «̄,H).
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A second crucial test for our treatment of the inhomoge-
neity effects onDs̃ab(«,H) is provided by the check of its
compatibility with the two other observables measured here
in the same crystals. In the case of the paraconductivity, the
solid lines in the insets of Figs. 9~a! and 9~b! correspond to
Ds ab

e , given by Eq.~18!, with the values of all the involved
parameters equal to the values obtained before for
Ds̃ ab

e ( «̄,H) ~those of Table III!. As it can be seen in these
insets, the agreement betweenDs ab

e ( «̄) and the measured
in-plane paraconductivity is excellent. As we have stressed
before, these results confirm at a quantitative level that due
to its much weaker« dependence, the paraconductivity is
much less affected by the presence of smallTC inhomoge-
neities than the fluctuation-induced magnetoconductivity. In
fact, the associated corrections remain well inside the experi-
mental uncertainties of the data points~around 10% or less!.
This explains why in the preceding subsection we have
found that the theoretical paraconductivity for homogeneous
crystals was in excellent agreement with our MFR data~see
also the footnote in Ref. 13!. In the case of the fluctuation-
induced diamagnetism, the main effect of the presence of
inhomogeneities is the reduction of the superconducting frac-
tion of the sample at a given temperature. This effect may be
easily taken into account by introducing an adjustable con-
stant in Eqs.~8! and~10!. However, the small volume inho-
mogeneity needed to explain ourDs̃ab results leads to an
irrelevant correction forDxab , in agreement with almost full
flux expulsion showed at low temperature by the ZFC sus-
ceptibility ~see Fig. 4!. This is also consistent with the excel-
lent agreement found before between the intrinsicDxab~«!
and our experimental data.

IV. CONCLUSIONS

We have presented in this paper detailed experimental
data of the fluctuation-induced in-plane conductivity, magne-
toconductivity, and diamagnetism of two Bi-2212 crystals.
The structural, electric, and magnetic characterization of
these crystals showed that they were of excellent quality,
probably within the best Bi-2212 samples available until
now.27 However, our measurements also show that these
samples are affected by smallTC inhomogeneities, associ-
ated with small oxygen content inhomogeneities~less than
1% of the total oxygenation! uniformly distributed in the
crystals. These smallTC inhomogeneities~the corresponding

DT̄C0 is of the order of 1 K or less! do not appreciably affect
Dsab andDxab in all the MFR but, due to its much stronger
« dependence, they severely affectDs̃ab . So, in analyzing
the intrinsic thermal fluctuation effects in terms of the avail-
able theoretical results for order-parameter fluctuations in
layered superconductors,17–24 we have used an effective-
medium approach to also take into account the nonintrinsic
effects associated with these inhomogeneities.25 In this way,
for the first time it was explained, consistently and simulta-
neously,Dsab , Ds̃ab , andDxab measured in Bi-2212 com-
pounds. Our analyses strongly suggest that the intrinsic OPF
effects aboveTC0 are due only to the so-called direct contri-
butions~the Aslamazov-Larkin terms in the case ofDsab and
Ds̃ab , and the Schmidt term in the case ofDxab! and that,
therefore, the so-called indirect contributions~as, for in-
stance, the Maki-Thompson and the DOS terms! are not rel-
evant in these compounds. These results confirm the possi-
bility of unconventional ~non-1s0!, pair breaking,38 wave
pairing in these HTSC, as first suggested from OPF analyses
in Ref. 2. The resulting values of the in-plane and out-of-
plane coherence length amplitudes are, respectively,
jab~0!5~0.960.1! nm and jc~0!&0.05 nm. These values
agree with those that we have obtained before for other Bi-
2212 crystals by studying the effects on the magnetization
belowTC0 of the fluctuations of the vortex positions.

16 These
results also confirm at a quantitative level that in Bi-2212
compounds the effective number of fluctuating CuO2 planes
above the superconducting transition isNe'2 and that the
OPF are essentially two dimensional in all the MFR. Let us
also stress here, finally, that our analyses ofDsab andDs̃ab
in terms ofTC0 inhomogeneities provide a simple and direct
explanation of the until now controversial experimental re-
sults in Bi-2212 compounds.4,6–12But, in addition, our analy-
ses may be easily extended to otherDs̃ab results so far un-
explained, as for instance those obtained in Tl2Ba2CaCu2Ox
films.39

ACKNOWLEDGMENTS

We are grateful to Dr. J. Maza for valuable comments on
the analysis of the inhomogeneities. We would also like to
thank Professor I. Rasines and Professor J. A. Campa´ and
coworkers for the preparation and structural characterization
of the Bi-2212 crystals. This work has been supported by the
CICYT, Spain, under Grant No. MAT95-0297.

1F. Vidal, J. A. Veira, J. Maza, J. J. Ponte, F. Garcı´a-Alvarado, E.
Morán, J. Amador, C. Cascales, A. Castro, M. T. Casais, and I.
Rasines, Physica C156, 807 ~1988!.

2J. A. Veira and F. Vidal, Phys. Rev. B42, 8748~1990!.
3See, e.g., L. N. Bulaevskii, M. Ledvij, and V. G. Kogan, Phys.
Rev. Lett.68, 3773~1992!.

4A. Poddar, P. Mandal, A. N. Das, B. Ghosh, and P. Choudhury,
Physica C159, 231 ~1989!; 161, 567 ~1989!; P. Mandal, A.
Poddar, A. N. Das, B. Ghosh, and P. Choudhury,ibid. 169, 43
~1990!.

5C. Torrón, O. Cabeza, J. A. Veira, J. Maza, and F. Vidal, J. Phys.:
Condens. Matter4, 4273~1992!.

6G. Balestrino, M. Marinelli, E. Milani, L. Reggiani, R. Vaglio,

and A. A. Varlamov, Phys. Rev. B46, 14 919~1992!.
7C. M. Fu, W. Boon, Y. S. Wang, V. V. Moshchalkov, and Y.
Bruynseraede, Physica C200, 17 ~1992!.

8S. Ravi and V. Seshu Bai, Solid State Commun.83, 117 ~1992!.
9M. O. Mun, S. I. Lee, S. H. Suck Salk, H. J. Shin, and M. K. Joo,
Phys. Rev. B48, 6703~1993!.

10S. Labdi, S. Megtert, and H. Raffy, Solid State Commun.85, 491
~1993!.

11V. Calzona, M. R. Cimberle, C. Ferdeghini, G. Grasso, D. V.
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