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We present detailed experimental data of the magnetization,Mab(T,H), of Bi 2Sr2CaCu2O8 crystals on
both sides of the superconducting transition, for magnetic fields,H, applied perpendicularly to theab
~CuO2) planes and for amplitudes up tom0H55 T, which not too close to the superconducting transition
correspond to the weak magnetic field amplitude limit. These data are analyzed in terms of thermal fluctuations
in this weakH limit: In the reversible mixed state below the transition, by taking into account the fluctuations
of the vortex lines positions, as first proposed by Bulaevskii, Ledvij, and Kogan. Above the transition, by
taking into account the Cooper pairs created by thermal fluctuations, through a generalization of multilayered
superconductors of the Schmidt-like approach. These simultaneous, quantitative and consistent analyses of
Mab(T,H) above and below the transition allow us to estimate the effective number of independent fluctuating
superconducting CuO2 planes in the periodicity lengths5c/2, c being the unit-cell length, and to separate for
the first time the in-plane correlation length amplitude,jab(0), and theparameter related to the vortex struc-
ture, h. We found jab(0)5(0.860.1) nm andh50.1560.05, this last value being well within the one
calculated by Fetter by applying the London model to a triangular vortex lattice. For the in-plane magnetic
penetration depth, we found a temperature behavior compatible with the clean BCS weak coupling limit, and
an amplitude~at T50 K! of lab(0)5(180620) nm.@S0163-1829~96!02322-3#

I. INTRODUCTION

It is now well established that the high-temperature
copper-oxide superconductors~HTSC! present important
thermal fluctuation effects on both sides of the superconduct-
ing transition.1,2 In turn, the study of these fluctuation effects
above and below the transition may provide very useful in-
formation on various central aspects of these materials, as the
different superconducting characteristic lengths or the pair-
breaking effects.1–3 One of the observables best adapted to
study the thermal fluctuations in high-temperature copper-
oxide superconductors~HTSC! is the magnetization,
Mab(T,H), for magnetic fields,H, applied perpendicularly
to the ab planes ~the CuO2 layers! and in the so-called
weak-amplitude limit, characterized by4

«@
H

Hc2~0!
, ~1!

whereHc2(0) is the upper critical magnetic field amplitude
~at T50 K! for H perpendicular to theab planes,
«[uT2Tc0u/Tc0 is the reduced temperature andTc0 is the
mean-field transition temperature atH50. This weak limit
will exclude, therefore, two temperature regions, above and
below the transition, close toTc0 ~for m0H<5 T, a few

degrees!. These thermal fluctuation effects onMab(T,H)
may be quantified through the so-called excess magnetiza-
tion, DMab(T,H), defined as

DMab~T,H ![Mab~T,H !2MabB~T,H !, ~2!

where the background magnetization,MabB(T,H), is the
magnetization associated with the normal contributions, i.e.,
the sample magnetization if the superconducting transition
were absent, and which may be approximated by extrapolat-
ing through the transition the magnetization measured well
aboveTc0 , in a temperature region where the effects of the
thermal fluctuations become negligible. AboveTc0 ,
DMab(T,H) is only due to thermal fluctuations, which create
Cooper pairs with a finite lifetime.1,3–7 In turn, these
fluctuation-induced Cooper pairs lead to the appearance of
shielding currents near the transition, which round down the
M (T)H curves, i.e., that lead to a negativeDMab(T,H).
These effects are explained in the HTSC in terms of gener-
alizations of the Schmidt-like approach which takes into ac-
count the layered nature of these materials.5–7 The study of
DMab aboveTc0 and in the weak magnetic field limit~or,
equivalently, of the so-called excess diamagnetism,Dxab ,
see below! may provide direct information on the Ginzburg-
Landau superconducting coherence length amplitude~at
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T50 K! in the ab plane, jab(0), and on themean-field
transition temperature Tc0 .

5–10 In addition, these
DMab(T,H) effects may probe various central and very gen-
eral aspects of the order-parameter fluctuations~OPF’s!
aboveTc0 , as the influence or not of the so-called indirect
contributions,7–12 or the relevance of the multiperiodicity of
the superconducting layers in HTSC.5–7,10

Below Tc0 , in the reversible mixed state,DMab(T,H) is
due to two linearly additive contributions: the London-like
diamagnetism and the effects associated with thermal
fluctuations.13–15 In the weak magnetic field limit, this last
contribution is associated with the fluctuations of the vortex
lines positions, i.e., with fluctuations of the superconducting
order-parameterphase~in contrast, in the high magnetic field
regime the fluctuations of the order-parameteramplitudewill
give the main contributions!.13,14These phase fluctuation ef-
fects are particularly important in strongly anisotropic lay-
ered HTSC, as the Bi compounds studied here, where the
vortex lines appear as weak correlated stacks of two-
dimensional~2D! vortices~pancakes!. They lead, in particu-
lar, to the existence of a temperature,T* , some degrees be-
low Tc0 , at which the excess magnetization,DMab(H)T* , is
independent ofH @i.e., a crossing point of theDMab(T)H
curves atT* #.13,15 From the analysis of the experimental
DMab(T,H) data belowTc0 in terms of the Bulaevskii-
Ledvij-Kogan~BLK ! approach,13 it is possible to extract the
in-plane magnetic penetration length,lab(T), and the rela-
tionship jab(0)/Ah, where the constanth is related to the
vortex lattice. In addition, these data belowTc0 may probe
the applicability to HTSC of other theoretical approaches, as
for instance those that take into account the depression of the
order parameter in the vortex cores,16 to the understanding of
DMab(T,H) in strong anisotropic HTSC.

Until now, the fluctuation effects onMab(T,H) in the
weak magnetic field limit in HTSC have been studied sepa-
rately above1,4–12and below2,13,15,17–24the transition.@Some
authors have studied the scaling behavior ofMab(T,H)
through the transition, but in an («,H) region that will cor-
respond to the high magnetic field limit.14,25–27# However,
some of the characteristic parameters arising in the theoreti-
cal approaches are the same above and belowTc0 . This is
the case, as we have already stressed, of the in-plane coher-
ence length, or of the~never directly accessible! mean-field
critical temperature. Also, some of the possible nonintrinsic
effects onMab(T,H) in real samples are similar on both
sides of the transition. This is the case, for instance, of the
influence onMab(T,H) of the presence of stoichiometric
inhomogeneities~oxygen content, for instance! at long
length scales~at length scales much larger thanjab(T), even
at temperatures relatively close toTc0). So, the simultaneous
analysis ofMab(T,H) on both sides ofTc0 will reduce the
experimental uncertainties and also the number of free pa-
rameters arising in the theoretical approaches.

The central aim of this paper is twofold. First, we
present detailed experimental data ofMab(T,H) of
Bi 2Sr2CaCu2O8 crystals. These data were obtained with
H applied perpendicularly to the CuO2 layers and up to 5 T
and they cover, to our knowledge for the first time,28 both
sides of the superconducting transition. Then, we analyze
these results, simultaneously and consistently above and be-
low Tc0 , in terms of the available approaches which take

into account the thermal fluctuations in the weak magnetic
field limit. These analyses allow us, in particular, to separate
for the first timejab(0) andh in these crystals and to esti-
mate the relative strength of the coupling between adjacent
superconducting~CuO2) planes: the magnetic coupling in
the case of the fluctuations of the vortex positions below
Tc0 , and the Josephson coupling in the case of the fluctua-
tions of the order parameter amplitude aboveTc0 .

II. EXPERIMENTAL DETAILS AND RESULTS

The Bi2Sr2CaCu2O8 ~Bi-2212! crystals used in this work
were grown from mixtures of analytical grade Bi2O3 ,
Sr~OH! 2•8H2O, CaCO3, and CuO in stoichiometric
amounts. The mixtures were heated to 780 °C in alumina
crucibles, ground, heated again to 840 °C for 12 h, reground,
tested as pure polycrystalline 2212, transferred to a rotary
conical gold crucible~16 and 25 mm diameters, 30 mm high,
60 rpm, and the direction of the rotation changing every 25
s!, melt after slowly heated to 980 °C in 6 h 15min, and
maintained at this temperature during 2 h. The melt was
cooled to 870 °C at 0.67 °C h21 and, once crystallized, to
600 °C at a cooling rate of 25 °C h21, turning then the
power off.

A small portion of every batch was finely ground and
examined by energy-dispersive x-ray analysis~EDS!, and by
x-ray powder diffraction~XPD!. A detailed structural analy-
sis may be seen in Ref. 29. Two samples of different batches,
hereafter named Bi1 and Bi2, of masses 8.31 mg and 19.10
mg, respectively, were chosen for the experiments. These
x-ray analyses, as well as measurements of the electrical re-
sistivity performed after the magnetization measurements,
show that these two crystals are affected of small composi-
tional or structural inhomogeneities, which may modify the
amplitude of the measured magnetization~see below!. In ad-
dition, SEM analysis showed that sample Bi2 presents large
domains with different orientations of theab planes, which
will also affectM (T,H) above and below the transition.

The magnetization measurements were made with a
Quantum Design~SQUID! magnetometer. The instrumental
resolutions are 10211 A m2 for the magnetic moment, 0.1%
for the temperature, and 231026 g for the sample mass. The
resolution in the magnetization is then better than 0.5%. All
the measurements presented here were made with the mag-
netic fields applied perpendicularly to theab planes. The
samples were wrapped in Teflon tape and situated in the
center of the SQUID’s pick up coil by means of a plastic
straw. The Teflon contribution to the magnetic moment was
carefully checked and subtracted to the magnetic moment
measured in the samples plus holders. Two series of mea-
surements were made: magnetization versus temperature at a
constant field,Mab(T)H , and magnetization versus field at a
constant temperature,Mab(H)T . For theMab(T)H data, the
samples were cooled down to 5 K in theabsence of magnetic
field @zero-field cooled~ZFC!#. Then the magnetic field was
applied and data were taken as the temperature was increased
up to 250 K. For theMab(H)T measurements, the samples
were also zero-field cooled and then the magnetic field was
applied and increased in steps of 0.1–0.25 T, up to 5 T, with
a 5-min delay between measurements to ensure system sta-
bility. To calculate the magnetization, the samples volumes
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are determined from their masses by using the theoretical
density of the Bi-2212~6.5 g/cm3). For all the temperatures
and magnetic fields studied here, the measuredMab(T,H)
are very small compared withH and then the corrections due
to demagnetizating effects are negligibles. Let us also note
here that the ZFC and FC susceptibilities do not show 100%
of complete shielding and, respectively, flux expulsion at
low temperatures, confirming then the presence of small non-
superconducting domains and inclusions in both crystals. In
fact, the saturation FC values atlow fields, already corrected
from demagnetization effects and also taking into account
the sample misalignments, lead to a magnetic quality factor,
C, of the order of 2 and 3 for, respectively, Bi1 and Bi2
samples. We will see in Sec. III that these values are in
reasonable agreement with those obtained from the analysis
of the thermal fluctuations.

The thermal fluctuation effects onMab(T,H) will be ana-
lyzed above and belowTc0 through the excess magnetization
defined by Eq.~2!. In the case ofMab versusT data at
constantH, MabB(T) in this equation is approximated by
extrapolating through the transition the magnetization mea-
sured in the temperature region bounded by 120<T<250 K,
where the influence of the fluctuations is known to be
negligible.10 In this region, the magnetization versus tem-
perature for these samples follows very closely a linear be-
havior. In Fig. 1 we show theMab(T) data for sample Bi1
~circles! and sample Bi2~squares!, both measured with
m0H50.6 T, around the transition. The lines are the extrapo-
lations through the superconducting transitions of the
normal-state data of each sample. In the case of theMab
versusH data, we use as background an isotherm taken also
at a temperature in which the fluctuation effects are expected
to be negligible, about 30 K above the transition. Hereafter,
the background magnetization has been subtracted to all the
magnetization data presented in this paper.

In Figs. 2~a! and 2~b! we present theDMab(T)H data for
sample Bi1 and sample Bi2, respectively, in the reversible
mixed state, for several applied magnetic fields, where the
crossovers of the different curves at (T* ,DMab* ) are clearly
seen. As an example, theDMab(H)T data of sample Bi1 for
several temperatures are shown in Fig. 3. The data of this last
figure have already been corrected by aC factor to take into

account the possible presence of nonsuperconducting do-
mains in the sample~see Sec. III!. Note thatDMab shows a
linear behavior versus logH but presenting a slight deviation
from this linear behavior for temperatures below about 83 K.
This effect may be due to the contribution of the quantum
fluctuations of vortices,30 or due to the influence of pinning
on the distribution of vortices in the material,31 but it has no
relevance on the analysis presented in this paper.

III. DATA ANALYSIS

A. Theoretical background

1. Above Tc0

For H perpendicular to theab planes~the CuO2 layers!
and in the weak magnetic field limit, both the measured and
the background magnetization arising inDMab @Eq. ~2!# de-
pend linearly, aboveTc0 , on the magnetic field amplitude.
Therefore, in this case, to characterize the thermal fluctuation
effects onMab(T,H) it will be useful to use instead of
DMab the so-called in-plane excess diamagnetism~also
called in-plane fluctuation induced diamagnetism!,
Dxab(«), defined as

FIG. 1. Magnetization vs temperature around the transition mea-
sured with a magnetic field ofm0H50.6 T applied perpendicularly
to theab planes for samples Bi1~circles! and Bi2 ~squares!. The
solid lines are the normal-state background magnetizations.

FIG. 2. ~a! Excess magnetization vs temperature for sample Bi1,
measured with magnetic fields of 0.3, 0.6, 1, and 2 T applied per-
pendicularly to theab planes, aroundT* . ~b! Excess magnetization
vs temperature for sample Bi2, measured with magnetic fields of 1,
2, 3, 4, and 5 T applied perpendicularly to theab planes, around
T* . The solid lines are guides for the eyes.
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Dxab~«![xab~«!2xabB~«!, ~3!

where xab(«)5Mab(«)H /H and xabB(«)5MabB(«)H /H
are, respectively, the measured and the background suscep-
tibilities in the weak magnetic field limit. In layered super-
conductors with two superconducting layers per periodicity
length and with two different Josephson coupling strengths,
g1 andg2 , between adjacent layers, which in principle is the
case well adapted to the Bi-2212 compounds studied here,
Dxab(«) in the mean-field-like temperature region and in the
weak magnetic field limit is given by7

Dxab

T
~«!52Ne~«!

AS

« S 11
BLD

« D 21/2

, ~4!

whereNe(«) is an effective number of independent fluctuat-
ing planes per periodicity length,AS[pm0kBjab

2 (0)/3f0
2s is

the Schmidt diamagnetism amplitude~we will use through
this paper MKSA units! and BLD5@2jc(0)/s#

2 is the
Lawrence-Doniach parameter governing the dimensionality
of the thermal fluctuations of the order parameter~OPF!. In
these expressionskB is the Boltzmann constant,m0 is the
vacuum permeability,f0 is the flux quantum,jab(0) and
jc(0) are the superconducting coherence length amplitudes
~at T50 K! in the ab planes and, respectively, in thec
direction, ands is the periodicity length of the superconduct-
ing CuO2 layers, which in the case of the Bi-2212 com-
pounds is one-half the cristallographic unit-cell length in the
c direction, i.e.,s5c/251.54 nm~as noted before, there are
two superconducting layers ins). Mainly due to the presence
in Eq. ~4! of Ne(«), which in fact depends also ong1 /g2 ,
this expression forDxab(«) could be quite complicated.7

However, earlier paraconductivity measurements showed
that in all the mean-field region~MFR! aboveTc0 the OPF
effects in these Bi-based HTSC are essentially two dimen-
sional ~2D!, i.e., jc(«)!s ~and then,BLD!«) in that «
region.32 Such a 2D behavior was latter confirmed by differ-
ent studies of the OPF effects above the superconducting

transition.1,7–9,27,33The analysis in Refs. 7,8, and 33 also
show that in Bi-2212 compoundsNe'2, i.e., that the two
superconducting CuO2 planes ins are, in what concerns the
OPF effects in the MFRabove Tc0 , completely uncorrelated.
So, for these HTSC, Eq.~4! reduces to

Dxab

T
~«!5

22AS

«
, ~5!

an expression which, as could be expected, coincides with
the conventionalDxab(«) result for layered superconductors
with only one layer per periodicity length, but withs/2 as
effective interlayer distance.7

2. Below Tc0

TheMab(T,H) data belowTc0 and in the weak magnetic
field amplitude limit will be analyzed in terms of the BLK
approach.13 In this model, which is based on the London
theory but by taking also into account the contributions as-
sociated with the thermal fluctuations of the vortex positions,
the excess magnetization,DMab(T,H), for H perpendicular
to theab planes, may be approximated as13,15

DMab~T,H !52
f0

8pm0lab
2 ~T!

lnS hHc2~T!

H D
1
kBT

f0s
lnS 8pm0kBTlab

2 ~T!

sf0
2e

hHc2~T!

H D , ~6!

where the first term on the right corresponds to the usual
London magnetization, whereas the second one is the correc-
tion due to the fluctuations of the vortex positions.@Some
authors denote the excess magnetization belowTc0 as
Mab(T,H). However, our notation in not only consistent
above and belowTc0 , but also avoids possible confusions
between the excess magnetization and the magnetization it-
self.# In Eq. ~6!, e'2.718 is the Euler constant,lab is the
penetration depth in theab plane,h is a constant related to
the vortex lattice structure ands is again the periodicity
length of the superconducting CuO2 layers. The above equa-
tion assumes one superconducting layer ins. In the case of
the Bi-2212 compounds this would be a good approximation
belowTc0 if the magnetic coupling between pancakes in the
nearest layers were strong enough to make them fluctuate
jointly. In this case, each bilayer ins may be considered, in
what concerns the fluctuations of the vortex positions, as a
single superconducting layer without internal structure. We
will see here that this point of view, already proposed in the
original BLK approach13,15seems to be the adequate one for
Bi-2212. However, for completeness let us note that Eq.~6!
could easily be adapted to the opposite scenario, in which the
pancakes in each CuO2 layer fluctuate independently and,
therefore, there are two completely uncorrelated supercon-
ducting planes ins, by just using as an effective interlayer
periodicitys/2 instead ofs. We will examine both scenarios
in this work. Finally, from Eq.~6! the magnetization at the
crossing point of theDMab(T)H curves may be easily ob-
tained as13,15

2DMab* 5
kBT*

f0s
, ~7!

FIG. 3. Excess magnetization for sample Bi1 vs external mag-
netic field ~applied perpendicularly to theab planes! for several
temperatures in the reversible mixed state. These data are already
corrected of theC factor which accounts for the possible existence
of nonsuperconducting domains in the sample. The lines are fittings
of the BLK model for the thermal fluctuations of the vortex posi-
tions @Eq. ~6!# to each isotherm, withlab andhHc2 as free param-
eters.
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an expression that again may be also applied to the case of
uncorrelated interlayer pancakes by just replacings by s/2.

B. Excess magnetization in the reversible mixed state
below Tc0

A first direct comparison between our experimental re-
sults belowTc0 and the BLK approach may be done through
Eq. ~7! relating the excess magnetization,DMab* , to the tem-
perature,T* , of the crossing point of theDMab(T)H curves.
For sample Bi1, the results of Fig. 2~a! lead to
DMab* 52176 A/m andT*585.8 K. By using in Eq.~7! this
T* ands51.54 nm, one obtainsDMab* 52372 A/m. As the
value ofT* is very reliable, such a strong discrepancy be-
tween the measured and the calculatedDMab* could be due,
on the grounds of the BLK approach, to the value of the
CuO2 layer periodicity length or to the measuredDMab* .
However,s5c/2, which corresponds to the case of strong
correlation of the pancakes in the two closest CuO2 super-
conducting planes, is the biggest possible effective interlayer
periodicity for the fluctuating vortex positions. Therefore, the
origin of this discrepancy must be attributed to extrinsic ef-
fects on the measuredDMab* . For instance, the measured
DMab* may be affected by the presence of nonsuperconduct-
ing domains in the sample~associated, in turn, with small
stoichiometric inhomogeneities! or by slight misalignments
of different sample domains with respect to the applied field,
both effects reducing the absolute value of the measured
Mab , and then ofDMab* . This simple explanation is sup-
ported by the fact that, as stressed in Sec. II, the ZFC sus-
ceptibility does not show complete magnetic shielding at low
temperatures. So, these extrinsic effects may be easily taken
into account by correcting the absolute values of the total
measured magnetization by the constant factorC introduced
in Sec. II. For the sample under study, the agreement be-
tweenDMab* calculated as indicated above and the measured
one is obtained forC52.1. So, in the remaining part of this
paper all the magnetization data~including those above
Tc0) of sample Bi1 will be corrected by thisC factor. This
same analysis performed on sample Bi2 leads toC53.5. A
so important correction factor is, in fact, a clear indication of
the relatively low quality of this crystal, as already stressed
in Sec. II, and introduces some additional uncertainty on the
analyses based on the absolute amplitude ofM (T,H) in this
sample. Note, however, that theseC factors are, for the two
samples, in good qualitative agreement with the values found
before from the analysis of the FC low-field susceptibility
versus temperature curves, the relatively small differences
being probably due to sample misalignments~see also Sec.
III C !.

To further analyzeDMab(T,H) belowTc0 , the measured
DMab(H)T of sample Bi1~already corrected from its corre-
spondingC factor! is compared in Fig. 3 with the BLK theo-
retical approach. The solid lines in this figure are the best fits
of Eq. ~6! to the different isotherms, withlab andhHc2 as
free parameters for each isotherm. The fittings were done in
the range 0.1 T<m0H<5 T that, even for the isotherm taken
at the highest temperature~87 K!, is well within the weak
magnetic field amplitude limit, for which the BLK approach
is valid. The rms of all the fittings are at about 2%. The
circles in Fig. 4 are the resultinghHc2 for each temperature.

We see in that figure that nearTc0 , hHc2 is linear versus
temperature. To calculate the slope, (dHc2 /dT)Tc0, we made
a linear fitting to the experimental data for temperatures
above 75 K, which leads to
hm0(dHc2 /dT)Tc05(21.060.1) T/K, and Tc05(9361)

K. Let us stress already here that this value ofTc0 is close to
the one that we are going to obtain later by analyzing the
OPF above the transition. From this result one may easily
obtainjab(0)/Ah by using

jab~0!5A f0

22pTc0m0~dHc2 /dT!Tc0
, ~8!

which may be obtained by just combining,
jab(T)5jab(0)«

21/2 andm0Hc2(T)5f0/2pjab
2 (T). The re-

sulting value isjab(0)/Ah5(1.960.3) nm, the error being
mainly due to the background choice and to the fitting un-
certainties. The squares in Fig. 4 represent the results ob-
tained for sample Bi2, following the same procedure
as for sample Bi1. The resulting parameters are
hm0(dHc2 /dT)Tc05(21.160.2) T/K, which is close to the

one obtained for sample Bi1, andTc05(9962) K, which is
quite higher than the one obtained for sample Bi1, but is
close to the transition temperatures observed by other au-
thors in other Bi-2212 samples.13,20,24From these data, we
have obtained, through Eq.~8!, jab(0)/Ah5(1.760.2) nm.
These values forjab(0)/Ah are in good agreement with
those obtained for crystal and polycrystalline Bi-2212
samples in Refs. 13,20,21, and 24. We will see in the next
subsection that this common value ofjab(0)/Ah leads, how-
ever, to very different proposals for the value ofjab(0) and
h.

The lab values resulting from the fits of Eq.~6! to the
DMab(H)T data are plotted in Figs. 5~a! and 5~b! for
samples Bi1 and Bi2, respectively. We also show in those
figures the fittings to thelab(T) predicted by the BCS theory

FIG. 4. Upper critical magnetic field~multiplied byh) vs tem-
perature for samples Bi1~circles! and Bi2 ~squares!, obtained by
fitting the model for thermal fluctuations of vortices@Eq. ~6!# to the
DMab(T,H) data in the reversible mixed state~already corrected of
the C factor!. The solid and dashed lines are linear fittings for
temperatures above 75 K. Inset:ab-plane Ginzburg-Landau param-
eter ~multiplied by Ah) vs temperature, calculated from the
hm0Hc2(T) data shown in the main figure and thelab(T) data of
Fig. 5.

15 276 53J. MOSQUEIRAet al.



in the clean limit~dashed line! and in the dirty limit~solid
line!, as tabulated in Ref. 34, and also by the two-fluid
model:35

lab~T!5
lab~0!

A12~T/Tc0!
4

~9!

~dot-dashed line!. In these fittings we have setlab(0) as free
parameter and imposedTc0593 K for sample Bi1 and
Tc0599 K for sample Bi2, as determined from the analyses
of dHc2 /dT done before. The resulting values are summa-
rized in Fig. 5, where one may see that both BCS weak-
coupling approaches are in good agreement with the experi-
mental data. These results seem to exclude the validity of the
functional form predicted by the two-fluid model. Moreover,
the good agreement for both the dirty and clean BCS weak-
coupling approaches just suggests that these data cannot dis-
criminate the small differences between these two limits. In
fact, as the Bi-based compounds are expected to be in the
clean limit, the main conclusion here is, therefore, that our
results forlab(T) are well compatible with the clean BCS

weak-coupling limit. In addition, the correspondinglab(0)
are close to the ones proposed in Refs. 13,15,20, and 21 for
the Bi-2212 compounds.

Finally, by combining the value obtained above for
lab(T) and jab(T)/Ah one may obtainAhkab(T) versus
T, wherekab[lab /jab is the in-plane Ginzburg-Landau pa-
rameter. As an example, it can be seen in the inset of Fig. 4
thatAhkab for sample Bi1 is temperature independent, even
up toT* . To obtain such a temperature-independent behav-
ior it is crucial to take into account the thermal fluctuations
of the vortex positions. As stressed already by other
authors,13,15 this result provides another confirmation of the
adequacy of the BLK approach to explain the magnetization
behavior belowTc0 of the Bi-based HTSC.

C. Excess diamagnetism aboveTc0:
Comparison with the magnetization belowTc0

The analysis ofDxab(«) aboveTc0 in terms of thermal
fluctuations of the order parameter amplitude will provide a
direct estimation ofjab(0) which, when combined with the
jab(0)/Ah resulting from the analysis ofDMab(T,H) below
Tc0 , allows the experimental determination ofh, the vortex
structure parameter. As a first check of the applicability of
Eq. ~5!, which corresponds to OPF in the two-dimensional
~2D! limit, to the Dxab(«) data aboveTc0 measured in the
sample Bi1, in the inset of Fig. 6~a! we have plotted
T/Dxab(T) versusT, for m0H50.6 T. These data were ob-
tained from the data points~circles! of Fig. 1, already cor-
rected of theC factor estimated in the preceding subsection.
This curve displays good linearity, as predicted by Eq.~5!,
between 95 and 101.5 K. This temperature interval will cor-
respond, therefore, to the MFR aboveTc0 .

5–8 In addition, the
mean-field critical temperature may be estimated by just ex-
trapolating to the temperature axis a linear fit toT/Dxab in
this region~solid line!. The resulting value,Tc0'93 K, is in
excellent agreement with the mean-field critical temperature
found before from the analysis ofDMab(T,H) below the
transition. This is, therefore, a first indication of the consis-
tency of both analyses. Note that form0H50.6 T, the weak
magnetic field limit bounded by Eq.~1! will extend well
beyond this lower limit of the MFR used here. The compari-
son between Eq.~5! and the measuredDxab(«) is presented
in Fig. 6~a!. Here, the solid line is the best fit of Eq.~5! to the
data in the same reduced temperature as before, i.e.,
231022&«&1021, with Tc0593 K and s51.54 nm as
fixed parameters and withjab(0) as the only free parameter.
The fit rms is 5%, and the resulting value is
jab(0)5(0.860.1) nm, where the uncertainty is again
mainly due to the background used to extract the experimen-
tal Dxab(«). This value ofjab(0) agrees, within the experi-
mental uncertainties, with the ones found for Bi-2212 crys-
tals from paraconductivity and fluctuation induced
magnetoconductivity measurements,33 and it is also consis-
tent with thejab(0) proposed in Ref. 8 for a Bi-2212 single
crystal, and obtained fromDxab(«) measurements above
Tc0 . When combined withjab(0)/Ah5(1.960.2) nm re-
sulting from the analysis ofDMab(T,H) below Tc0 , this
value of jab(0) leads toh50.1560.05, which is in excel-
lent agreement withh50.16 calculated by Fetter by apply-
ing the London theory to a triangular vortex lattice.36

FIG. 5. In-plane magnetic penetration depth vs temperature of
~a! sample Bi1 and~b! sample Bi2, obtained by fitting the model for
thermal fluctuations of vortices@Eq. ~6!# to theDMab(T,H) data in
the reversible mixed state~again corrected of theC factor!. The
dashed and solid lines are fittings to the BCS functional forms in the
clean and dirty limits, respectively. The dot-dashed line is the fitting
to the two-fluid model. The fitting free parameter islab(T50 K!.
The mean-field critical temperature,Tc0 , is the one obtained from
the analysis ofhm0Hc2(T) near the transition.
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In Fig. 6~b!, we presentDxab(T)/T for sample Bi2. These
results were obtained from the data points of Fig. 1~squares!
corrected of the correspondingC factor obtained in Sec.
III B by analyzing the data belowTc0 . Note that a so high
C factor may introduce additional uncertainties in the abso-
lute values ofDxab(T)/T, but it does not affect its tempera-
ture behavior. In the inset, the linear extrapolation of
T/Dxab to the temperature axis is shown. This leads to
Tc0'99.5 K, in good agreement with the critical temperature
found for this sample by analyzingdHc2(T)/dT. The solid
line in Fig. 6~b! is the best fit of Eq.~5! to the measured
Dxab(T)/T also in the reduced temperature interval
231022&«&1021 and withjab(0) as the only free param-
eter. The good quality of this fitting~the rms is 5%! is again
a clear indication of the 2D behavior predicted in Eq.~5! for
the order-parameter fluctuations in this type of compounds.
The resulting value isjab(0)5(1.060.3) nm which, when
combined with the value obtained forjab(T)/Ah from the
analysis belowTc0 , leads toh50.3060.12.

Two comments on the above results are in order. Note
first that until now all the different groups that have studied
DMab(T,H) in the weak magnetic field limit belowTc0 in
Bi-2212 HTSC did not determinejab(0) and h
separately.13,15,20,21,24Therefore, to obtainjab(0), these au-
thors impose in theirjab(T)/Ah results ~which in general
are, as noted in the preceding subsection, close to ours! a
value ofh. Most of the authors have usedh'1, which is not
too far fromh51.4 calculated by Hao and co-workers16 by
taking into account the depression of the order parameter in
the vortex cores. This leads, then, tojab(0)'2 nm, a value
discarded, however, from our analysis ofDxab(«) above
Tc0 . These results onh and jab(0) suggest, therefore, that
the possible effects of the order-parameter depression in the
vortex core play a much less important role in the vortex
lattice than the one assumed in Ref. 16. In addition, our
results strongly suggest thath does not depend onH, at least
in the weakH limit, in contrast with the proposals of other
authors.31

The other aspect of our results to be commented on here
concerns the effective number,Ne , of fluctuating planes in
the periodicity length,s. Until now, we have assumed strong
magnetic coupling but weak Josephson coupling between the
two closest CuO2 layers per periodicity length,s, in our
Bi-2212 crystals. In the case of the fluctuations of the vortex
positions belowTc0 , this leads toNe51, in agreement with
the BLK approach,13,15 whereas in what concerns the OPF
aboveTc0 this leads toNe52. As this last result is now well
established from different measurements aboveTc0 in Bi-
2212 crystals,6–8,33 an alternative scenario could be to sup-
pose alsoNe52 for the vortex fluctuations belowTc0 ~i.e.,
weak magnetic field coupling between adjacent CuO2 planes
and, therefore, completely independent fluctuating pan-
cakes!. As already indicated in Sec. III A, this scenario is
equivalent to uses/2(5c/4) instead ofs in the BLK equa-
tions. In the case of sample Bi1, the analysis of the measured
T* andDMab* in terms of this last scenario@i.e., through Eq.
~7!, but with s/2 instead ofs# will lead to C'4 which will
imply a too low~at about 25%! superconducting fraction for
this crystal. Moreover, this scenario will also lead to
jab(0)'1.1 nm andh50.3, this last value still being very
different from that calculated in Refs. 16 and 37. In the case
of sample Bi2, this scenario withNe52 belowTc0 will lead
to C'7, which even for this low-quality sample seems to be
too high. So, we must conclude here that the scenario we
have used all along the paper, that is summarized in Table I,
is the most plausible one for the thermal fluctuation effects
onMab(T,H) in the Bi-based HTSC. The in-plane paracon-
ductivity and the magnetoconductivity measured aboveTc0
in Bi-2212 crystals may also be explained on the grounds of
this scenario.33 However, the confirmation of these conclu-
sions through measurements in other HTSC systems and in
single crystals with lowerC factors will be very useful.

Let us, finally, briefly summarize here how our conclu-
sions would be modified ifC51 is imposed, i.e., if the cor-
rections mainly associated with the presence of nonsupercon-
ducting sample domains are neglected. In that case, to
explain the behavior of the reversible magnetizationbelow
Tc0 in the framework of the BLK approach for thermal fluc-

FIG. 6. Excess diamagnetism~over T) vs reduced temperature
of ~a! sample Bi1 and~b! sample Bi2, measured withm0H50.6 T
applied perpendicularly to theab planes. These data aboveTc0
have been corrected by the sameC factor as we have used in the
analysis belowTc0 to take into account the possible existence of
nonsuperconducting domains in the sample~see the text for details!.
The solid line is the best fit of the theoretical approach@Eq. ~5!# to
the experimental data in the reduced temperature interval marked
between arrows 231022&«&1021, with jab(0) as a free param-
eter. The inset shows the same data in a2T/Dxab vs T plot. The
mean-field critical temperature,Tc0 , has been estimated by extrapo-
lating to the temperature axis a linear fit to these data in the mean-
field-like region~solid line in the inset!.
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tuations of vortices~with Ne51), it would be necessary to
assume aneffectiveperiodicity length for these fluctuations
of 3.2 and 5.4 nm for, respectively, samples Bi1 and Bi2.
These effective values are not only very different from each
other but also they are unreasonably much bigger than the
superconducting layer periodicity length~1.5 nm for Bi-
2212!. Above Tc0 , the fluctuation-induced diamagnetism will
still follow the 2D reduced temperature behavior but, with
s51.5 nm andNe52, thejab(0) resulting values would be
underestimated by a factorAC. This would lead to
jab(0)50.55 nm and 0.58 nm for, respectively, samples Bi1
and Bi2. These new coherence length amplitudes are lower
than any value proposed until now in the literature for Bi-
2212 compounds. We may conclude, therefore, that the use
for our samples ofC51 would lead to unphysical results.

IV. CONCLUSIONS

We have presented in this paper detailed experimental
data of the in-plane magnetization, forH perpendicular to
the superconducting layers and in the weak amplitude limit,
of Bi 2Sr2CaCu2O8 crystals. These data were analyzed si-
multaneously and consistently, about and below the super-
conducting transition, in terms of thermal fluctuations. This
analysis strongly suggests that in the case of the fluctuations
of the vortex positions belowTc0 , the two nearest planes per
periodicity length have a strong magnetic coupling and,
therefore, the pancakes in these planes will fluctuate to-
gether, as first proposed by Bulaevskii and co-workers.13,15

In this case, the effective number of independent fluctuating
superconducting CuO2 layers isNe51. In contrast, above
Tc0 , our results suggest a weak Josephson coupling between
adjacent planes which, therefore, will lead to independent
fluctuations of the superconducting order parameter, with
Ne52, as first stressed by Klemm6 and Johnston and
co-workers,8 and with a strong 2D behavior, as first proposed
by Vidal and co-workers.32 In addition, by combining
our results above and belowTc0 , we obtained
jab(0)5(0.860.2) nm andh50.1560.05. This last value
is well within the one calculated in Ref. 36 by applying the
London approach to a triangular vortex lattice. Although
these results may be affected by the presence of some sto-
ichiometric inhomogeneities in the Bi-2212 crystals mea-
sured here, our analysis seems to discard the values
jab(0)'2.0 nm andh'1 proposed by other authors that
have also analyzed the fluctuation effects onMab(T,H) be-
low the superconducting transition.15,20,21,24For the in-plane
magnetic penetration length, we found a temperature behav-
ior compatible with the clean BCS weak-coupling limit, and
an amplitude oflab(0)5(180620) nm.
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