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Thermal fluctuation effects on the magnetization above and below the superconducting transition
in Bi,Sr,CaCu,Og crystals in the weak magnetic field limit

J. Mosqueira, E. G. Miramontes, and C. Tarro
Laboratorio de Fsica de Materides, Facultad de Rica, Universidad de Santiago de Compostela, 15706 Spain

J. A. Campa
Departamento de Cristalograf) Facultad de Ciencias Gea@as, Universidad Complutense de Madrid, Madrid, 28040 Spain

I. Rasines
Instituto de Ciencia de Materiales, Consejo Superior de Investigaciones ftiasfiCantoblanco, Madrid, 28049 Spain

Fdix Vidal
Laboratorio de Fsica de Materides, Facultad de Rica, Universidad de Santiago de Compostela, 15706 Spain
(Received 26 December 1995

We present detailed experimental data of the magnetizakibp(T,H), of Bi,Sr,CaCu,Og crystals on
both sides of the superconducting transition, for magnetic figtls,applied perpendicularly to thab
(CuO,) planes and for amplitudes up @oH=5 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
M.p(T,H) above and below the transition allow us to estimate the effective number of independent fluctuating
superconducting Cu©planes in the periodicity lengts= c/2, ¢ being the unit-cell length, and to separate for
the first time the in-plane correlation length amplitudg,(0), and theparameter related to the vortex struc-
ture, . We found &,,(0)=(0.8=0.1) nm and»=0.15+0.05, 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 amplitudelat T=0 K) of A\ ,,(0)=(180+20) nm.[S0163-18206)02322-3

I. INTRODUCTION degrees These thermal fluctuation effects dvl,,(T,H)
may be quantified through the so-called excess magnetiza-
It is now well established that the high-temperaturetion, AM,,(T,H), defined as

copper-oxide superconductoddTSC present important
thermal fluctuation effects on both sides of the superconduct- AMap(T,H)=M 45(T,H) —Mps(T,H), (2
ing transition™? In turn, the study of these fluctuation effects
above and below the transition may provide very useful in-where the background magnetizatiod,,,g(T,H), is the
formation on various central aspects of these materials, as thigagnetization associated with the normal contributions, i.e.,
different superconducting characteristic lengths or the pairthe sample magnetization if the superconducting transition
breaking effectd=® One of the observables best adapted towere absent, and which may be approximated by extrapolat-
study the thermal fluctuations in high-temperature coppering through the transition the magnetization measured well
oxide superconductors(HTSC) is the magnetization, aboveT., in a temperature region where the effects of the
M ,(T,H), for magnetic fieldsH, applied perpendicularly thermal fluctuations become negligible. Abové,
to the ab planes(the CuQ, layers and in the so-called AMg,(T,H) is only due to thermal fluctuations, which create

weak-amplitude limit, characterized by Cooper pairs with a finite lifetim&3~" In turn, these
fluctuation-induced Cooper pairs lead to the appearance of
H shielding currents near the transition, which round down the
8>m’ 1) M(T)y curves, i.e., that lead to a negativeM ,,(T,H).

These effects are explained in the HTSC in terms of gener-
whereH,(0) is the upper critical magnetic field amplitude alizations of the Schmidt-like approach which takes into ac-
(at T=0 K) for H perpendicular to theab planes, count the layered nature of these materfalsThe study of
e=|T—T|/Teo is the reduced temperature aifigy is the  AM,, aboveT., and in the weak magnetic field limior,
mean-field transition temperature ldt=0. This weak limit  equivalently, of the so-called excess diamagnetidng,p,
will exclude, therefore, two temperature regions, above andee below may provide direct information on the Ginzburg-
below the transition, close td., (for uoH<5 T, a few Landau superconducting coherence length amplitgale
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T=0 K) in the ab plane, £,,(0), and on themean-field into account the thermal fluctuations in the weak magnetic
transition temperature T,,.° ' In addition, these field limit. These analyses allow us, in particular, to separate
AM,(T,H) effects may probe various central and very gen-for the first time&,,(0) and » in these crystals and to esti-
eral aspects of the order-parameter fluctuatig@F's mate the relative strength of the coupling between adjacent
aboveT.y, as the influence or not of the so-called indirect superconductingCuO,) planes: the magnetic coupling in
contributions’~*2 or the relevance of the multiperiodicity of the case of the fluctuations of the vortex positions below
the superconducting layers in HTSC1° T.o., and the Josephson coupling in the case of the fluctua-

Below T.q, in the reversible mixed stat&,M ,,(T,H) is  tions of the order parameter amplitude abdyg.
due to two linearly additive contributions: the London-like
diamagnetism and the effects associated with thermal
fluctuationst>~° In the weak magnetic field limit, this last
contribution is associated with the fluctuations of the vortex  The Bi,Sr,CaCu,05 (Bi-2212) crystals used in this work
lines positions, i.e., with fluctuations of the superconductingyere grown from mixtures of analytical grade JBis,
order-parametgshase(in contrast, in the high magnetic field syoH),-8H,0, CaCQ;, and CuO in stoichiometric
regime the fluctuations of the order-parameterplitudewill  amounts. The mixtures were heated to 780 °C in alumina
give the main contributions®** These phase fluctuation ef- ¢rycibles, ground, heated again to 840 °C for 12 h, reground,
fects are particularly important in strongly anisotropic lay-tested as pure polycrystalline 2212, transferred to a rotary
ered HTSC, as the Bi compounds studied here, where thgonical gold cruciblé16 and 25 mm diameters, 30 mm high,
vortex lines appear as weak correlated stacks of twogg rpm, and the direction of the rotation changing every 25
dimensional(?D) vortices(pancakel They lead, in particu- ) melt after slowly heated to 980 °@ i6 h 15min, and
lar, to the existence of a temperatulé,, some degrees be- maintained at this temperature during 2 h. The melt was
low T¢o, at which the excess magnetizatid ,p(H) 1+, IS cooled to 870 °C at 0.67 °CH and, once crystallized, to
independent oH [i.e., a crossing point of thaM,,(T)y 600 °C at a cooling rate of 25°CH, turning then the
curves atT*].***° From the analysis of the experimental power off.
AM,p(T,H) data belowT, in terms of the Bulaevskii- A small portion of every batch was finely ground and
Ledvi-Kogan (BLK) approach it is possible to extract the examined by energy-dispersive x-ray analy&Ds), and by
in-plane magnetic penetration lengt,,(T), and the rela-  x-ray powder diffractionXPD). A detailed structural analy-
tionship &,,(0)/\/7, where the constany is related to the sis may be seen in Ref. 29. Two samples of different batches,
vortex lattice. In addition, these data beldw, may probe hereafter named Bil and Bi2, of masses 8.31 mg and 19.10
the applicability to HTSC of other theoretical approaches, asng, respectively, were chosen for the experiments. These
for instance those that take into account the depression of theray analyses, as well as measurements of the electrical re-
order parameter in the vortex corédp the understanding of = sistivity performed after the magnetization measurements,
AM ,,(T,H) in strong anisotropic HTSC. show that these two crystals are affected of small composi-

Until now, the fluctuation effects oM ,,(T,H) in the tional or structural inhomogeneities, which may modify the
weak magnetic field limit in HTSC have been studied sepaamplitude of the measured magnetizatisae below. In ad-
rately abové**2and belove*1>"~?4he transition[Some  dition, SEM analysis showed that sample Bi2 presents large
authors have studied the scaling behavior Mf,(T,H) domains with different orientations of theb planes, which
through the transition, but in are(H) region that will cor-  will also affectM(T,H) above and below the transition.
respond to the high magnetic field lintt?°-2] However, The magnetization measurements were made with a
some of the characteristic parameters arising in the theoretQuantum Desigr{fSQUID) magnetometer. The instrumental
cal approaches are the same above and bdlgw This is  resolutions are 10** A m? for the magnetic moment, 0.1%
the case, as we have already stressed, of the in-plane cohéor the temperature, and@10 © g for the sample mass. The
ence length, or of thénever directly accessiblenean-field resolution in the magnetization is then better than 0.5%. All
critical temperature. Also, some of the possible nonintrinsiche measurements presented here were made with the mag-
effects onM,,(T,H) in real samples are similar on both netic fields applied perpendicularly to treb planes. The
sides of the transition. This is the case, for instance, of thgamples were wrapped in Teflon tape and situated in the
influence onM ,,(T,H) of the presence of stoichiometric center of the SQUID’s pick up coil by means of a plastic
inhomogeneities(oxygen content, for instangeat long straw. The Teflon contribution to the magnetic moment was
length scalegat length scales much larger thégp,(T), even  carefully checked and subtracted to the magnetic moment
at temperatures relatively closeTgy). So, the simultaneous measured in the samples plus holders. Two series of mea-
analysis ofM,,(T,H) on both sides off ;o will reduce the surements were made: magnetization versus temperature at a
experimental uncertainties and also the number of free paconstant fieldM ,,(T)y, and magnetization versus field at a
rameters arising in the theoretical approaches. constant temperatur®) ,,(H)1. For theM,,(T)y data, the

The central aim of this paper is twofold. First, we samples were cooled dowa b K in theabsence of magnetic
present detailed experimental data dfl,,(T,H) of field [zero-field cooledZFC)]. Then the magnetic field was
Bi,Sr,CaCw,Og4 crystals. These data were obtained withapplied and data were taken as the temperature was increased
H applied perpendicularly to the CyQayers and upto 5T up to 250 K. For theM,,(H)1 measurements, the samples
and they cover, to our knowledge for the first tiffehoth  were also zero-field cooled and then the magnetic field was
sides of the superconducting transition. Then, we analyzapplied and increased in steps of 0.1-0.25 T, up to 5 T, with
these results, simultaneously and consistently above and ba-5-min delay between measurements to ensure system sta-
low T¢g, in terms of the available approaches which takebility. To calculate the magnetization, the samples volumes

1. EXPERIMENTAL DETAILS AND RESULTS
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FIG. 1. Magnetization vs temperature around the transition mea-
sured with a magnetic field gi,H=0.6 T applied perpendicularly
to theab planes for samples Bilcircles and Bi2 (squares The R '
solid lines are the normal-state background magnetizations.

Sample Bi2

T* =90.8 K—¢ "

<
T

are determined from their masses by using the theoretical
density of the Bi-22126.5 g/cnt). For all the temperatures
and magnetic fields studied here, the measuwveg(T,H)

are very small compared with 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- -0.4
superconducting domains and inclusions in both crystals. In [
fact, the saturation FC valueslatv fields already corrected .05
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, Bil and Bi2
samples. We will see in Sec. Ill that these values are in FIG. 2. (a) Excess magnetization vs temperature for sample Bi1,

reasonable agreement with those obtained from the analysiseasured with magnetic fields of 0.3, 0.6, 1da@nT applied per-
of the thermal fluctuations. pendicularly to theab planes, around@™. (b) Excess magnetization

The thermal fluctuation effects dvl ,,(T,H) will be ana-  vs temperature for sample Bi2, measured with magnetic fields of 1,
lyzed above and beloW,, through the excess magnetization 2, 3, 4, and 5 T applied perpendicularly to tab planes, around
defined by Eq.(2). In the case ofM,, versusT data at T*. The solid lines are guides for the eyes.

constantH, M,,g(T) in this equation is approximated by tth iol f ducting d
extrapolating through the transition the magnetization mea@ccoun he p035|| € prSesenlcle NO nor:lstuAp,\t/alrconh ucting do-
sured in the temperature region bounded by<226<250 K, mains In t € samp Gsee Sec. I\ ote.t ataMap Shows a
where the influence of the fluctuations is known to bellnear b.eh'awor Versus Idybut presenting a slight deviation
negligible’® In this region, the magnetization versus tem- rom this linear behavior for temperatures below about 83 K.
perature for these samples follows very closely a linear be--rhIS effect may be d“g to the contr|b_ut|on of the quantum
havior. In Fig. 1 we show tha,(T) data for sample Bil fluctuations of vorticeg? or due to the influence of pinning
(circles and sample Bi2(squ;re}s both measured with ©" the distribution of vortices in the mater#lput it has no
uoH=0.6 T, around the transition. The lines are the extrapo—r(EIeVance on the analysis presented in this paper.
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lations through the superconducting transitions of the
normal-state data of each sample. In the case ofMhg lll. DATA ANALYSIS
versusH data, we use as background an isotherm taken also A. Theoretical background
at a temperature in which the fluctuation effects are expected

1. Above Tq

to be negligible, about 30 K above the transition. Hereafter,
the background magnetization has been subtracted to all the For H perpendicular to thab planes(the CuQ, layersg

magnetization data presented in this paper. and in the weak magnetic field limit, both the measured and
In Figs. 4a) and 2b) we present thM,,(T)y data for  the background magnetization arisingAmM ., [Eq. (2)] de-
sample Bil and sample Bi2, respectively, in the reversiblepend linearly, abovd,, on the magnetic field amplitude.
mixed state, for several applied magnetic fields, where th@herefore, in this case, to characterize the thermal fluctuation
crossovers of the different curves at*(AM},) are clearly effects onM,,(T,H) it will be useful to use instead of
seen. As an example, theM ,,(H) data of sample Bil for AM,, the so-called in-plane excess diamagnetitaiso
several temperatures are shown in Fig. 3. The data of this lastlled in-plane fluctuation induced diamagnetism

figure have already been corrected b dactor to take into A y,(&), defined as
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0 , . transition?’~%2733The analysis in Refs. 7,8, and 33 also
87K show that in Bi-2212 compoundd.~2, i.e., that the two

86 K . . .
85K o superconducting Cu@planes ins are, in what concerns the

-1} sake _ OPF effects in the MFRbove T, completely uncorrelated.
5 8“‘ So, for these HTSC, Ed4) reduces to

82K
«:‘9‘ _2.8[Ko AXb _ZAS
= ()= ——, (5)
3

3} 78K an expression which, as could be expected, coincides with
Sample Bil the conventionall y,,(¢) result for layered superconductors
75K 2 with only one layer per periodicity length, but wigi2 as
400 1 5 effective interlayer distanck.

HoH (1) 2. Below T

FIG. 3. Excess magnetization for sample Bil vs external mag- TheM,u(T,H) data belowT., and in the weak magnetic
netic field (applied perpendicularly to thab planes for several field amplitude limit will be analyzed in terms of the BLK
temperatures in the reversible mixed state. These data are alreadpproach?® In this model, which is based on the London
corrected of theC factor which accounts for the possible existencetheory but by taking also into account the contributions as-
of nonsuperconducting domains in the sample. The lines are fittingsociated with the thermal fluctuations of the vortex positions,
of the BLK model for the thermal fluctuations of the vortex posi- the excess magnetizatioAM ,,(T,H), for H perpendicular
tions [Eq. (6)] to each isotherm, with 5, and 7H., as free param- o theab planes, may be approximated 3%

eters.
_ ¢o 77H cz(T)
87 uohap(T) H

AM (T, H)= In

AXap(&)=Xab(e) ~ Xabs(€), (©))
where xap(e) =Map(e)u/H and xape(e) =Mapp(e)n/H T
are, respectively, the measured and the background suscep- + B
tibilities in the weak magnetic field limit. In layered super- $oS

conductors with two superconducting layers per IoeriOOIiCitywhere the first term on the right corresponds to the usual

length and with two different Josephson coupling StrengthsLondon magnetization, whereas the second one is the correc-
v, andy,, between adjacent layers, which in principle is the 9 ’

case well adapted to the Bi-2212 compounds studied heréIon due to the fluctuations of the vortex positiofSome

A xap(€) in the mean-field-like temperature region and in theiAUth(?rrsH der|1_|00te etf:i ixﬁezztarp(?r?nﬁ“ﬁi?ognlbecr:?)égs'ifent
weak magnetic field limit is given By ab(T,H). However, ou ion i y |

above and belowl .5, but also avoids possible confusions

Bo| Y2 between the excess magnetization and the magnetization it-
) , (4) self] In Eq. (6), e~2.718 is the Euler constark,,;, is the

penetration depth in thab plane, » is a constant related to
whereNg(e) is an effective number of independent fluctuat- the vortex lattice structure angl is again the periodicity
ing planes per periodicity lengths= 7uokgé2,(0)/3¢2s is  length of the superconducting CyQ@ayers. The above equa-
the Schmidt diamagnetism amplitudee will use through tion assumes one superconducting layes.irin the case of
this paper MKSA units and B p=[2&,(0)/s]?> is the the Bi-2212 compounds this would be a good approximation
Lawrence-Doniach parameter governing the dimensionalitypelow T, if the magnetic coupling between pancakes in the
of the thermal fluctuations of the order paramd®@PP. In  nearest layers were strong enough to make them fluctuate
these expressionisg is the Boltzmann constanj, is the jointly. In this case, each bilayer s may be considered, in
vacuum permeability ¢, is the flux quantumg,,(0) and Wwhat concerns the fluctuations of the vortex positions, as a
£:(0) are the superconducting coherence length amplitudegingle superconducting layer without internal structure. We
(at T=0 K) in the ab planes and, respectively, in tre  Will see here that this point of view, already proposed in the
direction, ands is the periodicity length of the superconduct- original BLK approaci*'®seems to be the adequate one for
ing CuO, layers, which in the case of the Bi-2212 com- Bi-2212. However, for completeness let us note that (Ej.
pounds is one-half the cristallographic unit-cell length in thecould easily be adapted to the opposite scenario, in which the
c direction, i.e..s=c/2=1.54 nm(as noted before, there are pancakes in each CuOlayer fluctuate independently and,
two superconducting layers ). Mainly due to the presence therefore, there are two completely uncorrelated supercon-
in Eq. (4) of No(g), which in fact depends also op /7y,, ducting planes irs, by just using as an effective interlayer
this expression forA y,p(¢) could be quite complicated. periodicity s/2 instead ofs. We will examine both scenarios
However, earlier paraconductivity measurements showelh this work. Finally, from Eq.(6) the magnetization at the
that in all the mean-field regiofMFR) aboveT,, the OPF  crossing point of theAM,,(T)y curves may be easily ob-
effects in these Bi-based HTSC are essentially two dimentained a$*'®
sional (2D), i.e., é.(¢)<<s (and then,B p<<e¢) in that & .
region®2 Such a 2D behavior was latter confirmed by differ- —AM?* :kB_T
ent studies of the OPF effects above the superconducting b pos

8 W}LokBT)\gb(T) 77H c2(T)
s¢se H

), (6)

A
ﬁ*‘b(s):—Ne(s)%S(l

)
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an expression that again may be also applied to the case of 30 — : :
uncorrelated interlayer pancakes by just replacny s/2. ° JJO0TK , -11TK

B. Excess magnetization in the reversible mixed state

below T 20t .
&
A first direct comparison between our experimental re- o 100
sults belowT ., and the BLK approach may be done through io |
Eq. (7) relating the excess magnetizatidny %, , to the tem- ST T |
:{-—

perature,T*, of the crossing point of thAM ,,(T)y curves.
For sample Bil, the results of Fig. (@ lead to
AM3%,=—176 A/m andT* =85.8 K. By using in Eq(7) this
T* ands=1.54 nm, one obtaindA M}, = —372 A/m. As the °%%5 > 100
value of T* is very reliable, such a strong discrepancy be- T (K)

tween the measured and the calculatéd}, could be due,

on the grounds of the BLK approach, to the value of the FIG. 4. Upper critical magnetic fielthmultiplied by ) vs tem-
CuO, layer periodicity length or to the measur@d*, .  perature for samples Bilcircles and Bi2 (square} obtained by
However,s=c/2, which corresponds to the case of strongﬁtti”g the model fpr thermal fIL.Jctuati.ons of vorticEsg. (6)] to the
correlation of the pancakes in the two closest Gudper-  2Map(T,H) data in the reversible mixed stdready corrected of
conducting planes, is the biggest possible effective interlayef'® C facton. The solid and dashed lines are linear fittings for
periodicity for the fluctuating vortex positions. Therefore, thetémperatures above 75 K. Insab-plane Ginzburg-Landau param-
origin of this discrepancy must be attributed to extrinsic ef.Ster (multiplied by ‘/7’)_ VS temperature, calculated from the
fects on the measuredM},. For instance, the measured mioHeo(T) data shown in the main figure and the,(T) data of

Fig.
AM?3, may be affected by the presence of nonsuperconduct-

ing domains in the sampl@ssociated, in turn, with small \ye see in that figure that ned,, nH., is linear versus

stoic_:hiometric inhomogeneitip&r by slight misalignr_nent.s temperature. To calculate the slopéH,,/dT); , we made
of different sample domains with respect to the applied field linear fitting to the experimental data f0°r° temperatures
both effects reducing the absolute value of the measure% X

above 75 K, which leads to

Mgy, and then ofAM},. This simple explanation is sup- 1 — (02+
ported by the fact that, as stressed in Sec. Il, the ZFC sus7-7’“°(dHCZ/dT)Tco (71.0=0.1) K, and Teo=(93=1)

ceptibility does not show complete magnetic shielding at low/- L&t us stress already here that this valud gf is close to
temperatures. So, these extrinsic effects may be easily takdf}e One that we are going to obtain later by analyzing the
into account by correcting the absolute values of the tota?FF @bove the transition. From this result one may easily
measured magnetization by the constant faGtontroduced ~ OPt&in £a(0)/ V7 by using

in Sec. Il. For the sample under study, the agreement be- &

tweenAM?, calculated as indicated above and the measured £,(0)= 0 (8)
i< obial : in : ab — 27T omo(dHgz /dT)T

one is obtained fo€=2.1. So, in the remaining part of this 7T eoro(dHez Teo

paper all the magnetization dai@ncluding those above
T.o) of sample Bil will be corrected by thi€ factor. This
same analysis performed on sample Bi2 lead€ t03.5. A

which  may be obtained by just combining,
Ean(T) = Eap(0)e M2 andpuoH cao(T) = po/2mEZ,(T). The re-
S0 important correction factor is, in fact, a clear indication ofSUIt_Ing value |s§ab(0)/\/;=(1.9i 0'3) nm, the error b_emg
the relatively low quality of this crystal, as already stressedﬂ"""’ﬂ.y .due to the backgrc_)unq choice and to the fitting un-
in Sec. I, and introduces some additional uncertainty on th&ertainties. The squares n F'g'.4 represent the results ob-
analyses based on the absolute amplitud®!6T,H) in this tained for sample .B'Z' following t.he same procedure
sample. Note, however, that theGefactors are, for the two as for sample Bil. The resultmg parameters are
samples, in good qualitative agreement with the values found*0(dHe2/d )7 ;=(=1.1£0.2) T/K, which is close to the
before from the analysis of the FC low-field susceptibility one obtained for sample Bil, afidy=(99=2) K, which is
versus temperature curves, the relatively small differenceguite higher than the one obtained for sample Bil, but is
being probably due to sample misalignmefgse also Sec. close to the transition temperatures observed by other au-
I C). thors in other Bi-2212 samplé&?°2*From these data, we
To further analyze\M ,,(T,H) belowT,,, the measured have obtained, through E), £,,(0)/\/7=(1.7£0.2) nm.
AM 4(H) 1 of sample Bil(already corrected from its corre- These values foi,,(0)/\/7 are in good agreement with
spondingC factor is compared in Fig. 3 with the BLK theo- those obtained for crystal and polycrystalline Bi-2212
retical approach. The solid lines in this figure are the best fitsamples in Refs. 13,20,21, and 24. We will see in the next
of Eq. (6) to the different isotherms, with,, and sH., as  subsection that this common valueéf,(0)/ 7 leads, how-
free parameters for each isotherm. The fittings were done iaver, to very different proposals for the value&f,(0) and
the range 0.1 ¥ ugH=<5 T that, even for the isotherm taken 7.
at the highest temperatuf87 K), is well within the weak The A, values resulting from the fits of Eq6) to the
magnetic field amplitude limit, for which the BLK approach AM,,(H); data are plotted in Figs.(® and 3b) for
is valid. The rms of all the fittings are at about 2%. Thesamples Bil and Bi2, respectively. We also show in those
circles in Fig. 4 are the resultingH, for each temperature. figures the fittings to the ,,(T) predicted by the BCS theory
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weak-coupling limit. In addition, the correspondingy(0)

400 | . are close to the ones proposed in Refs. 13,15,20, and 21 for
— — - BCS Clean .
A (0)=162 nm, rms=3.3% the Bi-2212 compounds. .
350F e Dirty . Finally, by combining the value obtained above for
= Aep(0)=180 nm, rms=0.6% Nap(T) and fab(T)/\/;_One may Obtain_\/;’(ab(-r) versus
E 3001 _ . rwofluid ] T, wherexp=A,p/&4p IS the in-plane Gm;burg-_l.andau pa-
5 Ap(0)=205 nm, rms=6.2% rameter. As an example, it can be seen in the inset of Fig. 4
~< 250t o 1 that \/7x,, for sample Bil is temperature independent, even
________ e up toT*. To obtain such a temperature-independent behav-
20077 . 1 jor it is crucial to take into account the thermal fluctuations
[ - Sample Bl (a) of the vortex positions. As stressed already by other
150 3'0 40 5'0 60 7'0 8'0 % authorst>*5 this result provides another confirmation of the
adequacy of the BLK approach to explain the magnetization
T (K) behavior belowT ., of the Bi-based HTSC.
400 BCS Clean - C. .Excesg diamagnetism apové’co:
Ag(0)=172 nm, rms=0.9% F Comparison with the magnetization belowT .
350r __ pes Dirty ] The analysis ofA y,,(g) aboveT., in terms of thermal
’g Ap(0)=188 nm, rms=4.8% fluctuations of the order parameter amplitude will provide a
s 300T . _._ Two-fluid direct estimation of,,(0) which, when combined with the
B 250l A (0)=206 nm, rms=11% £.(0)/\/7 resulting from the analysis @M ,,(T,H) below
. T.o, allows the experimental determination f the vortex
________________ = structure parameter. As a first check of the applicability of
200 o s5-o T sample B2 (b) 1 Eq. (5_), _vvhich corresponds to OPF in the two—dimgnsional
150 L—s , , , . , (2D) limit, to the AXab_(S) data al_)oveTco measured in the
30 40 50 60 70 8 90 sample Bil, in the inset of Fig.(8 we have plotted
T/Axap(T) versusT, for ugH=0.6 T. These data were ob-
T (K) tained from the data point&ircles of Fig. 1, already cor-

rected of theC factor estimated in the preceding subsection.
FIG. 5. In-plane magnetic penetration depth vs temperature ofhjs curve displays good linearity, as predicted by B,
(a) sample Bil andb) sample Bi2, obtained by fitting the model for petween 95 and 101.5 K. This temperature interval will cor-
thermal fluctuations of vorticd€q. (6)] to theAM ,,(T,H) data in respond, therefore, to the MFR abo-r/&)_s—s In addition, the
the reversible mixed stat@again corrected of th€ facton. The  neqn field critical temperature may be estimated by just ex-
‘?rapolating to the temperature axis a linear fitTA y 5, in
Sthis region(solid line). The resulting valueT .o~93 K, is in
excellent agreement with the mean-field critical temperature
found before from the analysis &fM,,(T,H) below the
transition. This is, therefore, a first indication of the consis-
tency of both analyses. Note that fagH=0.6 T, the weak
magnetic field limit bounded by Edq1) will extend well
beyond this lower limit of the MFR used here. The compari-
son between Eq5) and the measurefly,,(¢) is presented
in Fig. 6(a). Here, the solid line is the best fit of E(p) to the

clean and dirty limits, respectively. The dot-dashed line is the fittin
to the two-fluid model. The fitting free parameterNig,(T=0 K).
The mean-field critical temperaturg,,, is the one obtained from
the analysis ofpugH(T) near the transition.

in the clean limit(dashed ling and in the dirty limit(solid
line), as tabulated in Ref. 34, and also by the two-fluid
model3®

Aoy(T) = Nan(0) ) data in the same reduced temperature as before, i.e.,
ab 1—(TITg)? 2X10 ?<e=<10"1, with T,=93 K and s=1.54 nm as

fixed parameters and witf,,(0) as the only free parameter.

(dot-dashed ling In these fittings we have sk}, (0) as free The fit rms is 5%, and the resulting value is
parameter and imposeli,,=93 K for sample Bil and &a.(0)=(0.8£0.1) nm, where the uncertainty is again
T0=99 K for sample Bi2, as determined from the analyseg‘ﬂaimy due to the background used to extract the experimen-
of dH.,/dT done before. The resulting values are summadal Axap(e). This value ofé,,(0) agrees, within the experi-
rized in Fig. 5, where one may see that both BCS weakmental uncertainties, with the ones found for Bi-2212 crys-
coupling approaches are in good agreement with the experials from paraconductivity and fluctuation induced
mental data. These results seem to exclude the validity of thetagnetoconductivity measuremefitsand it is also consis-
functional form predicted by the two-fluid model. Moreover, tent with theé,,(0) proposed in Ref. 8 for a Bi-2212 single
the good agreement for both the dirty and clean BCS weakerystal, and obtained fromd y,,(s) measurements above
coupling approaches just suggests that these data cannot disg. When combined withé4p(0)/v7=(1.9£0.2) nm re-
criminate the small differences between these two limits. Irsulting from the analysis oAM ,,(T,H) below Ty, this
fact, as the Bi-based compounds are expected to be in thalue of £,,(0) leads ton=0.15+0.05, which is in excel-
clean limit, the main conclusion here is, therefore, that oulent agreement withy=0.16 calculated by Fetter by apply-
results fork,(T) are well compatible with the clean BCS ing the London theory to a triangular vortex lattite.
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3 — - Two comments on the above results are in order. Note
Sample Bil _ first that until now all the different groups that have studied
- 2or i AM4,(T,H) in the weak magnetic field limit below g in

51 22 1 Bi-2212 HTSC did not determineé,,(0) and 7

51l ] separately®152021.24Therefore, to obtairg,,(0), these au-
0 thors impose in thei,,(T)/\/z results(which in general

are, as noted in the preceding subsection, close to) @urs
value of . Most of the authors have usegds 1, which is not
too far from »=1.4 calculated by Hao and co-work&tdy

-Ax, /T (107K

(a) "% 9S65000 taking into account the depression of the order parameter in
00 —_ o '05 —_ 0'1 ‘ the vortex cores. This leads, then,&g,(0)~2 nm, a value
) ‘ discarded, however, from our analysis Afy,,(e) above
(T'Tco)/Tco Teo. These results om and &,,(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 thatdoes not depend dd, at least
T in the weakH limit, in contrast with the proposals of other
authors!
The other aspect of our results to be commented on here
concerns the effective numbe¥,, of fluctuating planes in
the periodicity lengths. Until now, we have assumed strong
magnetic coupling but weak Josephson coupling between the
R two closest Cu@ layers per periodicity lengths, in our
0 0.05 0.1 Bi-2212 crystals. In the case of the fluctuations of the vortex
(T-T )/T positions belowT .y, this leads tdN.=1, in agreement with
co” " co the BLK approachH?*° whereas in what concerns the OPF

FIG. 6. Excess diamagnetisfover T) vs reduced temperature aboveTco this Ieads. tNe=2. As this last result is now vyell
of (a) sample Bil andb) sample Bi2, measured withgH=0.6 T established frosrgsdlfferent mgasuremeqts abdyg in Bi-
applied perpendicularly to thab planes. These data abode, 2212 crystal$; 83 an alternative scenario could be to sup-
have been corrected by the sa@€actor as we have used in the Pose alsdNg.=2 for the vortex fluctuations beloW,, (i.e.,
analysis belowT., to take into account the possible existence of weak magnetic field coupling between adjacent Gytanes
nonsuperconducting domains in the san(gkee the text for detalls  and, therefore, completely independent fluctuating pan-
The solid line is the best fit of the theoretical approly. (5)]to  cakes. As already indicated in Sec. Ill A, this scenario is
the experimental datazin the reolluced temperature interval mafke@quivalent to usa/2(=c/4) instead ofs in the BLK equa-
between arrows 210 “<e=10"", with £,,(0) as a free param-  jjons |n the case of sample Bil, the analysis of the measured

eter. The inset shows the same data in &/ A x5, vs T plot. The * x . .
mean-field critical temperaturé.,, has been estimated by extrapo- T* andAMg, in terms of this last scenar(@e., through Eq.

lating to the temperature axis a linear fit to these data in the mear_f])' but with s/2 instead ofs] will lead to C~_4 Wh'Ch_ will
field-like region(solid line in the inset imply a too low(at about 25% superconducting fraction for
this crystal. Moreover, this scenario will also lead to
In Fig. 6(b), we present x,,(T)/T for sample Bi2. These &,5(0)~1.1 nm and»=0.3, this last value still being very
results were obtained from the data points of Figsquares  different from that calculated in Refs. 16 and 37. In the case
corrected of the corresponding factor obtained in Sec. of sample Bi2, this scenario witN.=2 belowT, will lead
Il B by analyzing the data below,. Note that a so high to C~7, which even for this low-quality sample seems to be
C factor may introduce additional uncertainties in the absotoo high. So, we must conclude here that the scenario we
lute values ofA x,,(T)/T, but it does not affect its tempera- have used all along the paper, that is summarized in Table I,
ture behavior. In the inset, the linear extrapolation ofis the most plausible one for the thermal fluctuation effects
T/Axap to the temperature axis is shown. This leads toon M,,(T,H) in the Bi-based HTSC. The in-plane paracon-
T0~99.5 K, in good agreement with the critical temperatureductivity and the magnetoconductivity measured abdyg
found for this sample by analyzingH.,(T)/dT. The solid in Bi-2212 crystals may also be explained on the grounds of
line in Fig. 6b) is the best fit of Eq(5) to the measured this scenarid®> However, the confirmation of these conclu-
Axap(T)/T also in the reduced temperature intervalsions through measurements in other HTSC systems and in
2X10 ?<e=10"1 and with&,,(0) as the only free param- single crystals with lowe€ factors will be very useful.
eter. The good quality of this fittinGhe rms is 5%is again Let us, finally, briefly summarize here how our conclu-
a clear indication of the 2D behavior predicted in E5). for sions would be modified iI€=1 is imposed, i.e., if the cor-
the order-parameter fluctuations in this type of compoundstections mainly associated with the presence of nonsupercon-
The resulting value ig,,(0)=(1.0£0.3) nm which, when ducting sample domains are neglected. In that case, to
combined with the value obtained fdt,,(T)/\/z from the  explain the behavior of the reversible magnetizatizow
analysis belowT ., leads top=0.30+=0.12. T in the framework of the BLK approach for thermal fluc-

Sample Bi2

ab

-T/Ay (107 K)

-Ax /T (107K

[ ®)
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TABLE |. Characteristic parameters for the thermal fluctuation effects on the magnetization above and
below the superconducting transition in the two Bi-2212 crystals studied Ngfis.the effective number of
fluctuating superconducting planes in the periodicity lengttwhich is equal to one-half the unit-cell length
in the c direction: Above T, N, is related, through th@osephson couplingetween adjacent layers, with
the fluctuations of the order parameter amplitydath the number of fluctuating Cooper pairBelow
T.o, Ne is related, through themagnetic couplindpetween adjacent Cufplanes, with the fluctuations of the
order-parameter phageith the number of independent fluctuating magnetic pancakss. iihe N, values
suggest weak Josephson coupling but strong magnetic coupling between the two closgplae® ins.

Nap(0) is the magnetic penetration length amplitude Kbperpendicular to the Cuplayers,&,,(0) is the
in-plane coherence length amplitude ands the vortex lattice parameter.

Ne Ne
Sample T, (K)  s(nm) aboveT.,, belowT, Agp(0) (nm)  &,4(0) (nm) 7
Bil 93 1.54 2 1 18820 0.8£0.1 0.15£0.05
Bi2 99 1.54 2 1 17625 1.0+0.3 0.3G:0.12

tuations of vorticegwith N.=1), it would be necessary to In this case, the effective number of independent fluctuating
assume areffectiveperiodicity length for these fluctuations superconducting Cu®layers isN.=1. In contrast, above
of 3.2 and 5.4 nm for, respectively, samples Bil and Bi2.Ty, our results suggest a weak Josephson coupling between
These effective values are not only very different from eachadjacent planes which, therefore, will lead to independent
other but also they are unreasonably much bigger than thuctuations of the superconducting order parameter, with
superconducting layer periodicity lengiti.5 nm for Bi- N,=2, as first stressed by Klenfmand Johnston and
2212. Above T, the fluctuation-induced diamagnetism will co-workers and with a strong 2D behavior, as first proposed
still follow the 2D reduced temperature behavior but, withby Vidal and co-workers? In addition, by combining
s=1.5 nm and\.= 2, the£,,(0) resulting values would be our results above and belowT,,, we obtained
underestimated by a factog/C. This would lead to &4,(0)=(0.8+0.2) nm and»=0.15+0.05. This last value
£,5(0)=0.55 nm and 0.58 nm for, respectively, samples Bilis well within the one calculated in Ref. 36 by applying the
and Bi2. These new coherence length amplitudes are lowdrondon approach to a triangular vortex lattice. Although
than any value proposed until now in the literature for Bi-these results may be affected by the presence of some sto-
2212 compounds. We may conclude, therefore, that the ugehiometric inhomogeneities in the Bi-2212 crystals mea-
for our samples of£=1 would lead to unphysical results. sured here, our analysis seems to discard the values
&.5(0)=2.0 nm andnp~1 proposed by other authors that
IV. CONCLUSIONS have also analyzed the fluctuation effectsMg,(T,H) be-
low the superconducting transitidi?%?1?4For the in-plane
We have presented in this paper detailed experimentahagnetic penetration length, we found a temperature behav-
data of the in-plane magnetization, fer perpendicular to jor compatible with the clean BCS weak-coupling limit, and
the superconducting layers and in the weak amplitude limitan amplitude of\ ,,(0)=(180+20) nm.
of Bi,Sr,CaCu,Og 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 This work has been supported by the Comisiotermin-
of the vortex positions beloW,,, the two nearest planes per isterial de Ciencia y Tecnolog(MAT95-0279 and by the
periodicity length have a strong magnetic coupling andEuropean Economic Community Grant No. CHRX-CT93-
therefore, the pancakes in these planes will fluctuate t09325. One of us, J.M., acknowledges financial support from
gether, as first proposed by Bulaevskii and co-workéfs. the Xunta de Galicia.

ACKNOWLEDGMENTS

IFor earlier references on the thermal fluctuation effects above the Feigel'man, V. B. Geshkenbein, A. I. Larkin, and V. M. Vi-
superconducting transition in HTSC see, e.g., M. Akinaga, in  nokur, Rev. Mod. Phys56, 1125(1994); D. Feinberg, J. Phys.
Studies of High Temperature Superconductadited by A. Il (France 4, 169 (1994.

Narlikar (Nova, New York, 1991 Vol. 8, p. 297; M. Ausloos, 3See, e.g., W. J. Skocpol and M. Tinkham, Rep. Prog. P8§s.
S. K. Patapis, and P. Clippe, Rhysics and Materials Science of 1049 (1975, and references therein.

High Temperature Superconductorseétited by R. Kossowsky, “See, e.g., S. Ullah and A. T. Dorsey, Phys. Re#4B262(1991).

B. Raveau, D. Wohlleben, and S. K. Patagiduwer, Dor- 5W. C. Lee, R. A. Klemm, and D. C. Johnston, Phys. Rev. Lett.
drecht, 1992 p. 775. 63, 1012(1989.

2Some general aspects and early references on the effects of thePR. A. Klemm, Phys. Rev. Bi1, 2073(1990.
mal fluctuations below the transition in HTSC, in the presence M. V. Ramallo, C. Torfa, and F. Vidal, Physica @30, 97
of vortex lines, may be seen in, e.g., G. Blatter, M. V. (1994.



15280 J. MOSQUE

8D. C. Johnston and J. H. Cho, Phys. RewB 8710(1990; W.
C. Lee, J. H. Cho, and D. C. Johnstaid. 43, 457 (1991).

IRAet al. 53

25Q. Li, K. Shibutani, M. Suenaga, |. Shigaki, and R. Ogawa, Phys.
Rev. B48, 9877(1993.

9C. Torfm, O. Cabeza, J. A. Veira, J. Maza, and F. Vidal, J. Phys2®U. Welp, S. Fleshler, W. K. Kwok, R. A. Klemm, V. M. Vinokur,

Condens. Matted, 4273(1992.

¢, Torrm, A. Diaz, A. Pomar, J. A. Veira, and F. Vidal, Phys.
Rev. B49, 13 143(1994.

1M, Randeria and A. A. Varlamov, Phys. Rev. B0, 10401
(1994.

2\. V. Ramalloet al. (unpublishedl

13, N. Bulaevskii, M. Ledvij, and V. G. Kogan, Phys. Rev. Lett.
68, 3773(1992.

147, Temnovig L. Xing, L. N. Bulaevskii, Q. Li, and M. Suenaga,
Phys. Rev. Lett69, 3563(1992.

By, G. Kogan, M. Ledvij, A. Yu. Simonov, J. H. Cho, and D. C.
Johnston, Phys. Rev. Left0, 1870(1993.

167 Hao, J. R. Clem, M. W. McElfresh, L. Civale, A. P. Maloz-
emoff, and F. Holtzberg, Phys. Rev.48, 2844(199)); Z. Hao
and J. R. Clem, Phys. Rev. Le67, 2371(199).

YE. Zuo, D. Vacaru, H. M. Duan, and A. M. Hermann, Phys. Rev.
B 47, 8327(1993.

183, H. Cho, D. C. Johnston, M. Ledvij, and V. G Kogan, Physica C
212 419(1993.

193 R, Thompson, J. G. Ossandon, D. K. Christen, B. C. Chakou

J. Downey, B. Veal, and G. W. Crabtree, Phys. Rev. L&Tf.
3180(199).

27Q. Li, M. Suenaga, T. Hikata, and K. Sato, Phys. ReufB5857
(1992.

2850me of our preliminary results on the thermal fluctuation effects
on M(T,H) on both sides of the transition were presented in the
M2HTSC IV Conference: E. G. Miramontes, J. A. Campa
Pomar, |. Rasines, C. TomgJ. A. Veira, and F. Vidal, Physica
C 235-240 2931(1994.

293, A. CampaE. Gutierrez-Puebla, M. A. Monge, I. Rasines, and
C. Ruiz-Valero, J. Cryst. Growth27, 17 (1992.

803. C. Martinez, P. J. E. M. van der Linden, L. N. Bulaevskii, S.
Brongersma, A. Koshelev, J. A. A. J. Perenboom, A. A. Men-
ovsky, and P. H. Kes, Phys. Rev. LetR2, 3614(1994; L. N.
Bulaevskii, J. H. Cho, M. P. Maley, P. H. Kes, Q. Li, M.
Suenaga, and M. Ledvig, Phys. Rev5B, 3507(1994); L. N.
Bulaevskii, M. P. Maley, and J. H. Cho, Physica2@5-24Q 87
(1994).

31R. Puniac, J. Ricketts, J. Sctmmann, G. D. Gu, and N. Koshi-

- zuka, Phys. Rev. B2, R7042(1995.

makos, Y. R. Sun, M. Paranthaman, and J. Brynestad, Phy§.2F. Vidal, J. A. Veira, J. Maza, F. Garcia-Alvarado, E. Moyd.

Rev. B48, 14 031(1993.

20G. Triscone, A. F. Khoder, C. Opagiste, J.-Y. Genoud, T. Graf, E.

Janod, T. Tsukamoto, M. Couach, A. Junod, and J. Muller,
Physica C224, 263 (1994).

2IA. Schilling, R. Jin, J. D. Guo, and H. R. Ott, Physica B4-196
2185(1994.

227.J. Huang, Y. Y. Xue, R. L. Meng, X. D. Qui, Z. D. Hao, and
C. W. Chu, Physica @28 211(1994.

Amador, C. Cascales, A. Castro, M. T. Casais, and |. Rasines,
Physica C156, 807(1988; J. A. Veira and F. Vidal, Phys. Rev.
B 42, 8748(1990.

33A. Pomaret al. (unpublishedl

34B. Muhlschlegel, Z. Phys155 313(1959.

35M. Tinkham, Introduction to SuperconductivityMcGraw-Hill,
New York, 1980, p. 80.

36A. L. Fetter, Phys. Revl47, 153(1966); see also, A. A. Abriko-

23 R. Thompson, D. K. Christen, and J. G. Ossandon, Physica B sov,Fundamentals of the Theory of Metéldorth-Holland, Am-

194-196 1557(1994.

sterdam, 1988 p. 425.(See also Ref. 12 of Ref. 4.

24G. Triscone, A. Junod, J.-Y. Genoud, C. Opagiste, T. Tsukamoto®’See, e.g., P. G. de Genn&yperconductivity of Metals and Al-

and J. Muller, J. Phys. Condens. Matéer.399 (1994).

loys (Benjamin, New York, 1968 p. 71.



