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We report detailed experimental results on the fluctuation-induced in-plane condudtiwjfy magneto-
conductivityAo,,, and diamagnetism y,,,, of high-quality B,Sr,CaCyOg crystals. The data were obtained
with magnetic fieldsH applied perpendicularly to the superconducti@uG,) planes and up tu,H=5 T,
which not too close to the transitigfor reduced temperatures=(T—Tcg)/ Tco=10 2] may be considered in
the weak magnetic field limit. In the mean field regiddFR) above the transition, these data are analyzed in
terms of thermal fluctuations of the superconducting order parameter amgl@®¥e, 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, which for these compounds is equal to one-half the
crystallographic unit-cell length in the direction. These results show that, due to its strerdependence,
Ao,y is dramatically affected by the presence of sniall inhomogeneities, associated with small oxygen
content inhomogeneities uniformly distributed in the crystals. These inhomogeneity effects are taken into
account, consistently with ouko,, and Ay, results, by using an effective medium approach proposed by
Maza and Vidal. In this way, the amplitude and thebehavior 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 contributiongas, for instance, the Maki-Thompson and the density-of-st&&s) termg. These last
results may suggest unconventioriabn !sy), 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, respectiveli;,(0)=(0.9=0.1) nm andé&.(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 @la@es per peri-
odicity length above the superconducting transitiomNjs=2 and that the OPF's are essentially two dimen-
sional over the entire MFRS0163-182806)07833-2

I. INTRODUCTION tibility, >4~ and the magnetoconductivify:*'* However,
in spite of these efforts, at present some of the central aspects
One of the striking features of the Bi-based high-of the OPF effects above the transition in Bi-based HTSC are
temperature copper-oxide superconductddSC’s), first  still open or are controversial. In fact, these different works
observed through measurements of the paraconductivity idnly agree in the confirmation of the 2D character of the
polycrystalline BiSr,CaCyOg (Bi-2212 samples, is the OPF inthe MFR above the transition. Also, in the case of the
strong two-dimensional2D) character of their thermal fluc- €lectrical conductivity there is some consensus about the ab-

tuations of the superconducting order-parameter amplitud&&nce of appreciable indiregn particular, Maki-Thompson
(OPP in the mean-field regiotMFR) above the supercon- OPF effects in these compounds, as first proposed explicitly

ducting transitior!. As earlier stressed in Refs. 1 and 2, this in Refs. 2 and 5. However, there are important discrepancies

; ; <17
2D behavior of the OPF contrasts with the one observed i °NY t_he values optalned by different authérs ™ of the.
some other HTSC's, as for instance, the Y8&0, , (Y- two basic characteristic lengths of these OPF effects: the

. . in-plane, &,,(0), and the transversa.(0), superconducting
123 compounds, for which the OPF in the MFR above th?coherence length amplitudést T=0 K). The disagreements

transition are essentially 3D. These differences were CONSiS: L ~arn also the periodicity length, of the superconducting
tent with the much stronger anisotropy of the Bi-based ComCqu planes, or the effective nu,mbelN of fluctuating
) e

pounds, the anisotropy factor, being y=100-200 for Bi-  pjanes ins. In the case of the fluctuation-induced magneto-
2212 andy=5-10 for Y-123. Moreover, these differences, conquctivity, there are also striking discrepancies among the
which manifest themselves also in the thermal fluctuatlor}i,-np"tudes measured by different authbt&;Bwhich in turn
effects below the superconducting transitidmve enhanced always disagree, by 1 or 2 orders of magnitude, with the
the interest of the OPF above the transition in Bi-basedmplitudes that may be deduced from the theoretical
HTSC, and in the last years an appreciable number of workapproache$®~2*In addition, there is no consensus at all on
have addressed the study of these fluctuation effects abovke reasons for these last disagreements, the proposed expla-
the transition on various observables in these compounds, ations including sample inhomogeneittésnomalous high

the electrical resistivity;*"*® the magnetic suscep- &,,(0) values or even the nonapplicability of the currently
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TABLE I. Values of the characteristic parameters for the fluctuation-induced conductiitymagne-
toconductivity, Ao, and diamagnetisnd y, aboveT , 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.

Tco s £&an(0) &0
Ref. Sample (K) Quantity MFR Ne (nm) (nm) (nm)
This  Single crystal 89.1 Aoy, ATy, 0.02<e=<0.1 2 154 0.85 =0.04
work  Bil AXap
This  Single crystal 87.3 Aoy, ATy, 0.02<e=<0.1 2 1.54 0.90 =0.05
work  Bi2 AXap
4 Single crystal 79 Aoy 0.02<¢=<0.15 1 3.02 (3.0 (0.57
6 Thin films ~80 Aoy 0.02<¢=<0.13 1 1.0 —0
7 Single crystal 92 Ao,y ATy, 0.05<¢=<0.3 1 1.56 3.8 0.1
(Pb doped
8 Polycrystal ~80 Ao 0.03se<04 1 3.06 0.16
(Ag doped
9 Single crystal 82 Aoy 0.03<e=x2 1 1.26 0.04
10 Thin films 87 Aoy 0.03<e=<0.3 1 ~15 0.1
11 Thin films 84 AoAT 0.01se=<0.15 1 1.0 1.3 —0
12 Single crystal 86.5 Aoy 0.02<¢=<0.4 1 15 (@13 ~0.1
14 Single crystal 84  Axap 0.04<e=<0.5 2 154 1.09 -0
14 Polycrystal 91.1 Axap 0.18s¢=<0.8 2 1.54 2.04 0.03
(Pb doped

accepted theoretical approaches to the Bi-based HfSC.estimated at a quantitative level and consistently with the
This quite confused situation is illustrated in Table |, whereAo,, and Ay,, results(see also the footnote of Ref. 1By

we have summarized some of the values proposed by varioussing an effective-medium approach proposed by Maza and
groups for the characteristic parameters of the OPF above thédal.?® In fact, we will see here that the important discrep-
transition in Bi-2212 compounds. ancies mentioned above among the differ&it,, measure-

As a further contribution to the understanding of the OPFments may be in part explained in terms of these nonintrinsic
effects above the superconducting transition in Bi-baseihhomogeneity effectsii) The analysis of the three quanti-
HTSC, in this paper we present detailed experimental data dfes will be performed on the grounds of the theoretical ap-
the fluctuation-induced in-plane conductivilwr,,,, magne- proaches that take into account the presence of two,CuO
toconductivity Ao, and diamagnetismiy,,, of two Bi-  layers ins, the periodicity length associated with these su-
2212 single crystals. In the case Afz,, and Ay,,, the  perconducting layer:1%21222426T ggether with the impor-
measurements were performed for magnetic fieldspplied tant corrections associated with the inhomogeneities, the in-
perpendicularly to theb planes and up taH=5 T, that fluence of the two superconducting layerssiwill be crucial
corresponds to the so-called low magnetic field limit, evento explain simultaneously and consistently both the reduced
for reduced temperatures=(T—T¢g)/Tco, Of the order of temperature behavior and the amplitude of the three quanti-
e~0.01,T¢o being the mean-field transition temperature forties studied here.
uoH=0. In the case of the fluctuation-induced diamagne-
tism, we have presented already some results obtained in
other Bi-2212 crystalt®'’ However the interest of the new
Axap 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- The Bi-2212 single crystals used in this work were grown
conductivity and, therefore, these data will allow a simulta-from stoichiometric mixtures of BD;, SrOH)-8H,0,
neous, quantitative and consistent analysis of the three quagGaCQ,, and CuO by using a flux-growth technique previ-
tities, all of which depend on the same characteristic lengthusly described, together with their structural characteriza-
Two basic and new aspects of this analysis @evhereas tion, in Ref. 27. Let us just note that these mixtures were
the effective mean-field critical exponemt, of the paracon- heated in alumina crucibles at 780 °C, ground and then
ductivity and of the fluctuation-induced diamagnetism is ofheated again at 840 °C for 12 h and examined by x-ray pow-
the order ofx~—1, it is x~—3 for the fluctuation-induced der diffraction as pure polycrystalline 2212. Then, the prod-
magnetoconductivity in the weak magnetic field liffit>*  uct was transferred to a rotary conical gold crucible, melted
As a consequence of such a strongemependence, at980 °C in 6h 15m and kept at this temperature for 2 h. The
AT,,(e,H) could be very appreciably affected by the pres-melt was cooled to 870 °C at 0.5 °Chhand, once crystal-
ence in the sample of small. inhomogeneities, associated lized, to 600 °C at 25 °C i and, finally, to room tempera-
with small stoichiometridoxygen contentinhomogeneities. ture by turning off the furnace power. No traces of other
These nonintrinsic effects oA'o,,(e,H) are going to be phases than Bi-2212 were found when performing x-ray dif-

1. EXPERIMENTAL DETAILS AND RESULTS

A. Sample preparation and measurement techniques
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FIG. 1. (a) and(b). Temperature dependence around the transi- FIG. 2. (a) and (b). Reduced temperature dependence of the
tion of the in-plane resistivity of the two crystals studied here, inin-plane paraconductivity of the two crystals studied here. The re-
presence of an external magnetic fiett, applied perpendicularly  duced temperature was defined here by udipg, extracted from
to the CuQ planes. A general view 0p,,(T) is shown in the  the p,,(T,0) curves, adic,. A log-log representation aho,(e)
corresponding insets. for both crystals is shown in the corresponding insets. The solid

. . lines are the best fits of Eq9) to the experimental data in the
fraction. Also, the oxygenation of these crystals was found tg_ . . .
be homodeneous to within 4%. the resolution of our X-ra region bounded by the arrows. See main text for details.
g ) y
measurements. However, it is now well established that the . -
presence of oxygen content inhomogeneities well to within gamples Bil and Biare shown in F|gs._(h) and 1b). _In
few percentage of the total oxygenation may appreciably aft €€ examples, the external magnetic fitldwas applied
fect the local transition temperature of the crystd® we  Perpendicularly to thab (CuG,) planes. The dashed lines in
will see here that, in turn, these small, inhomogeneities the insets of. both figures correspond to the fitting, in the
do not appreciably affecho,,(e) but they deeply affect normal region bounded by 1S0r<250 K, of
AT ,(e), due to its stronges dependence near the averagePabs(T) = paps(0)+(dpapg/dT)T,  with  p,p(0)  and
Teo- (dpape/dT) as temperature-independent free parameters.
The resistivity at zero magnetic fielal,,(T,0), and the The values of these parameters, together with other general
magnetoresistivityp,,(T,H) — p.,(T,0), were measured by characteristics of the resistivity of the two samples used in
using a conventional lock-in amplifier phase-sensitive techthis work are summarized in Table II. The low rms errors of
nique previously describetf®3! The relative ac voltage the fits(of the order of 0.2%confirm the adequacy of such
resolution was better than 0.0V, whereas the relative a linear dependence and provide a first indication of the good
magnetoresistivity accuracy  ply(T,H)—pap(T,0)]/  quality of our crystals. Note that the obtained values are
pan(T.0), was 5<10~*. Before performing the magnetoresis- similar to the lowest values reported by other authors in Bi-
tivity measurements, the magnetic susceptibilities of thep212 sampled®~3°and also to the values usually reported for
crystalsy.; andx,p, for H parallel and, respectively, perpen- high-quality single crystals of other HTSC families as, for
diCUIar to thea.b planeS, were measured in the IOW magneticinstance, Y-123 Compoun(ﬂsee’ e_g_, Ref 30 and references
field limit with a SQUID based-magnetomet&@uantum De-  therein.
sign), following a procedure similar to that previously used  The temperatur@, for whichdp,,/dT has its maximum
in other experiments and described in detail in Refs. 5 angs 89.1 K for sample Bil, whereas it is 87.3 K for sample
32. Bi2. As it is shown in Table II, both temperatures are similar,
to within the experimental uncertainties, to the correspond-
ing T¢,, the magnetic-susceptibility transition temperature
Some examples of the in-plane magnetoresistivity(see below Such an agreement suggests then that these tem-
pan(T,H), measured in the two crystals studied héreted peratures must be close 1¢4, the mean-field critical tem-

B. Results
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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.
Dimensions Tc| ATa ATa dpabB/dT PabB (0 K) TC)(
Sample (mn?) K (K (K (uQcm/K)  (uQcem)  (K) 10° xape 10° xcg
Bil 1.15x0.35x0.16 89.1 0.30 0.35 0.68 24.5 88.9 22 -0.8
Bi2 0.95x0.72x0.13 87.3 0.40 0.35 0.59 22.9 87.1 19 -1.2
perature. Another noteworthy aspect to be commented on _ 1 1
here is the half width of the resistive transitiohT,, de- Aoap(e,H)= I , 3
. pap(e,H)  pap(e,0)
fined by
to the data points of Figs.(d and 1b). Although these data
dpan(T) _ 1 [dpag(T) , e going to be analyzed and compared with the theoretical
daT AT 2 aT . ! (1) approaches in the next section, it will be useful to comment
ci®ale

¢l already here two aspects of these data. Note first that the

where + or — corresponds to, respectively, the upper andtheoretical in-plane fluctuation-induced magnetoconductivity
) - v U . - -24

lower half width. The values oAT¢, quoted in Table I IS usually defined as

reveal a relatively broad transition which, together with the

slightly high values forp,,g(0), provides already an indica-

tion of the possible presence of small stoichiomefiokygen — So, AT ,u(e,H) and Ad,,(e,H) will coincide only if
contenj inhomogeneities in the crystals, as indicated abovegabB(S,o)%UabB(g,H), i.e., if the normal magnetoresistiv-

AGan(e,H)=A0ap(e,H)—Aoay(e,0). 4

The in-plane paraconductivityAo,p(¢), of the two Bi-
2212 crystals are presented in Figea)zand 2b). As usually,
Ao,p(e) was defined by

1 1

pao(®)  panale)’ @

Aoap(e)=

wherep,,(€) is the measured resistivityg,g(e) is the bare

ity is negligible even through the transition. Our results in
the normal region well abov&, confirm that such an ap-
proximation[also used by most of the authors which have
measured\o,;, (Refs. 4, 6-13, and 3Dis reasonable and,
therefore, we are going to note hereafterAyy,(e,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

or background resistivityi.e., the resistivity the samples |imit which may be characterized by

would have in absence of OPF effegtsand e=(T
—Tco)/ Teo is the reduced temperature faryH=0. These

Ao,,(e) data were extracted from the zero-magnetic field

results of Figs. (@ and Xb) by using T, as Tgg. As
pabe(e) we have used the linear extrapolationggf(e) mea-

sured between 150 and 250 K. Some comments on thessharge, # is the
results are in order here. Note first the excellent agreemerd,(e)=£&.,(0)e

1/2

ly= >&an(€), (5

Ze,bl/oH

wherel,, is the so-called magnetic length,is the electron
reduced Planck constant, and

~12is the superconducting coherence length

between the paraconductivities measured in the two samplei the ab plane. Taking into account that in Bi-2212 crystals
mainly in the mean-field-like regiofthe & region bounded ¢&,,(0)~0.9 nm(see latex, even forugH=5 T one may ex-
by the arrows in Figs. (@) and 2b)], where the agreement is pect deviations of the weak-magnetic field OPF behavior

well within the experimental resolutiofof the order of

only for e<10 2, which is less than the expected Ginzburg

10%). This result is a first direct indication that the paracon-reduced temperatufé.Note, finally, the striking differences
ductivity is not appreciably affected by the small stoichio- between the\o,,(¢), data for the two crystals studied here
metric and structural inhomogeneities of the two crystals[compare the results fouH=1T in Figs. 3a) and 3b)].
When compared with thdo,,(¢) data measured by other These differences, which contrast with the excellent agree-

authors in different Bi-2212 crystdt$®'2and films!®!twe

observe also a similag behavior(the corresponding critical

exponent in the MFR is close to1, see next sectionHow-
ever, there are appreciable, although relatively sradl to

ment commented before between their paraconductivities
(see Fig. 2, provide another indication of the presence in
these crystals of small inhomogeneities: As was already
stressed in Ref. 25, due to the strandependence ko,

50%), amplitude differences, probably associated with atheseT. inhomogeneities will affect much more this quan-
lower quality of the samples used in those works, whichtity than Ao,,. We will see in the next section that these
always havelp,,g/dT andAT ¢, values higher than those of nonintrinsic effects may easily explain the huge differences

the two crystals studied here.

between the experimental results oo, and the theory for

Some examples of the reduced temperature dependenceidéal crystalddashed lines

the in-plane fluctuation-induced

magnetoconductivity The zero-field-cooledZFC) and the field-cooledFC) in-

Ao,(e)y, measured in the two crystals studied here, arglane magnetic susceptibility,;,, of sample Bil are shown

presented in Figs.(d@ and 3b). In &, we have used th&,

in Fig. 4. These data were already corrected from demagne-

extracted fromp(T,H=0) asT,. These data correspond to tization effects(which may be important when the magnetic
uoH equal to 1 or 5 T, and they were obtained by applyingmoment is large by assuming the ellipsoidal approximation,

the usual definition,

which leads to a demagnetization factor of the order of 0.8.
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FIG. 3. (a) and(b). Fluctuation-induced magnetoconductivity in
theab plane vs reduced temperature of Bil and of Bi2 crystals, for
uoH=1 T anduoH=5 T. The dashed lines are the corresponding
direct OPF(or Aslamazov-Larkip contributions toA,,(e,H),
calculated through Eq.12) by using the values of Table Ill. The
reduced temperature was defined here by usifg extracted from
the pap(T,0) curves, asl¢o. The dramatic disagreement between
the theoretical results for an idedilomogeneoyscrystal and the
experimental data is not mitigated by the inclusion of ottiedi-
rech OPF effects. Such a disagreement strongly suggests the pres-— T, 4
ence in our samples of smdlk inhomogeneities. See main text for 1k © i— |
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FIG. 4. Temperature dependence of the zero-field-co@ec)
and field-cooled (FC) in-plane magnetic susceptibility,, of
sample Bi2, measured with a magnetic fieldugH =5 mT applied
perpendicularly to th@b planes.

sent the constant normal-state background for both field ori-
entations, respectivelyy,,g and x.g. The corresponding
temperature-independent values are summarized in Table II.
The comparison of the results of Figgbband 6 shows that
the rounding effects o ,,(T) aboveTcq are quite similar

in both crystals. This provides a first direct indication that
these rounding effects are due to intrinsic OPF effects and
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As it can be seen in Fig. 4, the low-temperature susceptibility i S . T
saturates well to aboyt~—1. This provides a direct indica- 85 90 95 100 105
tion of the excellent quality of this sample, which must have T®)

then only a quite small proportion of nonsuperconducting
phases. Some examples gf,(T) and x.(T) aboveTcq,

FIG. 5. (a) Temperature behavior of the magnetic susceptibility

measured in the two crystals studied here, are presented ij§ sample Bi2 forugH=0.4 T, withH perpendicularcircles and
Figs. 5 and 6. In making these measurements, we have fofarajlel (triangles to theab plane. The dashed lines are extrapola-
lowed the same procedure we have previously used to detefions of the normal-state susceptibiliti€s) Detailed view around

mine the OPF effects on the susceptibility in Y,BaO,_;

the transition. The so-called magnetic-susceptibility transition tem-

crystals. Such a procedure has been detailed in Ref. 32. Leerature,T¢,, corresponds to the temperature whgT) sepa-
us just note here that these data were already corrected forrates from its behavior in the normal state. The solid line is the
small Curie-Weiss-like contribution. The dashed lines repremean-field-like prediction in the mean-field region.
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that, therefore, the extrinsic effects associated with possible i@ Log, [(T-T Tyl
sample inhomogeneities remain small also for this observ- <105_ ,
able. In addition, these results are relatively similar to those ' Sa:"'e f‘;
obtained by other authors in other good Bi-2212 single crys- ) =0 A
tals, the differences being well to within 25%Finally, Fig. 0 L L L L L
5(b) illustrates the definition of ¢, , the temperature where 0.02 0.04 0.06 0.08 0.1
xo(T) presents the sharp deviation from its normal-state be- (T-Teo)Teo

havior. As it may be seen in Table T, agrees, to within
ATé,, with T, , defined through Eq.l). FIG. 7. Fluctuation-induced diamagnetigimver T) for H ap-
The fluctuation-induced diamagnetism, for a weak mag-plied perpendicularly to theb plane vs the reduced temperature for
netic field applied perpendicular to tla planes,Ay,y, is sample Bil(a) and sample BiZb). In the insets a log-log represen-
obtained from the abovg,,(T) data by using tation is shown. The solid lines correspond to EbQ), with the
parameters values given in Table Ill. See the main text for details.

A = - . 6 . . . . .
Xan(8)=Xabe(#) ~ Xan(#) © in the preceding section and the available theoretical ap-

where x,5(e) is the background susceptibility. Here again proaches. Note first that earlier results on the paraconductiv-
we will use for y,pg @ linear extrapolation of the normal ity in Bi-based HTSC suggested that the so-caliedirect
susceptibility measured between 150 and 250 déashed OPF contributions(as for instance the so-called Maki-
lines in Figs. %b) and §. The resultingA x.,(¢)/T is pre- Thompson contributionwere negligible and that theirect
sented in Figs. @ and 7b) for sample Bil and, respec- OPF term(in this case the so-called Aslamazov-Larkin con-
tively, Bi2. In Eq. (6), the reduced temperature is defined tribution) will suffice to account for the measuremehfs.
with T¢, asTcq. Let us stress here, however, tfiat, and  This conclusion was since then confirmed, at least at a quali-
Tc, are so close to each othésee Table )i that the use of tative level, by different analyses of the paraconductfvity
T¢, would not appreciably modify thesky,,(e)/T results. and of the fluctuation-induced diamagnettémt® (see also
These results o\ y,,(e) in both samples agree quantita- Table ). So, in this paper we will analyze our experimental
tively with each other and, to within 25%, with the results data, included those of the fluctuation-induced magnetocon-
previously reported by other groups in Bi-2212 single-crystalductivity, in terms of the direct OPF contributions alone. In
samples? Let us already stress also here that the comparisoaddition, it is also now well established that in these com-
of the A x.,(£)/T results of Figs. @) and 7b) with those of ~ pounds one must take into account the presence of two su-
Ao,,(¢) of Figs. 4a) and Zb) confirms that for both crystals perconducting Cu®planes in the layer periodicity length,
these two observables have the samebehavior for s=1.54 nm,(which is equal tac/2, wherec=3.08 nm is the
£=2x1072 a region of temperatures that will correspond tocrystallographic unit-cell length in the direction).***"242°
the so-called mean-field region. These results not only conWe will see that our present analyses fully confirm the ad-
firm the 2D character of the OPF in these compounds, buequacy of such a procedure. Finally, we will see that the
also it is a first indication of the absence of the indirectpresence in our crystals of small critical temperature inho-
contributions to the OPF effectsee next sectign mogeneities, uniformly distributed in the samples, does not
appreciably affect outo,,(e) and A x,,(e)/T data. How-
ever, as already stressed in the Introduction, due to its much
strongere dependence, thesk-, inhomogeneities dramati-

It will be useful to summarize already here three aspectgally affect the fluctuation-induced in-plane magnetoconduc-
of the comparison between the experimental data presentéity. So, in analyzingAo,,(e,H) we are going to use an

Ill. DATA ANALYSIS
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effective medium approach proposed by Maza and ¥idal

(MV) to take into account these inhomogeneity effects. ¥ N ' ' Sample Bil | |
Moreover, as a crucial test of consistency, we are goingto & o
check that the corresponding inhomogeneity corrections will %, 410 E
not appreciably affect the in-plane paraconductivity. = 2 e er e RO 5 U 0.8 S
o 406 . F
A. In-plane paraconductivity i—g o (@
< 1 1 1 !

and fluctuation-induced diamagnetism

002 004 006 008 0.1
In layered superconductors with two superconducting lay- (T-T /T,
ers per periodicity lengths, and with two different Joseph-

son coupling strengthgy; and y,, between adjacent layers, < T T T T T
which in principle is the case well suited to the Bi-2212 é 41 Sample Bi2 {1 >
crystals studied here, the direct contributions in the MFR to = e
the in-plane paraconductivity and to the fluctuation-induced g 2
diamagnetism are given b{** &, <,
N 4 0.6 ofF
AAL BLD —-1/2 sﬁ OF (b)
AUab(8171/7’2)=Ne(8171/72)_(1+_) : g ' : : : '
€ € 002 004 006 008 0.1
(7) (T-T T,

and, respectively, . . : N
P y FIG. 8. Relationship between the in-plane fluctuation-induced

Axan(€, 1! Y2) As b —-1/2 di.amagnetism over gnd the in-plane paraconductivity for §amp|e
———————=Ng(&,y1/y,) — | 1+ — , (8) Bil (a) and sample BiZb) vs reduced temperature. The solid lines
T € & are the best fits of Eq11), with &,,(0) as the unique free param-

where N(e,71/7,) is an effective number of independent t€"- See the main text for details.

fluctuating planes per periodicity lengtth, =e%16#s is

the Aslamazov-Larkin paraconductivity amplituddg, equation provides then a direct check of the possible rel-
=[2¢.(0)/s]? is the Lawrence-Doniach parameter which con-évance of these indirect terms in the MFR abdyg .

trols the OPF dimensionality in these layered materials, The solid lines in Figs. @ and 2b) correspond to the
As= uomkg£2,(0)/3¢43s is the Schmidt diamagnetistkg is ~ best fits of Eq(9) to the Ao, experimental data for the two
the Boltzmann constant, angh=h/2e is the flux quantum. samples, in thes region bounded by the arrows, i.e., for
Mainly due to the presence df.(e,7,/7,), these expressions 2X10 >se<10"", with &(0) as the unique free parameter.
for Ao,p(e) andA y,,(e)/T could be quite complicateld:?*  From these fits we obtaineg,(0)<0.04 nm for sample Bil,
However, earlier results o y,,(£)/T in HTSC strongly —and &(0)=<0.05 nm for sample Bi2, the rms error being in
suggest that in these compounds the Josephson couplif§th cases of the order of 3%. The£€0) values are much
strength between neighbor CuGuperconducting layers smaller than the periodicity lengtis, (~1.54 nm), confirm-
must be only slightly dependent of the interlayer distancesind then at a quantitative level that in the MFR the OPF
i.e., y1/y>~1.1"%2So0, in this approximation, Eq$7) and (8) effects in the Bi-based compounds have a 2D-like

reduce to behavior*2 Also, these figures show that the agreement be-
tween experimental data and theory is excellent, and that
2An 4B\ Y2 without any indirect contribution. This last conclusion is
Aoap(e)= s (1+ T) 9 confirmed by the results shown in FigsaBand 8b).The

solid lines in these figures are the best fits of Hd.), with
and, respectively, &.6(0) as the unique parameter, to the experimental data. The
resulting values are indicated in Table Ill. With these values
Axap(e)  2As 4Bp| M for &,,(0) and the previously obtained one f&%0), in Figs.
T & 1+ . (10 5(b), 6, 7(a), and Tb) we have plotted Eq(10) without any
) . ) ) free parametefsolid lineg. We found an excellent agree-
If, in addition, B p<< [or equivalently,£.(e)<s/2] in the  ment between the theory and the experimental ¢t rms
MFR, i.e., in the 2D limit and withy/y,~1, Egs.(9) and
(10) reduce toAo,,(e)=2A, /e and Ay, ,(e)/ T=2Ade.
Note also that, with all generality, EqS)) and(8) lead to(in

TABLE lll. Superconducting coherence lengths and parameters
characterizing the critical temperature inhomogeneity of the

MKSA units) (Refs. 17 and 36 samples used in this work. These parameters are defined in the main
text.
A e)lT
AT oo 105¢2,(0), (11) — =
Aoyp(e) &an(0) &(0) Teo AT

ane-independent relationship and which allows a straightfor-Sample (nrm) (nrm) ) ®
ward estimation of£,,(0). The presence iMy,u(e) and  Bi1 0.85 =<0.04 88.9 0.6
Aao,p(e) of indirect contributions would modify Eq(1l)  Bj2 0.90 =0.05 86.6 1.1

which, in particular, will becomes dependent>!’ This




54 FLUCTUATION-INDUCED IN-PLANE CONDUCTIVITY, ... 7477
error being of 5% which shows at a quantitative level the B. Fluctuation-induced in-plane magnetoconductivity
adequacy of these theoretical approaches. These results also _ . o
confirm the absence of appreciable indirect contributions to N the MFR, the direct or Aslamazov-Larkin contribution
the fluctuation-induced diamagnetism in the MFR abovd© the fluctuation-induced magnetoconductivity, in the weak

Teo. magnetic field limit and fory,/y,=1, is given by?*3!
|
- A 0)\*[8s(e+B.p)+3BH] A 0)\® 1 2Bp)\2
AUab(S,H):—iFab( )) [8e( LD 5/2|_D]+i<§ab( )) o _15(1+ LD)
8 In [e(e +Bp)] 2 In [e(e+4Bp)] €
3 4B,p\| 35(1+2B,ple)?
3 (“ o ) 2(1+4Bpls) |’ (12
|
a result that may be directly obtained by just ussig in- To relate the measuredo§, and Ao g, to the corre-

stead ofs in the original results of Hikami and Larkifior of  sponding intrinsic observabled\o,, and AT,,, we start
Maki and Thompson®? The other direct contribution to with the MV equation, based on the generalized Brugge-
Ao,(e,H), the so-called Zeeman fluctuation-induced termman’s effective-medium-theory formula, which links the ef-
(which reflects the Zeeman splitting effectss not to be  fective in-plane conductivityg§,(T,H), with the intrinsic
considered here because in HTSC this term is negligible imne (the conductivity measured in an ideal, homogeneous,
weak magnetic fields applied perpendicular to the supercorerysta), o,,(T,H),%

ducting layers®3’

In Figs. 3a) and 3b) the dashed lines correspond to Eq. f‘” oan(T,H) = 03(T,H)
(12) with the &,,(0) and £.(0) values obtained abovésee 0 oap(T,H)+205(T,H)
Table 1) and for uygH=1 T and, respectivelyu,H=5 T. ) o o )
These results show a very important disagreement betweeihere Q(a,p,T) is the local conductivity distribution, i.e.,
the theory and the experimental data, the differences 4he volume fraction of the sample with a local conductivity
e~2x10"2 being of 2 orders of magnitude. But, in addition, Petweens,,(T,H) ando,,(T,H) + doap(T,H). (Let us note
it is very easy to check that on the grounds of the theoreticdlere that in the MV papét the above equation contains a
OPF approaches summarized above it is not possible to siyPographical error, a minus sign instead of the plus sign in
multaneously explain thesao,,(s,H) data together with the denominatoy. Th|s local or intrinsic conductivity,
those ofAayy(e) and A xa,(e)/T measured in the same Bi- “ap(T.H), may be written as the sum of the normal conduc-
2212 crystals. This conclusion strongly suggests that due thVity plus the corrections due to fluctuations,
its stronge dependence, thegeo,,(¢,H) data may be very _ ~
appreciably affected by the presence of srifallinhomoge- Uab(T'H)_UabB(T1H)+AUab(T,OHAUab(T.H)-(M)
neities in our Bi-2212 crystals. In fact, the relatively large
resistive transition(see Fig. 1 and Table)limakes such an To approximateQ(o,p,T) in Eqg. (13), we may note first
explanation quite feasible. So, in the remaining part of thighat the basic effects of the stoichiometric inhomogeneities
subsection we are going to use the effective-medium apen o$,(T,H), and therefore orQ(o,,,T), are due to the
proach proposed by Maza and Vi#lMV) to estimate how associated critical temperature inhomogeneities. For the cor-
the presence in the samples of smBj inhomogeneities, responding distribution of -y's, we will follow the MV pro-
uniformly distributed in the crystals, could affect theea- cedure, which assumes a spatial Gaussian distribution char-
sured(or effective in-plane paraconductivityAo gy, and the  acterized by the mean value of the critical temperatligg,
measuredn-plane fluctuation-induced magnetoconductivity, and by the standard deviatiaxiT . Thus, the conductivity
ATE,. distribution may be written as

Q(0ap,T)doap=0, (13

2
] dTeo. (15

2
Q(‘Tab-T)dUab: \/_AT_ exp{_
A lco

As the exponential function in EQL5) is rapidly decreasing, to evaluate the integral in @8) we may change the integration
limits to the intervalT,*=2A T, Then, Eq.(13) becomes

co

choJrZAT'CO oap(TH)—05(T,H)  C xp{ _(Tco;Tco

e —e
Teo—28%o 0ap(T,H)+205,(T,H) AT ATeo

2
] dTC():O, (16)
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whereC=0.5448 arises from normalization conditions. This
expression links, therefore, the intrinsic and the effective
conductivities througA T, the standard deviation of criti-
cal temperatures due to the inhomogeneities. The corre-
sponding effective paraconductivity and magnetoconductiv-
ity may be defined by just using$,(e,H) given by Eq.(16)

in Egs.(2) and(3), i.e.,

104

Sample Bil

—_
<
T

Aogy(e,00=03,(8,0) ~ o5pe(e,0), 17

(Qcm)'l

€
ab

and

-AG

—_
<
T
T

ATgy(e,H)=05(e,H)—ogy(¢,0), (18

—
[
e

wheree=(T—Tcg)/Tcg is the reduced temperature associ-

ated to the mean valuBq. Therefore, the central task here

is now to calculate the\T¢, leading AcS, and Ao g, to

agree with the measured quantities. Note already here that a

crucial test of consistency will be the use of the sakig,, 10'
for both observables. The comparison betwaerf, and the

experimental data is showed in FiggaPand 9b). The solid co” “co
lines in these figures are the best fits to the experimental data
of Ac§,, defined by Eq.(18) and calculated through Eqg.
(16), with Ty and AT, as free parameters. The corre-
spondinga,,(T,H) were obtained by imposing in E¢l4)

the values o&,,(0) and&.(0) obtained beforé¢see Table I},

i.e., without any other free parameter. The resulting fits are
excellent, the rms_error in the MFR being less than 10%, and
the corresponding’ ¢, and AT, being T,=88.9 K and
AT;,=0.6 K for sample Bil andT.;,=86.6 K and
ATcp=1.1 K for sample Bi2.

The above results show that by taking into account the
presence of small - 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 102 F
existing theoretical approach¥24 However, as the pres- Lo
ence of inhomogeneities always introduces some additional 0.01 0.1
uncertainties in the data analysis, it is crucial to provide here £=(T-T )T,
further checks on the goodness of our procedure. A first im-

p‘?”a”t check is to verl_fy that thiec, andATeo valges ob- FIG. 9. (8 and(b). The same in-plane fluctuation-induced mag-
tained before are_ consistent to each Ogh_er and with the me5|al'etoconductivity data as in_Fig. 3 but as a function of the average
suredT, . Following the MV approacﬁ, in the case of an  eqyced temperature=(T— Tg/Tao. The solid lines are the best
inhomogeneous sample with a Gaussian distribution of critifits of the effectiver 5 ¢,(=,H), defined by Eq(18) and calculated
cal_temperatures, the relationship betweBgy, Tco, and  through Eq.(16), but with the £,,(0) and &,(0) values obtained
ATco may be approximated by taking into account that forpefore by analyzing\c.,, and Ay,;,. The resultingTco and AT ¢
T~Tc, the inhomogeneous sample must be close to its pefalues are those presented in Table Ill. The insets show the com-
colation threshold, which for a three-dimensional continuumparison between the measured in-plane paraconductivity and
system will correspond to a superconducting fracti®(r), Ao (e), calculated by using the same values of the different pa-

10°Q'em™)
(@)%

e
ab

L 1
002 006 o1 @

- Ao
<

10*

(Qcm)'1

~€
Ac -
—

=
T

—_
[

(=2}

10°Q'em™)

e
ab

Ag,
[l

close to 15%. A(T) is given by® rameters as iAo Sy(e,H).
1 T-Teo or, equivalently,
P(T)==|1—erf —=22| |, (19)

_ _ TCI_TCOQO'GATCO' (21)
the relationship betweefc,, T¢o, and ATy, may be ap- o — — .
proximated as By using in Eq.(21) the Tco and AT, values obtaln_ed
before (see Table Il), we getT;,~89.3 K for sample Bil,

1 IT T~ | andT.,~87.2 K for sample Bi2, both calculated values be-
O.lSw—{l—erf( u) , (200 ing in excellent agreement with the measured ofmsee
2 Tco Table 1.
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A second crucial test for our treatment of the inhomoge-AT, is of the order 61 K or lesg do not appreciably affect
neity effects omo,,(,H) is provided by the check of its Ao, andAy,; in all the MFR but, due to its much stronger
compatibility with the two other observables measured here dependence, they severely affecd,,. So, in analyzing
in the same crystals. In the case of the paraconductivity, ththe intrinsic thermal fluctuation effects in terms of the avail-
solid lines in the insets of Figs(& and 9b) correspond to able theoretical results for order-parameter fluctuations in
Ac$,, given by Eq.(18), with the values of all the involved layered superconductot;?* we have used an effective-
parameters equal to the values obtained before fomedium approach to also take into account the nonintrinsic
AT gp(e,H) (those of Table 1ll. As it can be seen in these effects associated with these inhomogenettids. this way,
insets, the agreement betwedwr$,(¢) and the measured for the first time it was explained, consistently and simulta-
in-plane paraconductivity is excellent. As we have stressedeously, Ao, ATy, andAy,, measured in Bi-2212 com-
before, these results confirm at a quantitative level that dupounds. Our analyses strongly suggest that the intrinsic OPF
to its much weaker dependence, the paraconductivity is effects abovel -, are due only to the so-called direct contri-
much less affected by the presence of siigllinhomoge-  butions(the Aslamazov-Larkin terms in the case/f,, and
neities than the fluctuation-induced magnetoconductivity. IAo,,,, and the Schmidt term in the case &f.,) and that,
fact, the associated corrections remain well inside the expertherefore, the so-called indirect contributiofas, for in-
mental uncertainties of the data poiiésound 10% or legs  stance, the Maki-Thompson and the DOS terare not rel-
This explains why in the preceding subsection we haveevant in these compounds. These results confirm the possi-
found that the theoretical paraconductivity for homogeneousility of unconventional (nonsy), pair breaking® wave
crystals was in excellent agreement with our MFR date  pairing in these HTSC, as first suggested from OPF analyses
also the footnote in Ref. 33In the case of the fluctuation- in Ref. 2. The resulting values of the in-plane and out-of-
induced diamagnetism, the main effect of the presence gflane coherence length amplitudes are, respectively,
inhomogeneities is the reduction of the superconducting fracé,,(0)=(0.9=0.1) nm and &,(0)<0.05 nm. These values
tion of the sample at a given temperature. This effect may bagree with those that we have obtained before for other Bi-
easily taken into account by introducing an adjustable con2212 crystals by studying the effects on the magnetization
stant in Eqs(8) and(10). However, the small volume inho- below T, of the fluctuations of the vortex positioh$These
mogeneity needed to explain o, results leads to an results also confirm at a quantitative level that in Bi-2212
irrelevant correction foly,,, in agreement with almost full compounds the effective number of fluctuating Guilanes
flux expulsion showed at low temperature by the ZFC susabove the superconducting transitionNg~2 and that the
ceptibility (see Fig. 4 This is also consistent with the excel- OPF are essentially two dimensional in all the MFR. Let us
lent agreement found before between the intrinsjg,(e)  also stress here, finally, that our analysedof, andAo,,

and our experimental data. in terms of T, inhomogeneities provide a simple and direct
explanation of the until now controversial experimental re-
IV. CONCLUSIONS sults in Bi-2212 compound®®~12But, in addition, our analy-

ses may be easily extended to othar,, results so far un-

We have presented in this paper detailed experimentqumained, as for instance those obtained isBECaCy0,
data of the fluctuation-induced in-plane conductivity, magne+jjms 3°

toconductivity, and diamagnetism of two Bi-2212 crystals.
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