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in the short-wavelength fluctuation regime

J. Vinal J. A. Camp& C. Carballeird, S. R. Curra! A. Maignan® M. V. Ramallo! I. Rasined, J. A. Veiral
P. Wagnet:® and F. Vidat®
! BTS* Departamento de Bica da Materia Condensada, Universidade de Santiago de Compostela, E15782, Spain
2Departamento de Cristalograf) Universidad Complutense, E28040 Madrid, Spain
SLaboratoire de Cristallographie et Sciences des Materiaux, CNRS, F14050 Caen Cedex, France
4Instituto de Ciencia de Materiales de Madrid, CSIC, E28049 Cantoblanco, Spain
SLaboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200 D, B3001, Belgium
SLaboratoire de Physique de la Mate&eCondense de I'Ecole Normale Superieure, F75231 Paris Cedex 05, France
(Received 13 August 2001; published 12 June 2002

The in-plane paraconductivity was measured in the so-called high reduced-temperature[fegien
=In(T/Tc) well above 0.1 in high-quality single crystals or epitaxial thin films of highly anisotropic cuprate
superconductors with different number of superconducting layers per periodicity length. Although the high-
behavior of the paraconductivity cannot be described in terms of a critical exponeninirall the cases we
observe the same type of rapid fall-off at the samell within the experimental uncertaintleseduced-
temperatures©=0.7. These results may be explained in terms of the multilayered Gaussian-Ginzburg-Landau
approach by taking into account that due to the uncertainty principle also dhotke superconducting
coherence length cannot be appreciably smaller thdn=Q K.
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The behavior of the thermal fluctuations well above theBiZSrZCaCLtoghs (Bi-2212, and the underdoped single-
superconducting transition temperatligis a long standing |ayered La ¢Sty ;CuQ, (LaSCO/0.). Our measurements will
open problem which interest has been considerably enhancedver the reduced-temperature region 48e=<1, deeply
by the discovery of the high-temperature cuprate supercomenetrating therefore in the short-wavelength fluctuation re-
ductors(HTSC's.** In such a high reduced-temperature re-gime. Then, we will analyze these results on the grounds of
gion, typically fore=In(T/T¢)=0.1, the thermal fluctuations the GGL approach by using both the conventional momen-
may be deeply affected by the so-called short-wavelengtifum cutoff and the total-energy cutoff. Our results confirm
fluctuation effects, that appear when their characteristighe adequacy of the latter to explalv,,(¢) in these dif-
wavelengths became of the order of the superconducting c@erent HTSC's, and also show that in all of them the value of
herence length amplitudextrapolated t&'=0 K) £(0).In  the total-energy cutoff parameter is, well within our experi-
addition to their intrinsic interest, the thermally activated mental uncertainties, the same as for the less anisotropic
Cooper pairs well inside the normal state may directly con-y-123. This, in turn, supports a universal origin for the total-
cern in HTSC's the formation of the superconducting statéenergy cutoff, in agreement then with the ideas presented in
itself.* Refs. 5, 6, and 11 which, as noted before, relate it to the

Recently, we have proposed that the short-wavelength swhrinkage at high reduced-temperatures of the superconduct-
perconducting fluctuation regime may be explained on théng wave function. In addition to the above, our data in the
grounds of the Gaussian-Ginzburg-Land&@GL) approach  underdoped LaSCO/0.1 also indicate that its normal-state
by introducing a total-energy cutdif, instead of the momen- pseudogap does not appreciably affect the amplitudesand
tum cutoff always used previously in low-temperature metal-dependence af o,,(£) even in the highre region. This con-
lic superconductor§L.TSC’s) (Ref. 7) and HTSC's> ' This  trasts with the proposals linking the opening of such a
total-energy cutoff takes into account a localization-energypseudogap with Cooper pairs preformatfon.
contribution associated with the shrinkage of the fluctuations The high-quality samples studied here are a TI-2223
when the reduced-temperature increa@ses. In the case single crystal, a Bi-2212 single crystal, and a LaSCO/0.1
of the paraconductivity, the adequacy of this proposal wagpitaxial thin film. Their preparation and characterization
until now checked only in optimally-doped YB@wuO;_;  procedures have been reported elsewf&r¥.The general
(Y-123).° The central aim of the present paper is to probe theharacteristics of these superconductors, including their
generality of these ideas by studying other HTSC's withand resistivity transition widths, compare favorably with
higher anisotropy(what will affect the fluctuations’ dimen- those of the best samples of these compounds studied until
sionalityy and with different number of superconducting now (see below.!?~1* The experimental setup used to mea-
CuG, layers per periodicity lengttwhat will affect the fluc-  sure their in-plane resistivity as a function of temperature is
tuations’ amplitude For that, we have measured the in-planesimilar to the one we used in other experiments in the dow-
paraconductivityA o4,(e) in high-quality samples of three region. This experimental setup and also the results obtained
families of very anisotropic HTSC: the optimally doped in such lowe region have been already described in detail in
trilayered ThBaCaCu;0O5p (TI-2223 and bilayered Refs. 15 and 16.
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FIG. 2. In-plane paraconductivity of the different HTSC studied
in this work, and their comparison with the GGL predictions with
no cutoff (dotted lines, with a momentum cutoffdashed lines
and with a total-energy cutoftolid lineg. They-axis is normalized
to account for the different numbét of CuO, planes in the layer
periodicity length,s, of each compound. Note that only the total-
energy cutoff is able to reproduce the sharp fall-off observed in all
these experimental curves. See main text for details.

in the case of LaSCO/0.1, a straight line for Bi-2212, and a
straight line plus a T~ ! term for TI-2223. The so-obtained
backgrounds are represented as continuous lines in Figs.
1(a—1(c) (main figures.

The Ao,(e) curves obtained for each of the highly an-
isotropic HTSC's studied here and also for the less aniso-
tropic Y-123 (taken from Ref. b are shown in Fig. 2, to-
gether with their comparison with the GGL predictions under

FIG. 1. Main figures: In-plane resistivity versus temperature ofdifferent cutoff conditiongsee also beloy To take into ac-
the three highly anisotropic HTSC'’s studied here, and nonﬂUCtuatcount the presence in each Compound of a different number

ing backgroundgsolid lineg obtained by extrapolation from tem-

peratures much above the transit(tah)oveT'é). Insets: A compari-

son of our data far away from the transition and the backgrounds 2/1 67 .

which would make them compatible with ther,,,(¢) correspond-
ing to no cutoff(dotted lineg, momentum cutoffdashed linesand
total-energy cutoffsolid lineg. See main text for details.

The in-plane resistivity versus temperature curyggT)

N of superconducting layers per layer periodicity length
these Ao,,(e) curves have been normalized by
317Both N ands are given by the crystallography
of each superconductofi.e., N=1 and s=6.6 A for
LaSCO/0.1N=2 ands=15.4 A for Bi-2212,N=2 ands
=11.7 A forY-123, andN=3 ands=17.8 A for TI-2223.
They, therefore, cannot be considered as free parameters

Corresponding to these Superconductors are presented filﬁst result eaSily visible in Flg 2 is that such a normalization

Figs. 1a)-1(c). As usual? the in-plane paraconductivity

makes all theAo,,(e) curves of the highly anisotropic

Ao,(e) is obtained from these curves by just usingHTSC's to collapse together, and this both in the lowe

Aoap(e) =pap (e) — pave(e), Where pape(e) is the so-

=<0.1) and highe (¢=0.1) regions. Note also that the shape

called background resistivity, which may be estimated byof such a commom o,(¢) curve is quite different in the

extrapolating through the transition the,(T) data mea-
sured well above the region wheteo,,(¢) is to be ana-

low- and highe regions: Fore<0.1, Ao,,(e) follows a
critical exponent -1, while foe=0.1 it undergoes a rapid

lyzed. For doing such an extrapolation, we use a procedurill, not describable by any simple power lawan towards

particularly well adapted to obtaido,,(g) in the highe

reaching nullAo,,(¢) at a reduced-temperature &4¢

(¢>0.1) region(and, in fact, similar to the one already ap- =0.9 (0.4<¢°<1.1 in the case of LaSCO/Q.1The main

plied in Ref. 5 to the case of Y-123This consists in locating
the background fitting region far away froif. (above at

source of such an error band is the uncertainty in the back-
ground subtraction, affecting mainly the exact location where

least Zc) while, at the same time, requiring to the extrapo-Adan(g) becomes negligible but not the general shape of its
lated background to quantitatively reproduce in the moderatéall-off. To estimate this error band we have followed the

e range 102<e=<10! both the amplitude and depen-
dence of thed o 4,(&) results of the GGL approach for mul-
tilayered superconductors with no cutééee below and also
Refs. 3 and 1) The same constraint determingég, which

is found to be 19.6 K for LaSC0/0.1, 86.0 K for Bi-2212,

and 115.7 K for TI-2223see also Ref. 181n these analyses
we have always employed for,,5(T) the simplesil depen-
dence compatible with the data second degree polynomial

procedure described in Ref. 5 for the Y-123 samples. In par-
ticular, we have checked that is independent off5, the
lower limit of the background fitting region, provided that
Ty =3.2T¢ for LaSCO/0.1,T5=2.5T for Bi-2212, and
Tp=2.2T¢ for TI-2223.

Figure 2 also shows that the normaliz&d (&) curve of
the less anisotropic compound Y-123 is different in the low-
€ region to the one of the highly anisotropic HTSC's, both in
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amplitude ance dependence. As already shown in detail inBCS approach in the clean lim§(0)=0.74¢,, and soc
Refs. 3 and 17, the reason for these lowlifferences is that =g¢=0.55 in these superconductors.
in Y-123 the correlation between adjacent superconducting In comparing Eq.1) with the data of the highly aniso-
layers produces both a lower effective number of planes fluctropic HTSC,B,, was always taken as zero and, therefore,
tuating independentlyaffecting the amplitude oAo,,(¢)] only c is a free parameter, for which we get &4
and a more 3D-like behavidwith critical exponent close to <0.9 (0.4sc=<1.1 for LaSCO/0.1 When comparing with
—1/2). Now then, in the higle-region theAo,,(¢) curve of  the data of Y-123, als®,  is a free parametdior, equiva-
Y-123 collapses in the same curve as the highly anisotropiently, £.(0)]. For this compound we have obtaireg.(0)
HTSC’s. This is consistent with the fact that in Y-123 the =1.1+0.1 A and 0.5sc=<1. Another central aspect shown
out-of-plane superconducting coherence lengtfe) be- in Fig. 2 is that in contrast with the momentum cutoff
comes at=0.1 smaller than the distance between the clos{dashed lines, witlt=0.7), the inclusion of a total-energy
est CuQ planes(see also beloyvand, therefore, the system cutoff in the GGL approach extends its applicability from the
becomes 2D-like with an effective number of independentlyconventionale <1 condition up toe©.1% In addition, the re-
fluctuating planes equal to the number of Gu@yers*’ sults of Fig. 2 seem to discard other regularization proce-
Figure 2 also shows the fits to the above data using théures, as, for instance, the one proposed by Patton and co-
GGL expressions foA o,,(£) in multilayered superconduct- workers for the fluctuation induced diamagnetism in LTSC:
ors under different cutoff conditions. By considering the caseSuch a penalization of the fluctuation probabiliti@sstead
that the interlayer couplings between different superconducief a cutoffy do not lead to a sharp vanish afo,,(¢) at any
ing layers are of the same order of magnitlde adequate ¢.
for the HTSC’s(Refs. 3,17], such expressions were found in  To further test if our resistivity data can discriminate be-
Ref. 5 to be tween the different cutoff conditions, the insets of Figs.
1(a)—1(c) compare our measurements far away from the

& N2B | ~12 transition and the backgrounds that would make them com-
_ Ne” |1 LD patible with theAo,(e) corresponding to such cutoffs. A
Aogap(e) 1+ +fe)], (D ; : :

16hs| e € similar test was used in the lowregion by Carrington and

co-workers?® As it can be easily seen in these insets, only
where B p=(2&,(0)/s)? is the Lawrence-Doniach param- the background compatible with a total-energy cutoff agrees
eter, £.(0) is the out-of-plane GL coherence length ampli- with the high-temperature data within the experimental reso-
tude, c is a cutoff constant of the order of unity, affk) is lution (which is coincident with the data dispersion in those
for the GGL approach with no cutoff(¢)=0, for the con- figures. When computing such backgrounds, we used the
ventional momentum  cutoff f(g)=—6—°c(e+c same values for the cutoff amplitudes anglas in our analy-
+N?B p/2) with 6=[(e+c)(e+c+N?B.p)] Y2 and for ses above. However, using other values for these parameters
the total-energy cutoff(¢)=c 2(¢ —2c+N?B,p/2). Such do not change the conclusions of the comparison.
a total-energy cutoff condition may be written for 2D sys-  Finally, another interesting aspect of our data directly
tems as arises from the fact that no appreciable differences appear in
the normalizedA o,(e) curves of the underdoped LaSCO/
_ . 0.1 with respect to the two other highly anisotrofiut op-
k>2<y+ gabz(s)gc gabz(o)' 2) timally dope?j HTSC. Therefore, the normal-state pseudogap
characteristic of the underdoped HTSRef. 4 does not
where ky, is the in-plane momentum of the fluctuating seem to appreciably affect the superconducting fluctuations
modes,&,,(0) is the in-plane GL coherence length ampli- jn LaSC0O/0.1. Actually, our previous measureméhts the
tude, andéay(e)=£a5(0)e” Y% Equation (2) recovers the  flyctuation magnetization in the same compound also support
momentum  cutoff  condition when neglecting the such a conclusion. This result contrasts with the proposals
localization-energy terné;Z(e) (i. e., whene<c). Note  explaining the pseudogap in terms of preformed Cooper
that in the total-energy cutoff all the fluctuations are sup-pairs, rather than as a normal-state phenoménpmarticu-
pressed for reduced temperatures abgviee., for tempera- lar, our present results suggest that also in the underdoped
tures abovd “=T. exp(c). In other wordse may be seen as LaSCO/0.1 the formation by thermal fluctuations of coherent
the reduced-temperatue=¢“=In(T%/T.) above which all Cooper pairs is limited to reduced-temperatures below 0.4
fluctuations vanish. As reasoned in Ref. 11, the existence o£¢“<1.1. This value ofe€ is in striking good agreement
such a reduced-temperature limit for the superconductingyith the values©=0.6 that we may obtain on the grounds of
fluctuations is consistent with the fact that, due to the uncerthe BCS approactsee before and Ref. LIMoreover, below
tainty principle, the superconducting coherence length at any© the collective behavior of these Cooper pairs may be
temperature above or beloW cannot be smaller than the described in terms of the mean-field GGL approach regular-
Pippard coherence lengtf,. This last condition directly ized under a total-energy cutoff. This last finding also seems
leads to£(e€) = &. The value ofs® (i.e., of c) will depend  to disagree with the proposals linking the pseudogap phe-
on each particular approach through thedependence of nomena to dominant phase fluctuatiéns.
&(e). For instance, by using the mean-field reduced- In conclusion, the experimental data presented here for
temperature dependence of the coherence lefigt{e) the in-plane paraconductivity in different HTSC’s suggest
=£(0)e Y2, then e=[£(0)/&]%. On the grounds of the that its highe behavior is universal: Although such a behav-
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ior cannot be described in terms of a critical exponer, iim implications of our findings beyond the superconducting
all the cases we observe the same type of rapid fall-off at th@uctuations issue, including those in the descriptions of the

same (well within the experimental uncertaintieseduced pseudogap in underdoped HTSC, will deserve further stud-
temperature:°=0.72% This value is in striking good agree- jes.
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