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The behavior of the superconducting fluctuations in the normal state in, Mg&udied through measure-
ments of the fluctuation-induced diamagnetiéfD). These experiments show that the superconducting fluc-
tuations in this compound are three dimensional in nature. Moreover, for reduced magnetic fields up to 0.5 the
FD is not appreciably affected by nonlocal electrodynamic effects. This last FD behavior is in striking contrast
with the one always observed, at equivalent reduced magnetic fields, in all other clean low-temperature
metallic superconductors studied until now, but it is similar to the one found in cuprate superconductors. A
sharp decrease of the fluctuation effects is observed aroand(T/T:)~0.6, in agreement with recent results
obtained in other lowF: and highT superconductors. This last result confirms the need of a total-energy
cutoff condition to extend the applicability of the Gaussian-Ginzburg-Landau approach to the high reduced-
temperature region.
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I. INTRODUCTION wavelength fluctuation effects at high reduced temperatures
[for e=In(T/T)=0.1], they have been already observed in
The recent discovery of superconductivity in MgBas  both HTSC'’s(see Refs. 8 and 9 and references therai
generated an intense research activity, mainly due to its highTSC's>* Moreover, it has been observed in the last two
critical temperature Tc~40 K) compared to the conven- Yyears that the superconducting fluctuation effects vanish at a
tional low-temperature superconduct@tdSC’s).»2 The in-  well-defined temperature given b¥¢~1.7T¢.*#9 This
terest in this compound is enhanced by the fact that othestriking result has been recently attributed to the limits im-
fundamental characteristidggas the superconducting coher- posed by the uncertainty principle to the shrinkage, when the
ence length amplitudé&(0), the Ginzburg-LandauGL) pa- temperature increases, of the superconducting wave
rameterx, or the anisotropy factoy] are halfway between function®*?MgB,, which as noted before has superconduct-
those of the LTSC’s and of the high-temperature cupratefng parameters well between those of the HTSC's and
(HTSC’s).1? In this paper we address the superconducting-TSC’s [mainly £(0) and«], is particularly suited to probe
fluctuation effects, associated with the presence of Coopghe universality of this higl- behavior of the superconduct-

pairs created by thermal fluctuations abolg, in MgB,. ing fluctuations.
For that we present measurements of the decrease of the
magnetization abov&. due to the presence of these fluctu- Il EXPERIMENTAL DETAILS AND RESULTS

ating Cooper pairs in a randomly oriented polycrystalline

sample. This effect, called fluctuation-induced diamagnetism In the present experiments we used a commeléila,
(FD), was chosen because it provides direct information 0r99.9% purity polycrystalline sample of MgBwith a mass
the superconducting fluctuations in the normal state and, sbf 0.50 g. Such a big sample, which has a volume near the
multaneously, it is relatively easy to study in randomly ori- maximum of our measurement systdma superconducting
ented polycrystalline samples. In addition, at present therquantum interference devi¢€QUID) magnetometer, Quan-
exist detailed FD measurements in different LTS@®efs. 3  tum Design, model MPME is necessary in order to have
and 4, and HTSC(Refs. 5 and § which will then allow  resolution enough to measure the fluctuation magnetization
interesting comparisons. For instance, it is worthwhile toin the high-reduced-temperature regi@ee below. Due to
wonder whether due to the layeredlike crystallographic structhe small anisotropy of this compound, it was not possible to
ture of MgB, its fluctuations are two dimensioné2D) in align the grains magnetically and, thus, we used a randomly
nature, like in the HTSC's, or instead they are three dimeneriented samplgx-ray analyses confirmed that it had no
sional(3D) as is the case of most conventional LTSE®wo preferable orientation Various examples of the as-measured
other interesting questions are the possible influence of nommmagnetization as a function of temperature at constant ap-
local electrodynamic effect§'’” and the influence of short- plied magnetic fieldsM(T),, are presented in Fig.(d).
wavelength fluctuations which may be particularly importantThe lines are the normal-state or background contribution,
at high reduced temperatures, whéf) becomes of the Mg(T)y, which were obtained by fitting a degree-2 polyno-
order of£(0) 3*89The nonlocal effects on the superconduct-mial in a temperature region above 2Tc and up to
ing fluctuations are important in clean LTSC%/ but they = ~3.5T¢, where the fluctuation effects are expected to be
are unobservable in the case of extremely type-1l HTSE's. negligible. Such a function fits very well the data in the
In addition to their relevance when analyzing the thermalbackground regiorithe regression factar was better than
fluctuations, these effects may concern other central madg3.999 and it extrapolates smoothly through the transition.
netic properties, such as vortex pinning or even the natur@he inclusion of higher-degree terms does not improve
itself of the flux line lattice®®* Concerning short- substantially. We discarded more physi¢@urie-like) func-
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FIG. 1. (a) Some examples of the as-measured magnetization vs 2Ll — R
temperature curves at constant applied magnetic fields. The solid 0.1 1 5
lines are the backgrounds, which were obtained by fitting a '“LoH (T)

degree-2 polynomial in different temperature regions that always
were inside Z T/T<3.5. (b) Details neafT . of theM(T), curve
corresponding tougH=0.3 T. In this example, the background
fitting region was bounded by 90 &KT=<130 K. Its lower limit,
notedT'é"W, is indicated in this figure, together with the temperature
TC€ at which the FD vanish.

FIG. 3. (a) Some examples of the temperature dependence of the
excess magnetizatiofover H. (b) Magnetic field dependence of
the excess magnetization at a constant temperature. The solid line is
the angular-averaged finite-field GGL approach, while the dotted
line corresponds to thE-independent zero-field limit.

The field-cooled(FC) and zero-field-cooledZFC) mag-
tions because they fitted worse. This is not surprising benetic susceptibilities are presented in Fig. 2. These data were
cause the measured magnetic moments have a non-negligitdgtained by using an external magnetic field of 0.5 mT,
contribution of the sample holdéwhich includes a gelatin which is smaller than the lower critical magnetic fieldg
capsule with a piece of adhesive tap&he temperature at least for temperatures not very close ). The as-
which M(T), becomes indistinguishable from the back- measured data were corrected for demagnetizing effects by
ground is denoted aB° [see Fig. 2b)]. This last temperature assuming that the grains are spherical and that the magnetic
is not appreciably affected by the choice of the backgroundiux trapping and shielding are isotropic in this Meissner
fitting region provided that it is aboveT2 and up to 3.5:  region®® The resultingy?"C is near— 1 at low temperatures,
(see the next section as expected for complete magnetic shielding and justifying

the spherical approximation. Howevar,© is near—0.3, a
e L B e e value which may be attributed to magnetic flux trapped by
[ pH=05mT T.=375K '} structural inhomogeneities and nonsuperconducting domains
i in the sample grains. The transition temperatufg: (
~37.5 K) was determined from the onset of the diamag-
EC . netic transition. The transition width of the ZFC or FC
= 0.5 - ] curves is of the order oAT-~0.8 K. Although relatively
Rl 7] narrow, this transition width may be in turn attributed to
stoichiometric inhomogeneities like, in particular, those re-
- ZEC ] lated to isotope effects due to the presence in commercial
- 1 MgB, of the boron isotope$B and !B in the natural pro-
-1.0 oA portions (~19% and~81% respectively'*®To elude the
0 10 20 30 40 effect of theseT. inhomogeneities, we will restrict the
TX) analysis toT=T.+0.8 K, which corresponds to reduced
FIG. 2. Temperature dependence of the low-field magnetic sustemperatures =In(T/T¢)=2X 10 2.
ceptibility measured under field-cooled and zero-field-cooled con- Various examples of the temperature dependence of the
ditions. The lines are guides for the eyes. so-called fluctuation-induced magnetizatiadhM (T)y, for

0.0
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the different applied magnetic fields and for temperatures ),

aroundT., are presented in Fig(8. As usually,AM(T,H) 5 4 3 2 1

is defined asAM(T,H)=M(T,H)—Mg(T,H). These data 9L i
have been normalized by their correspondih@mplitudes. 107 ¢ ] g 8‘% g 8‘2} (@)

This figure already illustrates at a qualitative level one of the s
central aspects of our paper: theM(T), curves corre- 10°
sponding to the lowest applied magnetic fields agree with
each other, even for temperatures closd¢q i.e., they are

r——
- —
-~
~— -

o | Zero-field limit:

H independent. This may be better seen in Figp) 3where ~ 107 F ——— Githout cutoff E
AM/H is represented as a function of the external magnetic F === - with momentum cutoff

field at a constant temperature abdve. The field indepen- = ol " with total energy cutoff Vi
dence of the susceptibility is the behavior predicted by g 10 ; R o '*ib')'_
Gaussian-Ginzburg-Landa{GGL) theory in the so-called 5 10 WH=03T

zero-magnetic-fieldlor Schmidt-Schmig limit!® (see also

below). This provides then a direct indication of the absence 10° gy T c=070

of finite-field (or Prangé effects but also of appreciable non- "o E

local electrodynamic effects fopoH=<0.3 T3*’ Above

uoH~0.5 T the data separate from the zero-field limit but 10

they may be explained by just taking into account the con-

ventional (or Prange finite-field effects(see the next sec-

tion). This last result extends the absence of nonlocal effects 10 = —

at least up to 3 T. As commented on above, such a behavior 10 10

of AM(T), at low-field amplitudes is characteristic of In (T/To)

HTSC's%®and it has also been observed recently in a dirty AR ;

LTSC alloy* However, MgB is well in the clean limit” and,

therefore, it is the first time that the FD in the zero-field limit

is observed in a clean noncuprate superconductor. The ab- -7

sence of appreciable nonlocal effects at low-field amplitudes S

in MgB,, in spite of the clean character of this compound, §
<

Background
fitting region:

O 70-110K
U 80-120K
A 90-130K

T T T
s,

may be attributed to its relatively high Ginzburg-Landau pa-
rameterxk~10 (see below when compared to conventional o N
LTSC's3’ 10 ;

2x10” 10 6x10™
In (T/T,)

A more quantitative comparison between the experimental FIG. 4. (a) £ dependence of the fluctuation-induced magnetiza-
results and the GGL approach may be done through thfi‘on (over HT) for different applied magnetic fields. The curves
reduced-temperature dependence of the excess magnetizatiQfirespond to the GGL approach for anisotropic 3D superconduct-
(normalized toHT). The data shown in Fig.(4) correspond s in the zero-field limit under different cutoff conditions. The
to the lowest magnetic field amplitudes used in our preseng(s)/¢, scale, which numerical values correspond to the BCS clean
experiments. As can be seen, thé/HT versuse curves |imit, illustrates how the behavior of the fluctuation-induced mag-
obtained for different field amplitudes agree with each othehetization is dominated by the localization energy when the super-
in the entire measuree range. These results fully confirm, conducting coherence length competes wighthe actuakor Pip-
therefore, our conclusions summarized above on the penetrpard coherence length af=0 K. (b) —AM(&)/HT curves for
tion in the zero-field limit and on the absence of appreciable.oH=0.3 T, obtained by using different background fitting re-
nonlocal effects on the FD in MgB gions. The lines represent again the GGL approach in the zero-field

To analyze the data of Fig.(@ on the grounds of the limit under a total-energy cutoff. The corresponding cutoff ampli-
GGL approach we may start by comparing with the zero-dudes vary only bgtvyeen 0.55 and 0(6) Comparison between the
magnetic-field limit without any cutoff. For a polycrystalline 3D and the 2D limits of the low-field GGL approaches and the
sample with anisotropic 3D grains randomly oriented,experimental data fonoH=0.3 T. The 2D I|m|td|s_agrees with the
AM(g)y may be obtained by angular averaging, following reduced-temperature dependence of the experimental data. More-

the standard procedureee, e.g., Ref. 13the fluctuation over, its amplitude is very different from the one that may be ob-
magnetization of a single drafhzié This' leads to tained from the coherence length valusse the main text for de-

tails). In (a) and(c) the background fitting region was80-120 K.

Ill. ANALYSIS AND DISCUSSION

AM  mpgkséan(0)

o) = permeability, andg the Boltzmann constant. The dot-dashed
HT 6¢c2>

line in Fig. 4a) is a fit of Eq.(1) to the data neaf (up to
e~7x10 2) where the short-wavelength effects are ex-
where &,,(0) is the coherence length amplitude in thb  pected to be negligible. In doing this fit the temperature-
crystallographic planegg the flux quantumu, the vacuum  independent prefactor in Eql) is the only free parameter.

2
L
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and AM(T,H,c)=AM,(T,H,c)/y?, wherec<1 is the
cutoff amplitude, which in the absence of nonlocal effects
may be approximated as a constant. The corresponding ex-
I1;.)ressions under the conventional momentum a cutoff may be
easily obtained by just changirgby c+e. Note also that
this expression includes the one without cutoff as a limiting
case, which corresponds #e<c. Again, the FD measured in

a randomly oriented polycrystalline sample is given by the
angularly averaged expression

As may be observed, up to~8x10 ? the measured FD
follows thee Y2 dependence typical of 3D fluctuations. Al-
though thee region (2<10 2<e<8x10 ?) is relatively
narrow, such a comparison provides already a first indicatio
of the 3D nature of the superconducting fluctuations in
MgB,. We will see below that the introduction of a cutoff
condition will allow us to extend this dimensionality analysis
up to 5x 10 1. This last analysis will also confirm the 3D
character of the superconducting fluctuations in Mgbhis
result is consistent with the fact that in this compound the AM (1

M
coherence length amplitudes are in all directions at least one ﬁ(s,c): §+ —2) ab(s,c). 3
i i i 3 HT
order of magnitude larger than the corresponding unit cell Y
lengths and also much smaller than the individual grainThe solid line in Fig. 4a) is the best fit of Eq(3) to the data
sizes: from measurements of tHedependence of the revers- in the low-magnetic-field limiti.e., for uoH=<0.5 T ande
ible mixed-state magnetization and takipg=1.7-2.6° we ~ =2X10"?), with the temperature-independent amplitude
obtained £,,(0)=73=2 A and £,(0)=¢&,,(0)/y=36 andc as free parameters. As can be seen, the agreement is
+8 A (see the Appendix excellent in all the experimentally accessilleregion (in-

In what concerns the FD amplitude, by using thégg0) cluding the high-reduced-temperature region above &ntl
and y values in Eq.(1) one finds that the theoretical ampli- it leads toc~0.6, whereas the amplitude is 0.48 times the
tude is around a factor of 2.7 larger than the measured on&eoretical one, this factor being again close to the Meissner
This amplitude difference, which was also observed infraction. For completeness, we also show in Fi@) 4 simi-
HTSC's>'® may be attributed to structural inhomogeneitieslar comparison with the theoretical FD under a momentum
with characteristic lengths of the order of or somewhat largecutoff (dashed ling evaluated by using the saroealue and
than the coherence lengths values. This is consistent with tHeD amplitude. As expected, in this case the agreement is
fact that the Meissner fraction is reduced from its ideal valugeasonable only below~0.2. The failure at higher reduced
in the same amourisee Fig. 2. In fact, the experimental FD temperatures could be corrected by using a lower valug of
amplitude regularized through the Meissner fraction is foundout this would then break the agreement to=0.1. The
to be in excellent agreement with the theoretical one for 30otal-energy cut off reproduces well both the FD behavior
anisotropic superconductofand using in Eq(1) the param-  below € and the vanishing at“=c.
eter values obtained in the Appendix; see also b¢low A check of the influence of the background region choice

One may also see in Fig(a that for e=0.1 the mea- on the extracted FD is shown in Fig(b}. This example
sured FD falls off much rapidly than predicted by the con-corresponds to the data obtained unggH=0.3 T. The
ventional mean-field behavior, and it vanishes above a wellbackground fitting region was always taken between 1.9
defined reduced temperaturs® close to 0.6. This FD <T/Tc=3.5.As may be clearly seen, the resultifgvalues
behavior at high reduced temperatures has been already ofpread from 0.55 to 0.70, but the experimental data may be
served in different HTSC and LTSC and, as noted before, iequally well fitted by the total-energy cutoff approach taking
has been attributed to the limits imposed by the uncertaintg values in that range. Let us also point out that4fevalue
principle to the shrinkage of the superconducting wavefuncis almost independent of the applied magnetic field and, at
tion when the reduced-temperature incred$e€.On the least up tougH=3 T, it remains close to 0.6.
grounds of the GGL approach, these ideas may be taken into The fact that the: value found in MgB is similar to the
account by introducing a so-called “total-energy” cutoff one found in clean 2D and 3D HTSCS,and in dirty 3D
condition}*12 which could extend the applicability of this LTSC alloy$ provides a further confirmation of the funda-
mean field approach from<1 up to high reduced tempera- mental origin of such a behavior of the thermal fluctuations
tures (see also Ref. 19 To probe the adequacy of such a at high reduced temperatures. In addition, #fe value
regularization of the GGL approach in Mghs another aim  agrees with the one which may be directly estimated for
of the present paper. clean BCS superconductors by definia§ through £(£€)

The FD in anisotropic bulk superconductors may be= ¢, and using the mean-field dependence o€(e) and
straightforwardly calculated on the grounds of the GGL ap-£(0)=0.74¢,.41? Here &, is the actual(or Pippard super-
proach under different cutoff conditions by just extending toconducting coherence length B0 K. The &(g)/&, scale
this case our recent GGL results in isotropicin Fig. 4@ (which numerical values correspond to the BCS
superconductorsUnder the total-energy cutoff this leads to clean limiy shows that wherg(g)=2¢&,, which roughly cor-

respond tee<0.15, the consequences of the localization en-

AM (T H.C) = — KgT toH y€an(0) ergy contribution to the total-energy cutdthe term propor-
apt ot 3¢2 tional to 1£%(e); see Refs. 4, 8 or ]9on the FD are
unappreciable. However, foréd=¢(e)= &, (corresponding

arctan/(c—¢)/e arctan/(c—e)/c to 0.15=e=¢°), i.e., when the superconducting coherence

Je - Jo ' length competes with the size of the individual Cooper pairs,

the uncertainty principle will dominate the behavior of these
(2)  Cooper pairs.
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For completeness, in Fig(@) we present a comparison of
the 3D and 2D limits of the GGL approach in the zero-field
regime with the experimental data. In doing that comparison
the absolute amplitude was in both limits a free parameter.
As is clearly seen, the behavior of the GGL approach in the
2D limit strongly disagrees with the reduced-temperature de-
pendence of the experimental data. But, in addition, the the-
oretical amplitude obtained by using the coherence length
values in the Appendix is over one order of magnitude larger
than the experimental amplitudeSuch a discrepancy is too
big to be attributed to inhomogeneity effects.

M (10° A/m)
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Let us finally analyze thél dependence of the FD in the
finite-field regime. As commented on above, for fields larger
than 0.5 T theAM(T) /H amplitude decreases appreciably,
mainly close toT., well below the one measured in the
zero-field limit. In Fig. 3b) is presented a comparison of the
AM(H){/H data with the GGL approach in the finite-field
(or Prange regime (solid line). It was obtained by general- 4
izing the 3D isotropic result in the finite-field regifhi the
anisotropic casgthrough the scaling transformation sug-
gested in Ref. 1Band then performing the angular average.
As is clearly seen, the agreement with the experimental data
is excellent, thus extending the applicability of the GGL ap-
proach up to the highest magnetic fields studigd)H
=3 T). This last result discards the presence of appreciable
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nonlocal electrodynamic effects up to a considerable fraction &
of the upper critical magnetic fiel@i—l/Héz(O)va.S]. J’N
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=

IV. CONCLUSIONS

In conclusion, the fluctuation induced diamagnetism in
MgB, was measured as a function of the applied magnetic
field (up to ugH=3 T) and of the reduced temperatufer
2x10 ?2<g=<1). ForugH=0.3 T the FD isH independent
at all accessible reduced temperatures. This shows that these
data correspond to the so-called zero-magnetic-figd FIG. 5. (a) Some examples of the magnetization vs external
Schmidt-Schmigllimit and that the nonlocal electrodynamic magnetic field curves obtained at some constant temperatures below
effects are irrelevant in MgBup to these magnetic field Tc- A small paramagnetic contribution has been already subtracted
amplitudes. Our results also suggest that for higher reducefiem these curves. The solid symbol in each curve corresponds to
magnetic fields the decrease of the FD may be explained pihe magnetlc fleld_ bel_ow which the magne_tlzgtlon is wre_vers(lhi)e.
taking into account the convention@range finite-field ef- eversible contribution to the magnetization, obtained as the

; 1 - _ semisum of the data measured by increasing and, respectively, de-
fects. This extends up t/H,(0)~0.5 the absence of ap ._creasing the applied magnetic field. The solid lines are fits to the

p:re]mable nonlo(;:alteIf‘g?l(ittsh._ Inb t?]e I_|ght ofk;e;ent .resT.lts Inangular averaged Abrikosov theoffq. (A2)] to the data in the
other superconductors; IS benhavior cou ave Implica- - ji,qqy region. The resultinglo,(T) and«, (T) values are shown in

t_lons n _the _vortex pinning and n the structure Of the flux (c), where the error bars come from the uncertainty in the value of
line lattice in MgB,. These particular characteristics of o anisotropy factor (17 y<2.6).

MgB,, when combined with presumably enhanced vortex

fluctuations due to its relatively higlic, suggest that the

MgB, could be a good candidate to observe the unusual ! . .
vortex lattice effects recently reported in borocarbitfesor  Influence of the confinement energy arising from the shrink-

£<8x 10 2, the data in the low-field limit follow at a quan- 29€ .Of the supt'arconduc'ting wave function on the supercon-
titative level the critical exponent and amplitude of the GGLducting fluctuations at high reduced temperatures.

approach in the 3D limit. The 3D nature of the superconduct-
ing fluctuations in MgB is further confirmed by extending
the FD analysis to the high-reduced-temperature re¢ign

to e~0.5) by regularizing the GGL approach through a total-
energy cutoff. Such a total-energy cutoff also accounts for This work has been financed by Xunta de Galicia
the vanishing of the FD at a well-defined reduced tempera¢(PGIDTO1PXI20609PR the CICYT (MAT2001-32723, and
turee©~0.6. Our present results confirm, therefore, the deefynion FenosaContract No. 0666-98Spain.

T (K)

ACKNOWLEDGMENTS

174522-5



MOSQUEIRA, RAMALLO, CURR;AS, TORRtN, AND VIDAL PHYSICAL REVIEW B 65 174522
APPENDIX: DETERMINATION OF THE COHERENCE
LENGTH AMPLITUDES FROM MAGNETIZATION

MEASUREMENTS BELOW T

an angled with respect to the external magnetic field. This
last is given b8

In order to determine the central superconducting param- - H~Hca(0)
eters used in the analysis of the fluctuation-induced diamag- Bal2k%(60)—1]"
netism presented in this paper, we perfornM@H) mea- I
surements of the magnetization versus magnetic field curve¥nere He(6) =Hgp(cos o+ ?sirf6) 2 k(6) =, (cosd
at different temperatures below the transition. Some resultg ¥ -si6) "2 Hg, andx, are, respectively, the upper criti-
are shown in Fig. &), where a small normal-state contribu- cal magnetic field and the Ginzburg-Landau parameter cor-
tion has been already subtracted. As may be clearly seen, tfiesponding to th&#=0 direction andB,=1.16. The result-
magnetization is highly irreversible below a well-defineding angularly averaged magnetization is linear withfor
magnetic fieldH;,, (T). This restricts the comparison with H<Hg,, and forx?>1 (as is the case for MgB see below
the theory to the very narrow region correspondingHo may be approximated by
>H;,,(T). To overcome this difficulty we approximated the

M(6) (A1)

2 2
reversible magnetization throughM,e,=(M*+M7)/2, 1 2+y" (1 " In(vy"™—1+7v)
whereM™ and M~ are the magnetization obtained when Bak? 692 2\ 4 4y\y2-1 '

increasing and, respectively, decreasing the external mag-
netic field. In Fig. %b) we present the results fdd,., cor-
responding to theM™ and M~ data points of Fig. &).
M,e,(H)T presents a linear behavior over a wide region,
which is consistent with the Abrikosov prediction for the Heo as free paramelters ang=1.7-2.6(see Ref. 2 The
magnetization in the high-field regini®.The appreciable esulting values foHg, and«, are shown in Fig. &). Hc,
rounding for H=H,, (T) may be attributed to the aniso- IS practlca}IIy linear in the tempera‘iure range studied. The
tropic character of this compouriceach individual grain in ~ €xtrapolation tof =0 K leads touHc,(0)~6.2£0.3 T, a
the sample has an upper critical magnetic field depending o#alue in excellent agreement with the one measured in single
its orientation with respect to the external magnetic field. Crystals’ By using the standard relationuoH¢,(0)

To compare these data with the theory, we first angularF dol2mE2(0), we determinedé,,(0)=73+2 A. Finally,
averagedthrough a standard procedlitethe magnetization the Ginzburg parameter is almost temperature independent
of an individual grain with its crystallographic axis forming nearT¢ and its value is<;, =9+ 1.

(A2)

The solid lines in Fig. &) are the best fits of EqA2) to
the M,,(H)+ curves in the linear region, by using, and

1J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Tomy, Phys. Rev. B54, 012512(2001).
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3For a review see, e.g., W.J. Skocpol and M. Tinkham, Rep. Prog. ron, and F. Vidal, Phys. Rev. B9, 4394(1999.
Phys.38, 1049(1975. 14s.L. Budko, G. Lapertot, C. Petrovic, C.E. Cunningham, N.
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mallo, J.A. Veira, and F. Vidal, J. Phys.: Condens. Matft8&r analysis of the fluctuation effects in the temperature region be-
9271(2001). tweenT: andT-+0.8 K, and they make still more unrealistic
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on the FD were early addressed beyond the conventional mo-
mentum cutoff approach in various theoretical papers in the case
of the low-T¢ superconductors. See, e.g., B.R. Patton, V. Ambe-
gaokar, and J.W. Wilkins, Solid State Commn1287(1969);

P.A. Lee and M.G. Payne, Phys. Rev. L&8, 1537(1972); J.
Kurkijarvi, V. Ambegaokar, and G. Eilenberger, Phys. Re\b,B
868(1972. However, as explained in some detail in Refs. 4 and
8, these approaches do not take into consideration the limitations
imposed by the uncertainty principle to the superconducting
wave function, which effects are dominant at highin the case

of the microscopic calculations by Lee and co-workers and of
Kurkijarvi and co-workers, these authors use approximations
which fail when studying the high-energy fluctuation mo¢as
though they are very useful to study the nonlocal effects; see,

PHYSICAL REVIEW B 65 174522
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any temperature.
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