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Fluctuation-induced diamagnetism above the superconducting transition in MgB2
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The behavior of the superconducting fluctuations in the normal state in MgB2 is studied through measure-
ments of the fluctuation-induced diamagnetism~FD!. 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 around«5 ln(T/TC)'0.6, in agreement with recent results
obtained in other low-TC and high-TC 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

The recent discovery of superconductivity in MgB2 has
generated an intense research activity, mainly due to its h
critical temperature (TC'40 K) compared to the conven
tional low-temperature superconductors~LTSC’s!.1,2 The in-
terest in this compound is enhanced by the fact that o
fundamental characteristics@as the superconducting cohe
ence length amplitudej(0), theGinzburg-Landau~GL! pa-
rameterk, or the anisotropy factorg] are halfway between
those of the LTSC’s and of the high-temperature cupra
~HTSC’s!.1,2 In this paper we address the superconduct
fluctuation effects, associated with the presence of Coo
pairs created by thermal fluctuations aboveTC , in MgB2.
For that we present measurements of the decrease o
magnetization aboveTC due to the presence of these fluct
ating Cooper pairs in a randomly oriented polycrystalli
sample. This effect, called fluctuation-induced diamagnet
~FD!, was chosen because it provides direct information
the superconducting fluctuations in the normal state and
multaneously, it is relatively easy to study in randomly o
ented polycrystalline samples. In addition, at present th
exist detailed FD measurements in different LTSC’s~Refs. 3
and 4!, and HTSC~Refs. 5 and 6!, which will then allow
interesting comparisons. For instance, it is worthwhile
wonder whether due to the layeredlike crystallographic str
ture of MgB2 its fluctuations are two dimensional~2D! in
nature, like in the HTSC’s, or instead they are three dim
sional~3D! as is the case of most conventional LTSC’s.3 Two
other interesting questions are the possible influence of n
local electrodynamic effects3,4,7 and the influence of short
wavelength fluctuations which may be particularly importa
at high reduced temperatures, whenj(T) becomes of the
order ofj(0).3,4,8,9The nonlocal effects on the supercondu
ing fluctuations are important in clean LTSC’s,3,4,7 but they
are unobservable in the case of extremely type-II HTSC’s8,9

In addition to their relevance when analyzing the therm
fluctuations, these effects may concern other central m
netic properties, such as vortex pinning or even the na
itself of the flux line lattice.10,11 Concerning short-
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wavelength fluctuation effects at high reduced temperatu
@for «[ ln(T/TC)>0.1], they have been already observed
both HTSC’s~see Refs. 8 and 9 and references therein! and
LTSC’s.3,4 Moreover, it has been observed in the last tw
years that the superconducting fluctuation effects vanish
well-defined temperature given byTC'1.7TC .4,8,9 This
striking result has been recently attributed to the limits i
posed by the uncertainty principle to the shrinkage, when
temperature increases, of the superconducting w
function.4,12 MgB2, which as noted before has supercondu
ing parameters well between those of the HTSC’s a
LTSC’s @mainly j(0) andk], is particularly suited to probe
the universality of this high-« behavior of the superconduc
ing fluctuations.

II. EXPERIMENTAL DETAILS AND RESULTS

In the present experiments we used a commercial~Alfa,
99.9% purity! polycrystalline sample of MgB2 with a mass
of 0.50 g. Such a big sample, which has a volume near
maximum of our measurement system@a superconducting
quantum interference device~SQUID! magnetometer, Quan
tum Design, model MPMS#, is necessary in order to hav
resolution enough to measure the fluctuation magnetiza
in the high-reduced-temperature region~see below!. Due to
the small anisotropy of this compound, it was not possible
align the grains magnetically and, thus, we used a rando
oriented sample~x-ray analyses confirmed that it had n
preferable orientation!. Various examples of the as-measur
magnetization as a function of temperature at constant
plied magnetic fields,M (T)H , are presented in Fig. 1~a!.
The lines are the normal-state or background contributi
MB(T)H , which were obtained by fitting a degree-2 polyn
mial in a temperature region above;2TC and up to
;3.5TC , where the fluctuation effects are expected to
negligible. Such a function fits very well the data in th
background region~the regression factorr was better than
0.999! and it extrapolates smoothly through the transitio
The inclusion of higher-degree terms does not improvr
substantially. We discarded more physical~Curie-like! func-
©2002 The American Physical Society22-1
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tions because they fitted worse. This is not surprising
cause the measured magnetic moments have a non-negl
contribution of the sample holder~which includes a gelatin
capsule with a piece of adhesive tape!. The temperature a
which M (T)H becomes indistinguishable from the bac
ground is denoted asTC @see Fig. 2~b!#. This last temperature
is not appreciably affected by the choice of the backgrou
fitting region provided that it is above 2TC and up to 3.5TC
~see the next section!.

FIG. 1. ~a! Some examples of the as-measured magnetizatio
temperature curves at constant applied magnetic fields. The
lines are the backgrounds, which were obtained by fitting
degree-2 polynomial in different temperature regions that alw
were inside 2,T/TC,3.5. ~b! Details nearTC of theM (T)H curve
corresponding tom0H50.3 T. In this example, the backgroun
fitting region was bounded by 90 K<T<130 K. Its lower limit,
notedTB

Low , is indicated in this figure, together with the temperatu
TC at which the FD vanish.

FIG. 2. Temperature dependence of the low-field magnetic
ceptibility measured under field-cooled and zero-field-cooled c
ditions. The lines are guides for the eyes.
17452
-
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The field-cooled~FC! and zero-field-cooled~ZFC! mag-
netic susceptibilities are presented in Fig. 2. These data w
obtained by using an external magnetic field of 0.5 m
which is smaller than the lower critical magnetic fields~at
least for temperatures not very close toTC). The as-
measured data were corrected for demagnetizing effect
assuming that the grains are spherical and that the mag
flux trapping and shielding are isotropic in this Meissn
region.13 The resultingxZFC is near21 at low temperatures
as expected for complete magnetic shielding and justify
the spherical approximation. However,xFC is near20.3, a
value which may be attributed to magnetic flux trapped
structural inhomogeneities and nonsuperconducting dom
in the sample grains. The transition temperature (TC
'37.5 K) was determined from the onset of the diama
netic transition. The transition width of the ZFC or F
curves is of the order ofDTC'0.8 K. Although relatively
narrow, this transition width may be in turn attributed
stoichiometric inhomogeneities like, in particular, those
lated to isotope effects due to the presence in commer
MgB2 of the boron isotopes10B and 11B in the natural pro-
portions (;19% and;81% respectively!.14,15 To elude the
effect of theseTC inhomogeneities, we will restrict the
analysis toT*TC10.8 K, which corresponds to reduce
temperatures«[ ln(T/TC)*231022.

Various examples of the temperature dependence of
so-called fluctuation-induced magnetization,DM (T)H , for

vs
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a
s
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-

FIG. 3. ~a! Some examples of the temperature dependence o
excess magnetization~over H!. ~b! Magnetic field dependence o
the excess magnetization at a constant temperature. The solid li
the angular-averaged finite-field GGL approach, while the dot
line corresponds to theH-independent zero-field limit.
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FLUCTUATION-INDUCED DIAMAGNETISM ABOVE THE . . . PHYSICAL REVIEW B65 174522
the different applied magnetic fields and for temperatu
aroundTC , are presented in Fig. 3~a!. As usually,DM (T,H)
is defined asDM (T,H)[M (T,H)2MB(T,H). These data
have been normalized by their correspondingH amplitudes.
This figure already illustrates at a qualitative level one of
central aspects of our paper: theDM (T)H curves corre-
sponding to the lowest applied magnetic fields agree w
each other, even for temperatures close toTC ; i.e., they are
H independent. This may be better seen in Fig. 3~b!, where
DM /H is represented as a function of the external magn
field at a constant temperature aboveTC . The field indepen-
dence of the susceptibility is the behavior predicted
Gaussian-Ginzburg-Landau~GGL! theory in the so-called
zero-magnetic-field~or Schmidt-Schmid! limit 16 ~see also
below!. This provides then a direct indication of the absen
of finite-field ~or Prange! effects but also of appreciable non
local electrodynamic effects form0H&0.3 T.3,4,7 Above
m0H'0.5 T the data separate from the zero-field limit b
they may be explained by just taking into account the c
ventional ~or Prange! finite-field effects~see the next sec
tion!. This last result extends the absence of nonlocal effe
at least up to 3 T. As commented on above, such a beha
of DM (T)H at low-field amplitudes is characteristic o
HTSC’s5,6,8 and it has also been observed recently in a d
LTSC alloy.4 However, MgB2 is well in the clean limit17 and,
therefore, it is the first time that the FD in the zero-field lim
is observed in a clean noncuprate superconductor. The
sence of appreciable nonlocal effects at low-field amplitu
in MgB2, in spite of the clean character of this compoun
may be attributed to its relatively high Ginzburg-Landau p
rameterk'10 ~see below! when compared to conventiona
LTSC’s.3,7

III. ANALYSIS AND DISCUSSION

A more quantitative comparison between the experime
results and the GGL approach may be done through
reduced-temperature dependence of the excess magnetiz
~normalized toHT). The data shown in Fig. 4~a! correspond
to the lowest magnetic field amplitudes used in our pres
experiments. As can be seen, theDM /HT versus« curves
obtained for different field amplitudes agree with each ot
in the entire measured« range. These results fully confirm
therefore, our conclusions summarized above on the pen
tion in the zero-field limit and on the absence of apprecia
nonlocal effects on the FD in MgB2.

To analyze the data of Fig. 4~a! on the grounds of the
GGL approach we may start by comparing with the ze
magnetic-field limit without any cutoff. For a polycrystallin
sample with anisotropic 3D grains randomly oriente
DM («)H may be obtained by angular averaging, followin
the standard procedure~see, e.g., Ref. 13!, the fluctuation
magnetization of a single grain.16,18 This leads to

DM

HT
~«!52

pm0kBjab~0!

6f0
2 S g

3
1

2

3g D «21/2, ~1!

where jab(0) is the coherence length amplitude in theab
crystallographic plane,f0 the flux quantum,m0 the vacuum
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permeability, andkB the Boltzmann constant. The dot-dash
line in Fig. 4~a! is a fit of Eq.~1! to the data nearTC ~up to
«'731022) where the short-wavelength effects are e
pected to be negligible. In doing this fit the temperatu
independent prefactor in Eq.~1! is the only free parameter

FIG. 4. ~a! « dependence of the fluctuation-induced magneti
tion ~over HT! for different applied magnetic fields. The curve
correspond to the GGL approach for anisotropic 3D supercond
ors in the zero-field limit under different cutoff conditions. Th
j(«)/j0 scale, which numerical values correspond to the BCS cl
limit, illustrates how the behavior of the fluctuation-induced ma
netization is dominated by the localization energy when the su
conducting coherence length competes withj0, the actual~or Pip-
pard! coherence length atT50 K. ~b! 2DM («)/HT curves for
m0H50.3 T, obtained by using different background fitting r
gions. The lines represent again the GGL approach in the zero-
limit under a total-energy cutoff. The corresponding cutoff amp
tudes vary only between 0.55 and 0.7.~c! Comparison between the
3D and the 2D limits of the low-field GGL approaches and t
experimental data form0H50.3 T. The 2D limit disagrees with the
reduced-temperature dependence of the experimental data. M
over, its amplitude is very different from the one that may be o
tained from the coherence length values~see the main text for de
tails!. In ~a! and~c! the background fitting region was;80–120 K.
2-3
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As may be observed, up to«'831022 the measured FD
follows the«21/2 dependence typical of 3D fluctuations. A
though the« region (231022<«<831022) is relatively
narrow, such a comparison provides already a first indica
of the 3D nature of the superconducting fluctuations
MgB2. We will see below that the introduction of a cuto
condition will allow us to extend this dimensionality analys
up to 531021. This last analysis will also confirm the 3D
character of the superconducting fluctuations in MgB2. This
result is consistent with the fact that in this compound
coherence length amplitudes are in all directions at least
order of magnitude larger than the corresponding unit
lengths and also much smaller than the individual gr
sizes: from measurements of theH dependence of the revers
ible mixed-state magnetization and takingg51.7–2.6,2 we
obtained jab(0)57362 Å and jc(0)5jab(0)/g536
68 Å ~see the Appendix!.

In what concerns the FD amplitude, by using thosejab(0)
andg values in Eq.~1! one finds that the theoretical ampl
tude is around a factor of 2.7 larger than the measured
This amplitude difference, which was also observed
HTSC’s,5,13 may be attributed to structural inhomogeneiti
with characteristic lengths of the order of or somewhat lar
than the coherence lengths values. This is consistent with
fact that the Meissner fraction is reduced from its ideal va
in the same amount~see Fig. 2!. In fact, the experimental FD
amplitude regularized through the Meissner fraction is fou
to be in excellent agreement with the theoretical one for
anisotropic superconductors@and using in Eq.~1! the param-
eter values obtained in the Appendix; see also below#.

One may also see in Fig. 4~a! that for «>0.1 the mea-
sured FD falls off much rapidly than predicted by the co
ventional mean-field behavior, and it vanishes above a w
defined reduced temperature«C close to 0.6. This FD
behavior at high reduced temperatures has been alread
served in different HTSC and LTSC and, as noted before
has been attributed to the limits imposed by the uncerta
principle to the shrinkage of the superconducting wavefu
tion when the reduced-temperature increases.4,8,12 On the
grounds of the GGL approach, these ideas may be taken
account by introducing a so-called ‘‘total-energy’’ cuto
condition,4,8,12 which could extend the applicability of thi
mean field approach from«!1 up to high reduced tempera
tures ~see also Ref. 19!. To probe the adequacy of such
regularization of the GGL approach in MgB2 is another aim
of the present paper.

The FD in anisotropic bulk superconductors may
straightforwardly calculated on the grounds of the GGL a
proach under different cutoff conditions by just extending
this case our recent GGL results in isotrop
superconductors.4 Under the total-energy cutoff this leads

DMab~T,H,c!52
kBTm0Hgjab~0!

3f0
2

3S arctanA~c2«!/«

A«
2

arctanA~c2«!/c

Ac
D ,

~2!
17452
n

e
ne
ll
n

e.
n

r
he
e

d

-
ll-

ob-
it
ty
-

to

-

and DMc(T,H,c)5DMab(T,H,c)/g2, where c<1 is the
cutoff amplitude, which in the absence of nonlocal effe
may be approximated as a constant. The corresponding
pressions under the conventional momentum a cutoff may
easily obtained by just changingc by c1«. Note also that
this expression includes the one without cutoff as a limiti
case, which corresponds to«!c. Again, the FD measured in
a randomly oriented polycrystalline sample is given by t
angularly averaged expression

DM

HT
~«,c!5S 1

3
1

2

3g2D DMab

HT
~«,c!. ~3!

The solid line in Fig. 4~a! is the best fit of Eq.~3! to the data
in the low-magnetic-field limit~i.e., for m0H<0.5 T and«
>231022), with the temperature-independent amplitu
and c as free parameters. As can be seen, the agreeme
excellent in all the experimentally accessible« region ~in-
cluding the high-reduced-temperature region above 0.1! and
it leads toc'0.6, whereas the amplitude is 0.48 times t
theoretical one, this factor being again close to the Meiss
fraction. For completeness, we also show in Fig. 4~a! a simi-
lar comparison with the theoretical FD under a moment
cutoff ~dashed line!, evaluated by using the samec value and
FD amplitude. As expected, in this case the agreemen
reasonable only below«'0.2. The failure at higher reduce
temperatures could be corrected by using a lower value oc,
but this would then break the agreement for«<0.1. The
total-energy cut off reproduces well both the FD behav
below «C and the vanishing at«C5c.

A check of the influence of the background region cho
on the extracted FD is shown in Fig. 4~b!. This example
corresponds to the data obtained underm0H50.3 T. The
background fitting region was always taken between
<T/TC<3.5. As may be clearly seen, the resulting«C values
spread from 0.55 to 0.70, but the experimental data may
equally well fitted by the total-energy cutoff approach taki
c values in that range. Let us also point out that the«C value
is almost independent of the applied magnetic field and
least up tom0H53 T, it remains close to 0.6.

The fact that the«C value found in MgB2 is similar to the
one found in clean 2D and 3D HTSC’s,8,9 and in dirty 3D
LTSC alloys4 provides a further confirmation of the funda
mental origin of such a behavior of the thermal fluctuatio
at high reduced temperatures. In addition, the«C value
agrees with the one which may be directly estimated
clean BCS superconductors by defining«C through j(«C)
5j0 and using the mean-field« dependence ofj(«) and
j(0)50.74j0.4,12 Here j0 is the actual~or Pippard! super-
conducting coherence length atT50 K. The j(«)/j0 scale
in Fig. 4~a! ~which numerical values correspond to the BC
clean limit! shows that whenj(«)>2j0, which roughly cor-
respond to«<0.15, the consequences of the localization e
ergy contribution to the total-energy cutoff@the term propor-
tional to 1/j2(«); see Refs. 4, 8 or 9# on the FD are
unappreciable. However, for 2j0>j(«)>j0 ~corresponding
to 0.15>«>«C), i.e., when the superconducting coheren
length competes with the size of the individual Cooper pa
the uncertainty principle will dominate the behavior of the
Cooper pairs.
2-4
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For completeness, in Fig. 4~c! we present a comparison o
the 3D and 2D limits of the GGL approach in the zero-fie
regime with the experimental data. In doing that comparis
the absolute amplitude was in both limits a free parame
As is clearly seen, the« behavior of the GGL approach in th
2D limit strongly disagrees with the reduced-temperature
pendence of the experimental data. But, in addition, the
oretical amplitude obtained by using the coherence len
values in the Appendix is over one order of magnitude lar
than the experimental amplitude.8 Such a discrepancy is to
big to be attributed to inhomogeneity effects.

Let us finally analyze theH dependence of the FD in th
finite-field regime. As commented on above, for fields larg
than 0.5 T theDM (T)H /H amplitude decreases appreciab
mainly close toTc , well below the one measured in th
zero-field limit. In Fig. 3~b! is presented a comparison of th
DM (H)T /H data with the GGL approach in the finite-fie
~or Prange! regime~solid line!. It was obtained by general
izing the 3D isotropic result in the finite-field regime4 to the
anisotropic case~through the scaling transformation su
gested in Ref. 18! and then performing the angular averag
As is clearly seen, the agreement with the experimental d
is excellent, thus extending the applicability of the GGL a
proach up to the highest magnetic fields studied (m0H
53 T). This last result discards the presence of apprecia
nonlocal electrodynamic effects up to a considerable frac
of the upper critical magnetic field@H/Hc2

' (0);0.5#.

IV. CONCLUSIONS

In conclusion, the fluctuation induced diamagnetism
MgB2 was measured as a function of the applied magn
field ~up to m0H53 T! and of the reduced temperature~for
231022<«<1). Form0H&0.3 T the FD isH independent
at all accessible reduced temperatures. This shows that t
data correspond to the so-called zero-magnetic-field~or
Schmidt-Schmid! limit and that the nonlocal electrodynam
effects are irrelevant in MgB2 up to these magnetic field
amplitudes. Our results also suggest that for higher redu
magnetic fields the decrease of the FD may be explained
taking into account the conventional~Prange! finite-field ef-
fects. This extends up toH/Hc2

' (0);0.5 the absence of ap
preciable nonlocal effects. In the light of recent results
other superconductors,10,11 this behavior could have implica
tions in the vortex pinning and in the structure of the fl
line lattice in MgB2. These particular characteristics
MgB2, when combined with presumably enhanced vor
fluctuations due to its relatively highTC , suggest that the
MgB2 could be a good candidate to observe the unus
vortex lattice effects recently reported in borocarbides.10 For
«<831022, the data in the low-field limit follow at a quan
titative level the critical exponent and amplitude of the GG
approach in the 3D limit. The 3D nature of the supercondu
ing fluctuations in MgB2 is further confirmed by extending
the FD analysis to the high-reduced-temperature region~up
to «'0.5) by regularizing the GGL approach through a tot
energy cutoff. Such a total-energy cutoff also accounts
the vanishing of the FD at a well-defined reduced tempe
ture«C'0.6. Our present results confirm, therefore, the d
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age of the superconducting wave function on the superc
ducting fluctuations at high reduced temperatures.
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FIG. 5. ~a! Some examples of the magnetization vs exter
magnetic field curves obtained at some constant temperatures b
TC . A small paramagnetic contribution has been already subtra
from these curves. The solid symbol in each curve correspond
the magnetic field below which the magnetization is irreversible.~b!
Reversible contribution to the magnetization, obtained as
semisum of the data measured by increasing and, respectively
creasing the applied magnetic field. The solid lines are fits to
angular averaged Abrikosov theory@Eq. ~A2!# to the data in the
linear region. The resultingHc2

' (T) andk'(T) values are shown in
~c!, where the error bars come from the uncertainty in the value
the anisotropy factor (1.7<g<2.6).
2-5
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APPENDIX: DETERMINATION OF THE COHERENCE
LENGTH AMPLITUDES FROM MAGNETIZATION

MEASUREMENTS BELOW TC

In order to determine the central superconducting par
eters used in the analysis of the fluctuation-induced diam
netism presented in this paper, we performedM (H)T mea-
surements of the magnetization versus magnetic field cu
at different temperatures below the transition. Some res
are shown in Fig. 5~a!, where a small normal-state contribu
tion has been already subtracted. As may be clearly seen
magnetization is highly irreversible below a well-defin
magnetic fieldHirr (T). This restricts the comparison wit
the theory to the very narrow region corresponding toH
.Hirr (T). To overcome this difficulty we approximated th
reversible magnetization through Mrev5(M 11M 2)/2,
where M 1 and M 2 are the magnetization obtained whe
increasing and, respectively, decreasing the external m
netic field. In Fig. 5~b! we present the results forMrev cor-
responding to theM 1 and M 2 data points of Fig. 5~a!.
Mrev(H)T presents a linear behavior over a wide regio
which is consistent with the Abrikosov prediction for th
magnetization in the high-field regime.20 The appreciable
rounding for H*Hirr (T) may be attributed to the aniso
tropic character of this compound:2 each individual grain in
the sample has an upper critical magnetic field depending
its orientation with respect to the external magnetic field.

To compare these data with the theory, we first angu
averaged~through a standard procedure13! the magnetization
of an individual grain with itsc crystallographic axis forming
d

on

ro

a-

ys

ys

u,

.V.
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an angleu with respect to the external magnetic field. Th
last is given by20,18

M ~u!5
H2Hc2~u!

bA@2k2~u!21#
, ~A1!

where Hc2(u)5Hc2
' (cos2u1g22sin2u)21/2, k(u)5k'(cos2u

1g22sin2u)21/2, Hc2
' andk' are, respectively, the upper crit

cal magnetic field and the Ginzburg-Landau parameter c
responding to theu50 direction andbA51.16. The result-
ing angularly averaged magnetization is linear withH for
H,Hc2

' , and fork'
2 @1 ~as is the case for MgB2; see below!

may be approximated by

M5
1

bAk'
2 FH

21g2

6g2
2Hc2

' S 1

4
1

ln~Ag2211g!

4gAg221
D G .

~A2!

The solid lines in Fig. 4~b! are the best fits of Eq.~A2! to
the Mrev(H)T curves in the linear region, by usingk' and
Hc2

' as free parameters andg51.7–2.6 ~see Ref. 2!. The
resulting values forHc2

' andk' are shown in Fig. 5~c!. Hc2

is practically linear in the temperature range studied. T
extrapolation toT50 K leads tom0Hc2

' (0);6.260.3 T, a
value in excellent agreement with the one measured in sin
crystals.2 By using the standard relationm0Hc2

' (0)
5f0/2pjab

2 (0), we determinedjab(0)57362 Å. Finally,
the Ginzburg parameter is almost temperature indepen
nearTC and its value isk'5961.
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