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Fluctuation study of the specific heat of Mg11B2
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The specific heat of polycrystalline Mg11B2 has been measured with high-resolution ac calorimetry from 5
to 45 K at constant magnetic fields. The excess specific heat aboveTc is discussed in terms of Gaussian
fluctuations and suggests that Mg11B2 is a bulk superconductor with Ginzburg-Landau coherence lengthj0

526 Å. The transition-width broadening in field is treated in terms of lowest-Landau-level~LLL ! fluctuations.
That analysis requires thatj0520 Å. The underestimate of the coherence length in field, along with deviations
from three-dimensional LLL predictions, suggests that there is an influence from the anisotropy ofBc2 between
the c axis anda-b plane.
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Experimental observations of thermodynamic fluctuatio
in the specific heat have been limited in low-Tc supercon-
ductors because the long coherence lengths make the e
specific heat very small compared to the mean-field ter1

By contrast, the high transition temperatures and small
herence lengths of cuprate superconductors lead to sig
cant fluctuation effects.2 In the recently discovered superco
ductor Mg11B2,3 the coherence length and superconduct
transition temperature lie between these extremes, sugge
that fluctuation effects will be observable and lead to furt
information on the superconducting coherence length.
deed, the excess magnetoconductance of Mg11B2 was re-
ported recently and discussed in terms of fluctuation effec4

Here we report the specific heat of Mg11B2 from 5 K to 45 K
at several magnetic fields. Using high-resolution ac calor
etry, we could study the superconducting transition region
detail. At zero field, the excess specific heat is treated
terms of three-dimensional~3D! Gaussian fluctuations and i
field, the broadening and shift of the transition is analyzed
terms of lowest-Landau-level~LLL ! fluctuations.

Polycrystalline Mg11B2 was prepared atT5950 °C and
p53 GPa from a stoichiometric mixture of Mg and11B
isotope using a high-pressure synthesis method. Since
sample was synthesized at high pressure, there has bee
additional annealing. Details of the synthesis can be fo
elsewhere.5,6

Measurements of the heat capacity were based on an
calorimetric technique.7 A long cylindrical sample was cu
into a disk by a diamond saw and then was sanded to a
rectangular shape whose dimensions are approximately
31.530.1 mm3; its mass is 375mg. The front face of the
prepared sample was coated with colloidal graphite susp
sion ~DAG! thinned with isopropyl alcohol to prevent a po
sible change of the optical absorption properties of
sample with temperature. The sample was weakly couple
the heat bath through helium gas and suspending ther
couple wires. As a heating source, we used square-w
modulated laser pulse. The oscillating heat input incurre
steady temperature offset~or dc offset! from the heat bath
0163-1829/2002/66~13!/134515~5!/$20.00 66 1345
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with an oscillating temperature superposed. The ac part
kept less than 1/10 of the dc offset and was then converte
heat capacity by the relationshipC}1/Tac . The heat capac-
ity obtained was converted to a specific heat by using a
erature value above the superconducting temperature.8 The
frequency of the periodic heating was chosen so that the
temperature was inversely proportional to the frequency a
therefore, to the heat capacity; 23 Hz was used in this
periment. The ac and dc temperatures were measured
type-E thermocouples, which were varnished on the b
face of the sample using a minute amount of GE7031 dilu
with a solvent of methanol and toluene. The GE varn
typically amounts to less than 1% of the sample mass. S
the field induced error of type-E thermocouples is less th
1% at 40 K in 8 T, we will neglect the field dependence
the addenda contribution~DAG, GE varnish, and type-E
thermocouple! and treat the field dependence as due only
the sample.

The inset to Fig. 1 shows the temperature dependenc
the specific heat at 0 and 7 T from 5 to 45 K. The main gra
is a plot ofDCexpt vs temperature at zero field. HereDCexpt
is the measured difference between the mixed- and norm
state specific heats. A 7-T data set was used as a refer
state above 20 K because it shows no observable transitio
that range. The subtraction was executed without a
smoothing of the 7-T data. The dash-dotted line is a BCS
with the ratio ofDCexpt /gnTc being variable.9 The normal
electronic coefficientgn was set to be 2.6 mJ/mol K from th
literature8 and Tc of 38.4 K was determined from scalin
discussed below. The best fit showed that the ratio is
which is much smaller than the weak-coupling BCS value
1.43. Since the ratio is generally larger for strong-coupl
superconductors, the small value does not tell us anyth
about its coupling strength. Recently, there has bee
plethora of experimental and theoretical evidence which s
ports two-gap features in MgB2, which can explain the non
BCS jump magnitude with some success.10–14 However, we
cannot rule out such other scenarios as an anisotropic
structure.15,16 For a system in which fluctuation effects a
©2002 The American Physical Society15-1
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pronounced, the experimentally determined transition te
perature is lower than the mean-field critical temperat
(Tc

m f) because fluctuations drive the system into the nor
state even belowTc

m f . It is unlikely, however, that this can
explain the large deviation from the BCS value.

Above the transition temperature, there is an excess
cific heat tail apparent in Fig. 1. Thouless17 and subsequently
Aslamazov and Larkin18 showed that Gaussian fluctuation
arise aboveTc and predicted thatCf l5C1t2(22d/2) with
C15(kB/8p)jGL(0)23, wheret5T/Tc21, d is the dimen-
sionality, andjGL(0) the T50 K Ginzburg-Landau coher
ence length. Figure 2 shows the temperature dependen
the excess specific heat on a log-log scale. The data follo
power law with an exponent of 20.5 and C1

FIG. 1. Temperature dependence ofDC at zero field. The dash
dotted line is a BCS fit withDCexpt /gnTc50.7. The star represent
a 3D Gaussian fluctuation model aboveTc of 38.4 K. Inset: The
temperature dependence of the specific heat at 0 and 7 T from
45 K.

FIG. 2. The excess specific heatCf l5DCexpt(0) for T.Tc is
plotted against reduced temperaturet5T/Tc21 on a log-log scale.
The solid line describes Gaussian fluctuations for a bulk super
ductor with a GL coherence length of 26 Å.
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50.66 mJ/mol K. The exponent indicates that Mg11B2 is a
3D superconductor and the substitution ofC1 into the above
formula givesjGL(0)52661 Å.

When a magnetic field is applied, the specific heat bro
ens. Figure 3 shows the temperature dependence ofDC/T at
several magnetic fields. The ratio of the transition tempe
ture shift to the transition width broadening in field is uniq
in that it is not as large as in low-Tc superconductors or a
small as in high-Tc materials. Its intermediate behavior
related to the fact that the coherence length and the su
conducting transition temperature of Mg11B2 are intermedi-
ate between low-Tc and high-Tc superconductors. Lee an
Shenoy19 studied fluctuation phenomena in the presence o
magnetic field, arguing that bulk superconductors exhib
field-induced effective change to one-dimensional behav
in the vicinity of the transition temperatureTc(B). In a uni-
form magnetic field, the fluctuating Cooper pairs move
quantized Landau orbits and, close to upper critical fi
(Bc2), the lowest Landau level dominates the contribution
the excess specific heat. So a bulk superconductor beh
like an array of one-dimensional rods parallel to the fie
Thouless20 extended the idea above and belowTc and sug-
gested a scaling parameter for the fluctuation specific h
that is valid throughout the transition region:

DCexpt

DCm f t
5gS t

t D , ~1!

wheret is the reduced temperature andt is a field-dependen
dimensionless parameter that describes the supercondu
transition width. The functional formg(y) is model depen-
dent. When a Hartree-like approximation21 is used to exam-
ine the fluctuation effects of the quartic term in the free e
ergy functional, it results in a simple form

g~y!5@11x~y!#21, ~2!

y5x2/3~122/x!, ~3!

to

n-

FIG. 3. DC/T is plotted against temperature inB50, 0.2, 0.4,
0.6, 0.8, 1.0, 2.0, and 3.0 T. Data were taken with increasing t
perature after field cooling. The solid line represents a BCS fit.
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wherey5t/t(B).
In Fig. 4, the ratio ofDCexpt /DCm f t in the transition re-

gion was plotted ast/t(B), where DCexpt(B)5C(B)
2C(7 T) andDCm f t was determined as in the classic wo
by Farrant and Gough22 by fitting the low-temperature sid
of DCexpt(B) as in Figs. 1 and 3 and extrapolating linear
aboveTc(B). A sketch is shown in the inset of Fig. 4. Th
scaling parameterst(B) and Tc were chosen to make th
data collapse onto the Hartree-like approximation~solid
squares!. The values oft(B) andTc are listed in Fig. 4. The
temperature dependence of the upper critical fieldTc(B) is
plotted in Fig. 5 and shows positive curvature close
Tc(B50). A simple empirical formula23 Bc2(T)5Bc2(0)
3@12(T/Tc)

2#@12a(T/Tc)
2# was used to describe the cu

vature, in whicha is a fitting parameter that is 0 and 0.3 fo
the two-fluid model and for the Werthamer-Helfan
Hohenburg~WHH! model,24 respectively. The best fit, solid
line in Fig. 5, was produced withBc2(0)515.4 T anda
50.8. Positive curvature nearTc(B50) was also observed
in nonmagnetic rare-earth nickel borocarbidesRNi2B2C (R
5Lu,Y) and could be explained by the dispersion of t
Fermi velocity using an effective two-band model.25

The broadening parametert(B) consists of a field-
dependent part (tB) and a field-independent part (t in). We
postulate that they are independent of each other and ad
quadrature, such that the total broadening ist25t in

2 1tB
2 .

The field-independent part was obtained in zero field a
accounts for sample inhomogeneity and zero-field fluctua
effects while the field-dependent part is due solely to fie
induced fluctuations. The field dependence of the broade
parameter is given by20

tB5S B

BW
D 1/a

, ~4!

FIG. 4. DCexpt /DCm f t vs t/t is shown, whereDCexpt5C(B)
2C(7T) and DCm f t are defined in the inset. Heret is reduced
temperature andt is a field-dependent dimensionless broaden
parameter. Solid squares are from a Hartree-like approxima
Other field data were scaled so that they were collapsed onto
Hartree result. The obtained parameters (Tc , t) are tabulated inside
the figure at each magnetic field. The inset sketches the definitio
DCm f t(T,B) ~Ref. 22!.
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BW5S DC

kB/8pj0
3D BS , ~5!

wherea522(d22)/2 (a53/2 for a bulk superconductor!
and BS52Tc(dBc2 /dT)Tc

in the mean-field scheme. Th

exponent d22 indicates a dimensional crossover fro
d-dimension tod22-dimension behavior. The shift fieldBS
is a characteristic field that sets the scale of the shift of
transition temperature whileBW sets the scale of the width
broadening of the transition region. In a standard superc
ductor, the ratioBW /BS is very large (;104), and the tran-
sition is shifted much more rapidly in field than it is broa
ened. In high-temperature superconductors, such as YB
the broadening is as large as the shift (BS;BW), which is an
indication that a mean-field approach based on a perturba
expansion might not be proper and that fluctuations sho
be treated in the context of critical phenomena. In Mg11B2,
the ratio is in the order of 102, which is in between those two
extremes. This feature seems consistent with other prope
that show aspects of both conventional and high-Tc super-
conductors. In order to study the anomalous broadening
field, we plottB vs (B/DC) on a log-log scale in Fig. 6. The
slope represents the exponent~1/a) while the coefficient of
the slopeb is related to the Ginzburg-Landau~GL! coher-
ence length throughb5(kB/8pj0

3BS)1/a. The lowest-
Landau-level approximation is shown as a solid line havin
slope of 2/3 and coefficient 2.7 (A/m K)2/3. From the coef-
ficient of the fit, the Ginzburg-Landau coherence length
estimated to be 20 Å. In the above analysis, the shift fieldBS
of 16 T was obtained by fitting the linear region ofBc2 ~see
Fig. 5!.

Before making any further conclusions, we discuss so
of the assumptions that we made in the analysis. In the z
field analysis, sample inhomogeneity has been neglec
Boron 11 isotope Mg11B2 has aTc of 39 K while the excess

g
n.
he

of

FIG. 5. The temperature dependence of the upper critical fi
Bc2(T) is shown. The solid line is a simple empirical formu
Bc2(0)@12(T/Tc)

2#@12a(T/Tc)
2#, with a50.8 and Bc2(0)

515.4 T. The dotted line is a linear fit withBc2(0)516 T and
dBc2 /dT520.44 T/K.
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specific heat extends well above 40 K. We might expect
homogeneity effects to complicate the fluctuation analy
below the transition temperature but aboveTc , where our
analysis is concerned, the effect will be negligible. Howev
when nonzero field is applied, sample inhomogeneity m
be considered because the analysis is of the field-depen
behavior of the transition region. Sample inhomogene
could produce an additional broadening through
Ginzburg-Landau parameterk and, hence,Hc2. Information
on Hc2 slopes at different parts of the sample with differe
Tc’s would be needed to account for the additional broad
ing correctly. To be more precise, theHc2 slope in theTc

FIG. 6. Field-broadened dimensionless parametertB is plotted
againstB/DC on a log-log scale. The parameter was obtained
usingtB5(t22t in

2 )1/2 andDC is a mean-field discontinuity atTc .
The solid line represents a lowest-Landau-level~LLL ! fluctuation:
tB5b(B/DC)1/a with a53/2 andb52.7 (A/m K)2/3.
. G
e

d

D.

en

.
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539 K part of the sample and that in the, e.g.,Tc538 K part
would be needed. In our in-field analysis, we assumed
the slopes ofHc2 at different parts of the sample are same
if they are different, the difference is small, which leads
field independent inhomogeneity effect. It is necessary
study high-quality single crystals with differentTc’s to better
understand sample inhomogeneity effects on transition-w
broadening.

In summary, the zero-field specific heat was discusse
the context of BCS theory plus 3D Gaussian fluctuatio
The analysis indicates that Mg11B2 is a bulk superconducto
and its coherence length is about 26 Å. In-field specific h
was treated in terms of lowest-Landau-level fluctuatio
That analysis requires thatj0520 Å. The in-field analysis
could be complicated due to the effect of anisotropy in
polycrystalline sample. The anisotropy ofBc2 between ab-
plane and c-axis directions can lead to a field depend
broadening due to theTc distribution arising from the ran-
domly oriented grains of the present sample. This in tu
leads to an underestimation of the G-L coherence length
order to understand the influence of anisotropy, we can
sume that the transition broadening arises solely fromBc2
anisotropy and calculate the required anisotropy in our
perimental temperature range. The reported anisotropy v
of ;3 from single-crystal measurements26–28 is much
smaller than the ratio 6 required to explain the broadeni
From this consideration, we conclude that the anisotro
alone cannot explain the whole broadening and therefore
fluctuation effects should be considered in explaining
anomalous broadening.

The work at Urbana was supported by NSF Grant N
DMR 99-72087. The work at Pohang was supported by
Ministry of Science and Technology of Korea through t
Creative Research Initiative Program.
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