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Specific Heat and Magnetic Relaxation Analysis of
MgB2 Bulk Samples With and Without Additives
C. Senatore, P. Lezza, R. Lortz, O. Shcherbakova, W. K. Yeoh, S. X. Dou, and R. Flükiger

Abstract—The effects of SiC and Carbon doping on the superconducting properties of
2 polycrystalline samples have been
analysed by means of specific heat and magnetic relaxation measurements. It is known that the addition of nanometric powders
of SiC and C leads to the enhancement of
and . However,
the underlying physical mechanism is not completely understood.
Magnetic relaxation measurements did not show detectable effects
of both the additions on the pinning properties of
2 . It follows
that doping acts mainly introducing disorder into the superconductor and thus raising
2 . In the case of
1 9 0 1 , specific
heat measurements show that the C substitution on the B sites modifies the low temperature shoulder related to the second gap. This
effect is not visible in the sample doped with SiC. From the distribution of determined from the deconvolution of the calorimetric
data, we argue that SiC leads to an inhomogeneous distribution of
C.
Index Terms—Magnetic relaxation,
2 , nanodoping, specific heat.
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I. INTRODUCTION

T

HE critical current density , the upper critical field
and in particular the irreversibility field
are the
.
central parameters in view of power applications of
Since the discovery of superconductivity in
, extensive
research on chemical substitutions was undertaken in order to
improve its current carrying capability at increasing magnetic
fields [1]. Among a large number of dopants, carbon substitution for boron appears to be the most promising one, though the
and its influence on vary
reported carbon solubility in
considerably depending on both the synthesis route and the
was observed
starting materials [2]. Substantially improved
in
doped
bulk samples and
wires at 4.2 K
under high magnetic fields [3], [4]. Dou et al. [5], [6] reported
polythe improvement of the critical current density in
wires by nanopowders of
crystalline samples and
SiC and Carbon. In particular, the improvement of the current
transport properties is easily achieved by nano SiC doping at a
[5]. On the other side, carbon
sintering temperature of 650
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doping is effective at higher sintering temperatures, around
1000 [6]. Nevertheless, the underlying physical mechanism
remains still unclear. It is known that carbon doping is effective
. This disorder shortens the
for introducing disorder into
coherence length of the superconductor (“dirty limit”) and is
responsible for the interband scattering [7]; both the effects
play an important role in raising the upper critical field. SiC
. In
is an effective carbon source acting as a dopant for
addition the lower sintering temperature required to prepare
is thought to lead to a smaller grain size and
SiC doped
thus to a higher grain boundary density. Since grain boundaries
[8], the addition
act as the main pinning mechanism in
of SiC has been invoked as the responsible for a more effective
pinning.
On the basis of these considerations, we report on magnetic relaxation and specific heat measurements of sintered
, binary and with C and SiC
polycrystalline samples of
nanopowder additions. The time relaxation of the magnetization allowed us to probe the effect of the two additives on the
. Moreover, a deconvolution of the
pinning properties of
specific heat data was used to determine the distribution of
in the samples in order to investigate possible inhomogeneities
due to the local variation of the C content or to the morphology
of the grains.
II. SAMPLE PREPARATION AND DESCRIPTION
bulk samples have been studied
Three polycrystalline
in this work. The samples were prepared at the Institute for
Superconductivity and Electronic Materials (ISEM) of the
University of Wollongong. Powders of magnesium (99%)
and amorphous boron (99%) were mixed for the fabrication
. For processing the SiC doped
of the binary
sample, a mixture of Mg:2B with 10 wt.% SiC nanoparticles
(size of 20-30 nm) was prepared. In both the cases the pellets
for 30 min. The third sample was
were sintered at 800
doped with nanocarbon powders at the nominal composition of
and sintered at 1000 .
A first characterization of the samples was performed by
AC susceptibility (Fig. 1). The temperatures corresponding
to the onset and to the 10% of the superconducting transition are reported in Table I for the three samples. The
and
samples exhibit a sharp transition whereas
is found in the case of the sample with SiC addition.
has been extracted
The inductive critical current density
from the magnetization loops using the Bean model formula

1051-8223/$25.00 © 2007 IEEE
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Fig. 1. Superconducting transition from AC susceptibility measurements for
(solid squares),
:
SiC (open circles) and
(solid triangles).

MgB

MgB +10 wt %

MgB C

TABLE I
NOMINAL CARBON COMPOSITION AND CRITICAL TEMPERATURES
OF THE SAMPLES

( ) by using the
MgB + 10 wt % SiC (open

Fig. 3. Irreversibility lines determined from the inductive J
criterion for
(solid squares),
100 =
(solid triangles).
circles) and

A cm

MgB C

MgB

B

:

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Magnetic Relaxation Measurements
The magnetic relaxation, arising from thermally activated
flux creep, has been intensively studied in conventional and
high temperature superconductors [9]. The magnetization decreases logarithmically in time. This logarithmic dependence is
predicted in the framework of the Anderson-Kim model [10].
In fact, by considering the thermally activated motion of flux
bundles in the presence of correlated defects, these authors
obtained from the magnetic diffusion equation the following
time dependence for the current density:
(2)

Fig. 2. Inductive critical current density
(solid squares),
field for
(solid triangles) at T
symbols).

MgB
MgB C

J

as a function of the magnetic

where
is the volume pinning energy for
and
,
is a characteristic time scale. Since the magnetization
is proportional to when the sample is fully penetrated by the field,
relaxes with the same logarithmic flux creep correction as
the current density, given by (2). Moreover, the volume pinning
energy is found to be inversely proportional to the normalized
relaxation rate:

MgB + 10 wt % SiC (open circles) and
= 5 K (black symbols) and 20 K (gray

(3)

where and are the dimensions in the basal plane (
and
perpendicular to this plane) and
is the irreversible
magnetization.
Magnetic hysteresis loops have been measured using a
vibrating sample magnetometer (VSM) equipped with a 9 T
magnet. Fig. 2 shows the critical current density curves
at 5 K and 20 K for the three samples. As is well known, the
addition of SiC and C lead to higher critical current in magnetic
criterion the irreversibility
field. By using the 100
has been determined at different temperatures.
field
The resulting irreversibility lines are reported in Fig. 3. At
is markedly higher for the samples with
additives [3]–[6]. In the next section we will investigate the
mechanisms related to the addition of nanoparticles being
responsible for the improvement of the current transport
properties.

where
is the magnetization corresponding to the unrelaxed
value.
In our magnetic relaxation measurements magnetization was
measured as a function of time for 6000 s, keeping the external
field constant. Measurements have been performed at different
dc fields from 0 to 8 T in the temperature range 5–20 K.
is recovThe standard logarithmic relaxation law
, as shown in Fig. 4 at
ered for the three samples for
and
. Bearing in mind the simple relation
between relaxation rates and pinning energy in (3), we compare
,
SiC
in Fig. 5 the relaxation rates of
, as a function of the magnetic field at
,
and
10 and 20 K. Relaxation rates are defined as the decay of the
magnetization (in %) over a decade of the time-log scale.
It is clear that the experimental points corresponding to the
three different samples lie on the same line at each temperature.
This means that additives do not lead to a strong improvement of

:
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= 10 K

= 3 T for
MgB C
5s

Fig. 4. Magnetic relaxation measurements at T
and B
(solid squares),
:
SiC (open circles) and
(solid triangles). The logarithmic behavior is recovered for t >
.

MgB

MgB +10 wt %

BULK SAMPLES
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Fig. 6. Specific heat versus
squares) 14 T (open squares).

T

for the

MgB

sample, at zero field (solid

Fig. 7. Superconducting contribution to the specific heat: (a)
:
versus
.
SiC; (b)

MgB

MgB +

Fig. 5. Comparison of the relaxation rates of
(squares),
(triangles) at
:
SiC (circles) and
, 10 K and
20 K.

10 wt %

MgB C

T = 5K

pinning. In particular the precipitates of impurity phases in the
case of the SiC additions do not act as additional pinning centers.
This could be ascribed to the large size of these precipitates
compared to the dimensions of the vortex bundles involved in
the flux creep processes. The increased irreversibility fields for
the samples doped with SiC and C are thus correlated to the
. Therefore, the effect
enhancement of the upper critical field
of the additives is the introduction of disorder that drives the
in the dirty limit. In the following we will analyse
system
the results of the specific heat measurements in order to verify
.
if SiC and C introduce the same kind of disorder in
B. Specific Heat Measurements
The temperature dependence of the specific heat was measured from 2 to 45 K for the three
samples, at zero field
and at 14 T. Measurements were performed using a relaxation
calorimeter [11]. A Cernox chip was employed as sample
holder and thermometer/heater. The mass of the samples was
, 19.083 mg (
SiC) and
32.901 mg
.
10.543 mg
The specific heat of the binary
is shown in Fig. 6. At
zero field the onset of the superconducting transition is at
, whereas superconductivity is suppressed at 14 T.
The superconducting transition of the three samples has been
isolated from the phononic background by subtracting the specific heat curves measured at high field from those measured in
zero field. The resulting superconducting contributions are illustrated in Fig. 7. The jump at is well pronounced for the binary

MgB + 10 wt %

MgB

MgB C

MgB

versus

and the Carbon doped samples but gets broader with the SiC addition. The specific heat in the superconducting state exhibits for
all samples an excess at low temperature when compared to the
conventional single gap BCS behavior. This is a peculiar feature
. Within
of the two gap nature of the superconductivity in
the two gap model, two electronic bands, characterized by two
different superconducting gaps, contribute to the specific heat
proportionally to their partial density of states [12]. In the case
of substitution of C on the B sites, the density of the states of
the band corresponding to the smaller gap is changed. This is
, the low temperature shoulder rethe case for the
lated to the second gap being markedly changed with respect to
the undoped sample. On the contrary the calorimetric transition
SiC does not show any change in the
of the
low temperature region, the effect of the C substitution on the
in
second gap shoulder being hidden by the distribution of
the sample. At this point the superconducting contributions to
the specific heat have been analysed by means of a particular
deconvolution method in order to determine the distribution of
[13], [14]. The distributions of the critical temperature are
and the
reported in Fig. 8 for the three samples. The onset
half height width of the distributions are reported in Table II.
was found to increase with the SiC added
The half height
sample, while the width of the distributions for the
and
results to be comparable.
From the different behavior encountered in the specific heat
and
SiC samples we can
of the
argue that the SiC addition leads to an inhomogeneous distribution of C. This inhomogeneity masks the effect of the substitution of C for B on the second gap shoulder. In both the doped
samples, the C substituted on the B sites introduces scattering
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TABLE III
LATTICE PARAMETERS

is a consequence of the inhomogeneous Carbon distribution, as
already deduced from the specific heat analysis.
Fig. 8. Distribution of
versus
data: (a)

MgB

T

obtained by the deconvolution of the specific heat
:
versus
.

MgB +10 wt % SiC; (b) MgB

MgB C

TABLE II
DISTRIBUTION OF T : ONSET TEMPERATURE AND HALF HEIGHT WIDTH

IV. SUMMARY
In the present study, we have investigated the effects of
SiC and Carbon doping on the superconducting properties
polycrystalline samples. From magnetic relaxation
of
measurements, no sizeable effects were detected on the pinning
which could be attributed to the presence
properties of
of additives. The doping acts mainly by introducing disorder
. This happens by
into the superconductor, thus raising
the C substitution on the B sites. As shown by specific heat
is
measurements, in the case of SiC the distribution of
broader as a consequence of an inhomogeneous distribution of
C in the sample.
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Fig. 9. Selected regions of the X-ray diffraction pattern for the three
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