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Flux-pinning mechanism of MgB2 doped with 10 wt % silicone-oil sintered at low and high temperatures
has been investigated by magnetic measurements. The field dependence of the critical current density, jc�B�,
was analyzed within the collective pinning model. A crossover field, Bsb, from the single vortex to the small
vortex bundle-pinning regime was observed. For both types of sintered samples, the temperature dependence of
Bsb�T� at low temperature is in good agreement with the �l pinning mechanism, i.e., pinning associated with
charge-carrier mean free path fluctuation. At temperatures close to the critical temperature, however, there is
evidence for �Tc pinning, which is associated with spatial fluctuations of the transition temperature. These
results provide strong evidence that the liquid precursor, silicone oil, produces very small pinning centers and
enhances the jc�B�.
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I. INTRODUCTION

Magnesium diboride MgB2 has the highest superconduct-
ing transition temperature �Tc�39 K� 1 among the metallic
compounds. The critical current density has been a central
topic of research since discovery of superconductivity in this
compound. High critical current-density values of
105–106 A /cm2 have been reported for this superconductor.
However, the critical current density drops rapidly with in-
creasing magnetic field due to its poor flux pinning. At the
irreversibility field, Hirr, vortices start to move along the di-
rection of the current flow, and hence the critical current
vanishes. The current-density decay behavior is governed by
the pinning mechanism. Numerous studies have been per-
formed with the purpose of understanding the vortex-pinning
mechanisms2–10 that are responsible for improving the criti-
cal current density, jc. Intergrain boundary pinning8 and
point defect pinning5 are two main important pinning mecha-
nisms.

In type-II superconductors, the most important elementary
interaction between vortices and pinning centers is the mag-
netic interaction and the core interaction. The core interac-
tion arises from the coupling of the locally distorted super-
conducting properties with the periodic variation in the
superconducting order parameter, which is usually more ef-
fective in type-II superconductors due to the high k value.

It has been found that in MgB2 bulk and thin-film
samples, with � larger than 20,11,12 the core pinning is related
to randomly distributed spatial variations in the transition
temperature ��Tc pinning�.6,13 However, in the high-
temperature superconductors the core interaction is associ-
ated with charge-carrier mean free path variations ��l pin-
ning�, mostly due to crystal lattice defects.14

The critical current density of MgB2 can be improved by
more than 1 order of magnitude in high magnetic field by
adding nano-SiC.15 It has also been found that maximum

flux-pinning forces are increased by decreasing grain size.16

One way to decrease the grain size is to use a liquid precur-
sor, silicone oil, which can produce Si and C at the atomic
scale.17 We have found that a significant flux-pinning en-
hancement in MgB2 can be easily achieved in this way. Our
results showed that the Si and C released from the decom-
position of the silicone oil formed Mg2Si and substituted into
B sites, respectively. The inclusion of the silicone oil leads to
a reduction in the lattice parameters, as well as Tc and the
relative resistance ratio �RRR� �R�300 K� /R�Tc�� resulting
in a significant enhancement of Jc�H�, Hirr, and Hc2.

Due to the defects and nanoparticle inclusions related
Jc-field enhancement in the silicone-oil doped MgB2, the
pinning mechanisms are of interest in such samples from the
point of view of both the fundamental physics and applica-
tions. However, it has not been experimentally determined
whether the �Tc pinning or the �l pinning is the dominant
mechanism in MgB2 when it is doped on the atomic scale.

In this paper, the vortex-pinning mechanisms of silicone-
oil-doped samples are discussed in the framework of the col-
lective theory. It was found that charge-carrier mean free
path fluctuation pinning ��l� is the only important pinning
mechanism at low temperature, while �Tc pinning is effec-
tive at T close to Tc.

II. EXPERIMENTAL

Polycrystalline MgB2 samples with 10 wt % silicone-oil
addition were prepared by the standard solid-state powder
processing technique, which has been well described
elsewhere.17 Because the grain size of MgB2 also plays an
important role in governing the flux pinning, we fabricated
silicone-oil-doped MgB2 at both 600 and 900 °C with the
aim of achieving small and large grains of MgB2, respec-
tively. Although x-ray diffraction �XRD� results revealed that
all samples were crystallized in the MgB2 structure as the
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major phase, a few impurity lines of MgO and Mg2Si were
observed.

Magnetic and transport measurements were performed
using a physical properties measurement system �PPMS�
�Quantum Design�. The magnetic hysteresis loops of the
samples were measured over a temperature range
of 20�34 K for both samples. The critical current density
was calculated by using the Bean approximation, jc
=20�M /Va�1−a /3b�, where a and b are the width and the
length of the sample perpendicular to the applied field, re-
spectively, V is the sample volume, and �M is the height of
the M-H hysteresis loop.

III. RESULTS AND DISCUSSIONS

The jc�B ,T� results for both samples sintered at 600 and
900 °C are shown in a double-logarithmic plot in Fig. 1. At
4 T and 20 K, the jc values for both samples are over 1
�104 A /cm2, more than 1 order of magnitude higher than
that for pure MgB2.17 This is due to enhancement of flux
pinning, which may be ascribed to the fine nanoparticles,
mainly Mg2Si, C, and MgO, which occur as inclusions inside
MgB2 grains. The jc initially shows a plateau at low field and
then begins to decrease quickly as the field reaches a cross-
over field, which is decreased with increasing temperature.
Further increase in the field results in a faster drop in jc near
the irreversibility line, which is obtained by using the crite-
rion of jc=100 A /cm2, as shown in Fig. 2.

For all fields and temperatures higher than 29.5 K, the
critical current density of samples sintered at 900 °C is
higher than those sintered at the 600 °C. This is in agree-
ment with the higher Bc2 �see Fig. 2� and the increased grain
connectivity resulting from the higher-temperature reaction.
At low magnetic fields and temperatures, samples sintered at
600 °C have higher jc values than that sintered at 900 °C.
This results is surprising but is consistent with the SiC-doped
MgB2.18 Grain boundary pinning may also play a role be-
cause it is usually important at low field region as seen in
undoped MgB2.19

The temperature dependence of the upper critical fields,
Bc2, which is obtained from the 90% values of their corre-
sponding resistivity transitions, are shown in Fig. 2. As typi-
cally reported,11 the Bc2 curve shows a slight upward curva-
ture close to Tc for both sintering temperatures, and it
increases with increasing temperature of the reaction. The
solid curves in Fig. 2 are in close agreement with the typical
behavior expected in the case of giant flux creep, which is
predicted from the �1− t2�3/2 �where t=T /Tc� behavior for
Birr.

20 By extrapolating the Bc2-T curves to zero temperature,
we found Bc2�10 K� to be about 28.04 and 31.5 T for the
600 and 900 °C reaction temperatures, respectively. These
results are in good agreement with Bc2�10 K� of 10% nano-
SiC-doped bulk MgB2 samples.21 This fact further indicates
that the silicone-oil doping is a very effective and cheap
dopant17 which produces excellent jc field dependence at the
same level as state-of-the-art nano-SiC-doped MgB2.

The coherence length, �, can be calculated from the
��T�= ��0 /2�Bc2�T��1/2 relation at different temperatures,
where �0 is the magnetic-flux quantum. ��T� results as a
function of the normalized temperature T /Tc and the reaction
temperature are shown in the inset of Fig. 3. The � of the
MgB2 sintered at 600 °C is slightly larger than that of the
900 °C MgB2. However, the decreasing trends are same for
both reaction temperatures.

In order to understand the critical current-density results
shown in Fig. 1, the pinning force Fp=B� jc was calculated.
The scaling behavior for the normalized volume pinning
force fp=Fp /Fp,max, was examined for both h1=B /Birr and
h2=B /Bmax, where Bmax is the magnetic field at the maxi-
mum of Fp. The results are shown in Fig. 3. The fp�h2� curve

FIG. 1. �Color online� Magnetic and temperature dependences
of the critical current density jc for 600 and 900 °C reaction tem-
peratures. The solid curves are fits to Eq. �2�.

FIG. 2. �Color online� The upper critical and irreversibility
fields of the 10 wt % silicone-oil-doped MgB2 as a function of
temperature for two different sintering reaction temperatures. The
solid curves are fits to Birr=Birr�0��1− �T /Tc�2�3/2 with fitting pa-
rameter Birr�0�. Inset: The coherence length � of silicone-oil-doped
MgB2 as function of the normalized temperature T /Tc and the re-
action temperature. Open symbols: 600 °C. Solid symbols: 900 °C.
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does not exhibit scaling behavior at higher temperatures.
Otherwise, scaling was achieved by fitting with normal point
pinning, f�h2�= �9 /4�h2�1−h2 /3�2, and correlated pinning,
f�h2�= �25 /16�h2

0.5�1−h2 /5�2, which was inferred by Higuchi
et al.22 The fitting results are shown by solid curves in the
Figs. 3�a� and 3�c�. In lower fields, the experimental data are
in good agreement with the point pinning mechanism for
both reaction temperatures. At normalized magnetic fields
larger than h2 max, flux pinning is dominated by correlated
pinning for the sample sintered at 600 °C at temperatures
lower than 34 K, while at T	34 K, point pinning is domi-
nant. For the 900 °C sample at temperatures lower than 32.5
K, the experimental data are located between the theoretical
curves for correlated pinning and point pinning. Therefore,
we cannot obtain any dominant pinning mechanism. In an-
other sort of scaling behavior, the fp�h1� at T
29.5 K for
the 600 °C sample and T
34 K for the 900 °C sample
exhibits scaling behavior.

For the scaling, a common law of fp�h1�=Ah1
p�1−h1�q is

usually employed as a single pinning function, where p and q
are parameters describing the pinning mechanism.23 In this
model, p=1 /2 and q=2 describe normal core correlated pin-
ning, while p=1 and q=2 describe normal core point pin-
ning, as was predicted by Kramer.24 The best fit of the curves
�solid curves in Figs. 3�b� and 3�d�� are obtained with �p
=0.9 and q=2.9� and �p=1.01 and q=2.9� for 600 and
900 °C reaction temperatures, respectively. Therefore, we
cannot infer the real dominant pinning mechanism from this
scaling behavior.

As mentioned before, the jc of both samples shows at
least one crossover field, such as Bsb. In the framework of the

collective theory, which was derived by Blatter et al.,20 the
critical current density is field independent when the applied
magnetic field is lower than the crossover field. In the regime
below Bsb a single vortex-pinning mechanism governs the
vortex lattice,

Bsb�jsvBc2, �1�

where jsv is the critical current density in the single vortex-
pinning regime. At higher fields, for B�Bsb, jc�B� decreases
quickly, and it follows an exponential law,

jc�B� � jc�0�exp�− �B/B0�3/2� , �2�

where B0 is a normalization parameter of the order of Bsb.
For B�Blb, a power dependence in the form of jc�B�B−�

acts from Bsb to another crossover field Blb �large bundle-
pinning regime�.

The experimental results shown in Fig. 1 for jc�B� can be
described in terms of Eq. �2�. The solid curves in Fig. 1
illustrate the fits to the collective model according to Eq. �2�
with fitting parameters for jc�0� and B0. For clarification,
−log�jc�B� / jc�0�� as a function of B is shown in a double-
logarithmic plot in Fig. 4. It is clear that Eq. �2� well de-
scribes the experimental data for intermediate fields, while
deviations from the fitting curves can be observed at both
low and high fields. The deviation at low fields, below Bsb, is
associated with crossover from the single vortex-pinning re-
gime to the small bundle-pinning regime. The high-field de-
viation that is very close to the irreversibility line could be
related to large thermal fluctuations,6 a view that is supported
by the three-dimensional �3D� flux creep dependence ob-
served for the variation in Birr�T� in Fig. 2. The field of this
deviation is denoted as Bth. The large-bundle pinning does
not fit our data. Above this field, vortex will become very
soft and then H-T diagram will enter to the very narrow

FIG. 3. �Color online� Magnetic dependence of the reduced pin-
ning force f�h� at a temperature range of 20–34 K. �a� h2

=B /Bmax for the 900 °C sintered sample, �b� h1=B /Birr for the
900 °C sintered sample, �c� h2=B /Bmax for the 600 °C sintered
sample, and �d� h1=B /Birr for the 600 °C sintered sample. Solid
curves are fittings to two different types of point pinning centers.
The dashed curves represent fp�h1�=7.57h1

0.9�1−h1�2.9 and fp�h1�
=9.47h1

1.01�1−h1�2.9 for the 600 and 900 °C samples, respectively.

FIG. 4. �Color online� Double logarithmic plot of
−log�jc�B� / jc�0�� as a function of B at T=25 �circles� and 29.5 K
�rectangles� for the samples sintered at 600 �open symbols� and
900 °C �solid symbols�. The crossover fields Bsb and Bth are shown
by arrows for one sample at 25 K.
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thermal vortex region, in which vortex is thermally activated,
but not enough to become a vortex liquid.

The crossover field Bsb as a function of temperature is
shown in Fig. 5 for the samples sintered at 600 and 900 °C.
As can be seen in Fig. 5, the crossover field Bsb is almost the
same for both reaction temperatures. Therefore, Bsb is not
sensitive to the reaction temperature. However, the Bth�T� is
dependent on the reaction temperature and increases with
increasing sintering temperature �see Fig. 7�.

Griessen et al.14 pointed out that the �Tc and �l pinning
mechanisms result in different temperature dependencies of
the critical current density jsv in the single vortex-pinning
regime. They found that jsv �1− t2�7/6�1+ t2�5/6, with t
=T /Tc, for the case of �Tc pinning, while for �l pinning,
jsv��1− t2�5/2�1+ t2�−1/2. Inserting these two jsv�T� expres-
sions into Eq. �1�, the following temperature dependence for
Bsb can be obtained:6

Bsb�T� = Bsb�0��1 − t2

1 + t2��

, �3�

where �=2 /3 and 2 for �Tc and �l pinning, respectively. In
the inset of Fig. 5, the dashed curves indicate the �Tc and �l
pinning mechanisms, respectively. The curve has a positive
curvature in the �Tc pinning case, while the curvature asso-
ciated with the �l pinning is negative. As is clear from Fig. 5,
the Bsb�T� behavior shows a negative curvature. There is also
a good agreement between our experimental points and Eq.
�3� with �=2, and that strongly suggests that the �l pinning
mechanism is dominant, especially in low temperatures.

To investigate further the real pinning mechanism of the
silicone-oil-doped MgB2 samples, the Bsb data was analyzed
within the following expression:

Bsb = P1Bsb
Tc + P2Bsb

l , �4�

where Bsb
Tc and Bsb

l are the expression for �Tc and �l pinning,
respectively. P1 and P2 are fitting parameters with P1+ P2
=1. The Bsb data obtained from jc�B� was well described by
Eq. �4�, as shown by the solid curves in Fig. 5. In order to
compare the effects of the �Tc and the �l pinning mecha-
nisms, the P parameter was defined as P= P1Bsb

Tc /Bsb or P
= P2Bsb

l /Bsb, which represent �Tc or �l pinning effects, re-

FIG. 5. �Color online� Temperature dependence of the crossover
field Bsb. The solid curves are fits to Eq. �4�. Inset: The �Tc and �l
pinning curves correspond to Eq. �3�.

FIG. 6. �Color online� �Tc and �l pinning contributions as func-
tions of temperature. Open symbols: 600 °C. Solid symbols:
900 °C.

FIG. 7. �Color online� 10 wt % silicone-oil-doped MgB2 phase
diagram. Bsb and Bth were obtained from the experimental jc�B�
data �see Fig. 4�. Birr�T� and Bc2�T� were obtained from the criterion
jc=100 A /cm2 and the 90% values of their corresponding resistiv-
ity transitions, respectively. Open symbols: 600 °C. Solid symbols:
900 °C.
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spectively. The results of both pinning effect contributions
are shown in Fig. 6. For both the 600 and 900 °C reaction
temperatures, the trends in both �Tc pinning and �l pinning
are the same, while the actual values of the pinning contri-
bution are slightly different. As can be seen in Fig. 6, �l
pinning is the dominant mechanism at low temperature but
with increasing temperature, �l pinning decreases, and �Tc
pinning increases. At T�31–32, both pinning mechanisms
have equal effects, and above these temperatures, �Tc pin-
ning is the dominant.

Using the derived crossovers Bsb and Bth, the recon-
structed B-T phase diagram is shown in Fig. 7. According to
the collective pinning model,20 the disorder-induced spatial
fluctuations in the solid-vortex lattice can be clearly divided
into markedly different regimes according to the strength of
the applied field. Three different regimes are at least distin-
guishable: �1� single vortex pinning, which governs the re-
gion below Bsb; �2� small bundle pinning, which holds be-
tween Bsb and Bth; �3� the region between Bth and Birr, where
thermal fluctuations are important; and �4� vortex liquid re-
gion. The comparison with the phase diagram of a pure
MgB2 bulk sample6 shows quite different trends and areas
of the each vortex phases. The silicone-oil-doped MgB2

samples show very wide regions of the vortex phases, which
originate from the vastly enhanced vortex pinning. Espe-
cially at low temperature, each curve exhibits upward curva-
ture which indicates even stronger pining behavior at low
temperature.

In conclusion, we have found that the �l pinning mecha-
nism due to spatial fluctuations of the charge-carrier mean
free path is strongly dominant at low temperature in MgB2
that was doped with silicone oil and sintered at both 600 and
900 °C, while at temperatures close to the critical tempera-
ture, �Tc pinning is effective. The field-temperature phase
diagram shows at least three different vortex-pinning re-
gimes in the solid-vortex lattice region.
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