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Abstract
The flux pinning mechanisms of nano-Si-doped MgB2 are reported in this work. The field
dependence of the critical current density, Jc(B), was analyzed within the collective pinning
model. We found that the mechanisms for both δl pinning, i.e., pinning associated with
charge-carrier mean free path fluctuations, and δTc pinning, which is associated with spatial
fluctuations of the transition temperature, coexist in the nano-Si-doped MgB2 samples, while
Hc2 increases greatly with increasing nano-Si doping level. However, their contributions are
strongly temperature dependent. The δl pinning is dominant at low temperatures, decreases
with increasing temperature, and is suppressed completely at temperatures close to the critical
temperature, Tc. However, the δTc pinning mechanism shows opposite trends.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The upper critical field, Hc2, in MgB2 can be significantly
enhanced using various approaches, including high energy
ion irradiation [1], chemical substitution, and incorporation
of nanoparticles such as nano-SiC, C, Si, and other oxide or
non-oxide nanomaterials [2–13]. It has been accepted that
enhancement of Hc2 is caused by C substitution for B in the
crystal lattice as a result of chemical doping that contains C.
The mean free path, l, is reduced due to distortion in the lattice
caused by the C substitution. Therefore, the σ band electron
scattering is enhanced, leading to an increase in Hc2 and a
large decrease in Tc, which is a disadvantage for applications
at T > 20 K. It should be noted that Hc2 can still be enhanced
in MgB2 doped with non-carbon nanoparticles, even though
there are no substitution effects. Nano-Si has been found to
be very effective for improving the critical current density, Jc,
in both low and high fields, with only a slight reduction in
the critical temperature, Tc, although no Si substitution takes
place [8, 9]. The Jc values at temperatures above 20 K for
nano-Si-doped MgB2 were found to be even higher than that of
C-doped MgB2 [8, 9]. However, the flux pinning mechanism
for the nano-Si-doped MgB2 has not been studied so far.

The irreversibility field, Hirr, and the in-field Jc are
mainly controlled by flux pinning. Numerous studies have
been performed with the purpose of understanding the
vortex pinning mechanisms [14–22] that are responsible for
improving the Jc. Inter-grain boundary pinning [20] and
point defect pinning [17] are the two main important pinning
mechanisms. The inclusion of nano-Si can introduce pinning
centers without any substitution effects [23, 24]. This provides
an advantage in understanding the flux pinning mechanism
compared to the nano-C dopants, which can contribute all the
effects of point defects, grain boundaries, and substitution to
the flux pinning in MgB2. Therefore, the pinning mechanisms
are of great interest in nano-Si-doped MgB2 from the point of
view of both the fundamental physics and applications.

It is believed that fluctuations in both Tc and the mean
free path of charge carriers control the flux pinning in high
Tc superconductors [25, 26]. The Tc fluctuation in MgB2 is
due to Mg deficiency and partial dopant substitution into the
lattice, which lead to a broad Tc distribution in the sample [24].
However, it is the inter-grain boundaries and the nanoparticle
inclusions inside the MgB2 grains that cause the mean free path
fluctuations and hence the δl pinning. It has been reported that
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the δTc pinning is the main flux pinning mechanism in pure
MgB2 bulk and thin films [18, 27, 28]. However, it has not
been experimentally determined whether the δTc pinning or the
δl pinning is the dominant mechanism in doped MgB2.

In this paper the vortex pinning mechanisms of the nano-
Si-doped samples are discussed in the framework of the
collective theory. It was found that both the δl and δTc pinning
mechanisms coexist in the nano-Si-doped MgB2 samples.
Their contributions are strongly temperature dependent and
show a strong competition.

2. Experimental procedure

Polycrystalline MgB2 samples doped with 2 and 5 wt% nano-
Si powders were prepared with the same conditions using
the in situ solid state reaction [8, 9]. Magnesium powders
and amorphous boron powders were well mixed with silicon
powders with particle sizes <100 nm. Pellets 10 mm in
diameter and 1 mm in thickness were made under pressure,
and sealed in Fe tubes, then heat treated at 700 ◦C for 30 min
in flowing high purity Ar. This was followed by a furnace
cooling to room temperature. The x-ray diffraction (XRD) and
the transmission electron microscopy (TEM) results revealed
that all the samples were crystallized in the MgB2 structure as
the major phase. A few impurity lines from MgO and Mg2Si
were observed. The TEM image of MgB2 grains from a nano-
Si-doped MgB2 sample showed a number of fine grains, around
100–200 nm in diameter. Most of these were shown by electron
diffraction to be MgB2. But a number of grains, 10–30 nm in
size located on the MgB2 grains, were determined by electron
diffraction to be Mg2Si [8].

The resistivity measurements were carried out on bare
cylindrical bar samples by using a physical properties
measurement system (PPMS, Quantum Design) in the field
range from 0 up to 8.7 T. The magnetic hysteresis loops were
measured using a magnetic properties measurement system
(MPMS, Quantum Design). The critical current density was
calculated by using the Bean approximation.

3. Results and discussion

The phases and microstructures examined by XRD and TEM
show that Mg2Si is the main impurity phase and that the
particle sizes of the MgB2 are almost the same for all the
samples [8, 9]. It was observed that the resistivity of
the nano-Si-doped samples increases with increasing silicon
concentration (see the inset of figure 1(a)). The resistivity
is about 24.2 and 104.2 μ� cm at 300 K, and 13.2 and
53.5 μ� cm at 40 K for the 2 and 5 wt% Si-doped MgB2

samples, respectively. The residual resistivity ratio RRR =
ρ(300 K)/ρ(40 K) = 1.83 and 1.95 for the 2 and 5 wt%
Si samples, respectively. The increase in the resistivity
is pronounced as the temperature approaches the transition
temperature, indicating enhanced electron scattering, which
is similar to the case for C-doped MgB2. The Tc of the 2
and 5 wt% Si-doped MgB2 samples are 37.5 and 36.7 K,
respectively, which is slightly lower than that of the undoped

Figure 1. (a) Bc2 and (b) Birr versus temperature for the 2 and 5 wt%
nano-Si-doped MgB2. The inset in (a) shows ρ–T in fields up to
8.7 T for both samples.

sample (38.0 K). The small drop in the Tc for the nano-Si-
doped sample is caused by both Mg deficiency as a result of
the formation of Mg2Si and the enhanced electron scattering
from the Mg2Si impurity. The mean free path, l, was calculated
using the mean value of the Fermi velocity vF = 5.1 ×
105 m s−1 [29] and the resistivity at 40 K. It decreases from
1.03 nm for 2 wt% Si doping to 0.24 nm for 5 wt% Si doping,
which is in good agreement with the observed enhancement in
Hc2.

The Hc2 and Hirr for both nano-Si-doped MgB2 samples
were defined as Hc2 = 0.9R(Tc) and Hirr = 0.1R(Tc)

from the resistance (R) versus temperature (T ) curve. The
temperature dependences of Hirr and Hc2 are shown in figure 1.
It can be seen that the Hc2 values for the doped samples are
proportional to the Si doping level and are higher than for the
undoped sample. For the 5 wt% nano-Si-doped MgB2, the
Hirr is higher than for both the undoped and the 2 wt% doped
MgB2. However, the Hirr of the 2 wt% Si-doped sample is the
same as that of the undoped one, indicating that the Hirr does
not necessarily increase when the Hc2 increases. This is an
indication that the Hirr is mainly controlled by the flux pinning.
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Figure 2. Field dependence of Jc for the 2 and 5 wt% nano-Si-doped
MgB2 (a) and for the undoped and 2 wt% nano-Si-doped MgB2 (b).

The Jc(B, T ) results for nano-Si-doped samples are
shown in a double-logarithmic plot in figure 2(a). The Jc

at 20 K is over 2 × 105 A cm−2 at zero field and over
1 × 104 A cm−2 at 4 T for both doped samples. It can also
been seen that the 5 wt% Si-doped sample shows lower Jc

for 1 T < B < 3 T at T = 20 K. The Jc values in high
fields (B > 3 T) are the same for both samples. In addition,
for T > 25 K, the Jc values are almost independent of the
Si content. The Jc values of the undoped sample and of the
2 wt% Si-doped sample are compared in figure 2(b) at 20, 24,
and 28 K. As can be seen from this figure, the Jc is very much
enhanced in high magnetic fields for the Si-doped MgB2, and
it is more than 10 times higher than for the undoped MgB2 at
T = 20 K and B = 5 T. Therefore, the nano-Si-doped MgB2
exhibits significantly improved pinning in high fields over a
wide temperature range compared with the undoped MgB2
sample. In low magnetic fields, however, the Jc of the nano-
Si-doped samples is lower than that of the undoped sample.
These results suggest that the formation of Mg2Si impurities
is responsible for two effects. The first one is that the amount
of MgB2 phase is accordingly decreased, which decreases the
effective superconducting volume inside the nano-Si-doped
samples. This effect results in decreased Jc in low fields. The
second effect is the formation of nanosized pinning centers,
which improves Jc–H behavior in high magnetic fields. This
result is in agreement with what we have reported before [8, 9].

Figure 3. Bsb versus T . The dashed curves are fits to the
Bsb = P1 BTc

sb + P2 Bl
sb expression. Inset: double-logarithmic plot of

− log[Jc(B)/Jc(0)] versus B at T = 29.5 K for the 2 wt% Si-doped
sample. The data for the undoped sample are extracted from [30].

In the framework of the collective theory [26], Bsb is
defined as the crossover field between the single-vortex and
the small vortex bundle pinning regimes. Below Bsb, in the
low magnetic field region where the vortices are governed by
single-vortex pinning, Jc is field independent. In this regime,
Bsb ∝ Jsv Bc2, where Jsv is the critical current density in
the single-vortex 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], where B0 is a normalization
parameter of the order of Bsb.

For clarification, − log[Jc(B)/Jc(0)] as a function of B is
shown in a double-logarithmic plot in the inset of figure 3. It is
clear that this expression describes well the experimental data
for intermediate fields, while deviations from the fitting curve
can be observed at both low and high fields. The deviation at
low fields is associated with the crossover from single-vortex
pinning regime to the small bundle pinning regime. The high
field deviation that is very close to the irreversibility line could
be related to large thermal fluctuations, a view that is supported
by the three-dimensional (3D) flux creep dependence observed
for the variation of Birr(T ) in figure 1. The field of this
deviation is denoted as Bth. The crossover field Bsb as a
function of temperature is shown in figure 3. As a comparison,
Bsb versus T for the undoped MgB2 sample is also shown in
the figure, and this plot displays a different trend from those of
the doped samples.

It has been pointed out [25] that the δTc and δl pinning
mechanisms result in different temperature dependences of
the critical current density Jsv in the single-vortex pinning
regime. In this regime, the temperature dependence for Bsb

is as Bsb(T ) = Bsb(0){(1 − t2)/(1 + t2)}ν , with t = T/Tc,
where ν = 2/3 and 2 for δTc and δl pinning, respectively. We
analyzed the Bsb data using the expression Bsb = P1 BTc

sb +
P2 Bl

sb, with fitting parameters P1 and P2, where BTc
sb and Bl

sb
are the expressions for δTc and δl pinning, respectively. The
fitting results are shown in figure 3 by the dashed curves. In
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Figure 4. δTc and δl pinning contributions as a function of
temperature.

order to compare the contributions of the δTc and δl pinning
mechanisms, the P parameter is defined as P = P1 BTc

sb /Bsb

or P = P2 Bl
sb/Bsb, which represents the proportion of the

contribution from δTc or δl pinning, respectively.
The results of both pinning contributions are shown in

figure 4. It can be seen that the δl and δTc pinning mechanisms
coexist in both the 2 and 5 wt% Si-added samples. The Mg
deficiency in these samples leads to a broad distribution of Tc

and thus is responsible for the δTc pinning mechanism. At the
same time, the fine particles of Mg2Si cause the fluctuations
in the mean free path that are responsible for the δl pinning.
The δl and δTc pinning mechanism contributions are strongly
temperature dependent and show a strong competition. The
δl pinning contribution is dominant at low temperatures, and
it decreases with increasing temperature. The δTc pinning
shows the opposite trend. Between 28 and 30 K, the two
pinning mechanisms have roughly equal effects, while above
these temperatures, δTc pinning is dominant. As can be seen
from figure 4, for temperatures close to Tc, the Tc fluctuation
among the grains increases, and therefore, the δl pinning is
suppressed completely. When the temperature is far below Tc,
the Tc fluctuation disappears, and the δl pinning is dominant.
The two nano-Si-doped samples have the same trend in both
the δl and δTc pinning mechanisms. The slight difference in
the proportions of the contributions is because the Tc is slightly
different and the nano-Si inclusions are inhomogeneous in
the two Si-doped samples. In contrast, the δTc pinning is
the dominating mechanism over the whole temperature range
for the undoped MgB2 sample, which is partially due to the
Mg deficiency from the formation of MgO impurity phase, in
agreement with our previous report [18].

In conclusion, we have found that the δl and δTc pinning
mechanisms coexist in the nano-Si-doped MgB2 samples and
that Hc2 increases greatly with increasing nano-Si doping
level. However, the relative contributions of the pinning
mechanisms are strongly temperature dependent and show
a strong competition. The δl pinning is dominant at low
temperatures, decreases with increasing temperature, and is

suppressed completely at temperatures close to Tc. However,
the δTc pinning mechanism shows opposite trends.
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