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Abstract
The transport and magnetic properties of 5 wt% nano-Si- and 10 wt% SiCl4-doped MgB2 have
been studied by measuring the resistivity, ρ, critical current density, Jc, irreversibility field, Hirr,
and upper critical field, Hc2. Similar scattering mechanisms have been found for both dopants,
which are supported by the results for the critical temperature and the upper critical field. The
critical current density and the irreversibility field results indicate that there are different pinning
mechanisms for nano-Si- and SiCl4-doped MgB2. Pinning mechanisms are studied in terms of
the different pinning models. It was found that a variety of pinning mechanisms, e.g. normal
point pinning, normal surface pinning, and normal volume pinning mechanisms coexist in both
types of doped MgB2. The results show that the contributions of the pinning mechanisms are
dependent on the temperature and magnetic field.
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(Some figures may appear in colour only in the online journal)

1. Introduction

MgB2 compound with the critical temperature of 39 K has
been the focus of superconductor research for the past 14
years, due primarily to its potential for practical magnetic and
electrical applications such as large-scale superconducting
magnets and transmission lines. Although considerable
improvements have been made during this period, the appli-
cation of pure MgB2 remains limited. This is due to the
magnetic field dependence of the critical current density, Jc,
which is strongly decreased by increasing applied magnetic
field as a result of the relatively weak flux pinning [1]. Efforts
to improve the Jc properties in MgB2 have mostly been
focused on enhancing the flux pinning ability by irradiation or
chemical doping, which has been considered as the most
convenient and effective way, because the dopants can
introduce extra electrons or second-phase particles [2, 3].

Carbon-containing dopants, originating from C substitu-
tion on B sites in the lattice, induce lattice distortion and
provide one more electron at each site, thus enhancing the Jc.
Nevertheless, the dimensions and the content of the second
phase, the sintering temperature, and the original powder size
have to be seriously controlled, since only a small quantity of
nanoscale particles induce effective pinning centers. As far as
the investigation of pure MgB2 is concerned, researchers have
turned to mechanical milling to refine the grains and irra-
diation to induce defects, both of which are likewise aimed at
improving the pinning effects within the crystal [4, 5].

It has been found [6] that nano-Si slightly reduces the
critical temperature, Tc, but it is very effective for improving the
Jc in both low and high fields, even though no Si substitution
takes place. The Jc values for the nano-Si-doped MgB2 at
temperatures above 20K were found to be even higher than for
C-doped MgB2 [6]. The inclusion of Si source dopants gives us
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an advantage in understanding the flux pinning mechanism
compared to the nano-C dopants. This is because Si can
introduce point defects inside grains and affect the grain
boundaries without any substitution effect, while the nano-C
dopants can provide all the effects of point defects, grain
boundaries, and substitution on the flux pinning in MgB2.
Therefore, the flux pinning mechanisms are of great interest in
Si-source-doped MgB2 from the point of view of both the
fundamental physics and applications. It was also found that
SiCl4 doping further enhanced the critical current density, Jc,
and the irreversibility field, Hirr, in the MgB2 superconductor
above the enhancements from nano-Si doping, while the
resistivity, ρ, and the upper critical field, Hc2, results show
similar behavior for both types of doping. The starting point for
the present paper is the question of whether the critical current
density behavior can contribute to understanding the similarities
and differences between these Si source dopants.

2. Experiment

Polycrystalline MgB2 samples with 5 wt% nano-Si, and 10
wt% SiCl4 addition, where the appropriate amount of SiCl4
was calculated by considering the molar weight of SiCl4 to
correspond to about 10 wt% Si, were prepared at sintering
temperatures of 700 and 750 °C for 30 and 10 min in pure Ar
gas, respectively, by the standard solid state powder proces-
sing technique, which has been well described elsewhere
[6, 7]. The microstructures have been previously examined by
TEM and the results, which were reported in [6, 7], show that
particle sizes of several tens of nanometers in diameter of the
MgB2 are found for both samples. The x-ray diffraction
(XRD) patterns, which were recorded using Cu Kα radiation,
are presented in figure 1. As can be seen in figure 1, all the
samples were crystallized in the MgB2 structure as the major
phase. A few impurity lines of MgO impurity around 9%

were observed in the undoped MgB2 sample. There were also
MgO (7%) and Mg2Si (8%) impurities observed in both
doped samples. Therefore, the MgO impurity phase did not
depend on doping, in agreement with the results reported
previously at sintering temperatures in the 700–750 °C range
[6, 7]. The critical temperature Tc was defined as the onset
temperature at which diamagnetic properties are observed.
The value of Tc was 37±0.30 K for both doped samples,
which is slightly lower than for the undoped sample
(Tc=38.0 K), which was sintered at 750 °C. The small drop
in the Tc due to the Si-source dopants is caused by both Mg
deficiency as a result of the formation of Mg2Si and the
enhanced electron scattering from the Mg2Si impurity.

Resistivity measurements were carried out on cylindrical
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 discussions

The resistivity ρ as function of temperature for the MgB2

samples with Si and SiCl4 dopants at zero external magnetic
field is shown in figure 2. For comparison, the resistivity of
undoped MgB2 sintered at 750 °C is also added to figure 2. It
can be seen that the resistivity depends on the dopant. The
results shows that the ρ values at 300K and 40 K are lower for
the nano-Si-doped MgB2 than for SiCl4 doping. The residual
resistivity ratios, RRR (ρ300 K/ρ40 K), of the MgB2 samples
with different dopants were obtained, which were 2.13 for
undoped MgB2, and 1.66 and 1.69 for Si- and SiCl4-doped
MgB2, respectively. Therefore, these results show that dopants
change the scattering processes in MgB2, although they are
similar in both Si-doped and SiCl4-doped MgB2 samples.

The critical current density Jc(B) results are shown in
figure 3 at the temperatures of 20 K for the undoped MgB2

Figure 1. X-ray diffraction patterns of the pure MgB2, and the nano-
Si- and SiCl4-doped MgB2 samples, with the pure MgB2 included
for comparison.

Figure 2. Temperature dependence of the resistivity ρ of the MgB2

samples with Si and SiCl4 dopants at zero external magnetic field.
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and for both the nano-Si- and SiCl4-doped MgB2 samples.
For all the samples, the Jc initially shows a plateau at low field
and then begins to decrease quickly once the field reaches the
crossover field from the single vortex to the small bundle
pinning regime. The Jc(B) values for the undoped MgB2 and
the nano-Si-doped MgB2 are the same at magnetic fields
smaller than 2 T, although further increasing the field results
in a faster drop in Jc for the undoped MgB2 than for the doped
samples. As can be seen in figure 3, the SiCl4 doping
improves the Jc over the whole range of studied magnetic
fields. Why does the SiCl4 doping improve the critical current
more than the nano-Si doping? Tentative answers to these
questions might be found along the following lines.

So far, it has been widely accepted that partial occupation
of the B sites by dopants such as carbon causes stronger intra-
band electron scattering in the σ-band than it does in the π-
band at high temperature, which leads to a positive curvature
of Hc2 at temperatures close to Tc and therefore enhances Hc2

significantly. In addition, it was pointed out that the mod-
ification of intra-band and inter-band scattering in both the σ-
and the π-bands can lead to high Hc2 [8]. Figure 4 shows the
normalized temperature dependence of Hc2 and Hirr, which
were obtained from the 90% and 10% values of their corre-
sponding resistivity transitions. Significantly enhanced Hirr

and Hc2 are clearly observed for both the nano-Si-doped and
the SiCl4-doped MgB2 samples. The results indicate that the
doped MgB2 samples have higher Hirr values compared to the
undoped sample. The above results also reveal that Hc2 does
not depend on the dopant, which is in good agreement with
the RRR results for both Si-source dopants, as mentioned
above, while Hirr does. Therefore, the enhancement of in-field
Jc or Hirr by SiCl4 is not caused by the enhancement of Hc2,
but is rather due to the introduction of more effective pinning
centers compared to those in the nano-Si-doped MgB2

sample.
It has been pointed out [9] that there are two predominant

mechanisms of core pinning, i.e. ℓd pinning, which comes
from spatial variation in the charge carrier mean free path, ℓ,
and Tcd pinning due to randomly distributed spatial variation
in Tc, which result in different temperature dependences of the
critical current density in the single-vortex pinning regime,
Jsv. In the framework of collective pinning theory [9], it was
found [10] that both ℓd pinning and δTc pinning coexist in the
nano-Si-doped MgB2 sample, although their contributions are
strongly temperature dependent. The ℓd pinning was domi-
nant at low temperatures and was suppressed completely at
temperatures close to the critical temperature, Tc, where the
δTc pinning mechanism was dominant. It was also reported
[7] that the ℓd pinning mechanism, i.e. spatial variation in the
charge-carrier mean free path, was responsible for the flux-
pinning mechanism in the SiCl4-doped MgB2. In order to
understand the nature of the pinning mechanisms in more
detail, it is useful to study the variation of the vortex pinning
force density, F J B,cp = ´ with the field. The normalized

pinning force density f F Fp p p
max( )= / is a function of the

reduced field b H H ,max( )= / where Hmax is the magnetic field
at the maximum of Fp, for both nano-Si- and SiCl4-doped
MgB2. Figure 5 shows the results. For SiCl4-doped MgB2

(figure 5(b)), close to H H 1max =/ the T=22 K data have a
noticeable deviation from other temperatures. This suggest
that the pinning mechanism is perhaps different for T=22 K.
As can be seen in figure 5, the scaling behavior would not be
accessible at higher temperatures. Otherwise, scaling was
achieved by the following magnetic field dependence for f ,p
which has been inferred by Higuchi et al [11]:
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Figure 3. Magnetic dependence of the critical current density for the
pure, the 5 wt% Si-doped, and the 10 wt% SiCl4-doped MgB2

samples at the temperature of 20 K.

Figure 4. (a) Upper critical field and (b) irreversibility field of the
pure, the 5 wt% Si-doped, and the 10 wt% SiCl4-doped MgB2 as
functions of temperature.
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The fitting results are shown by the solid curves in
figures 5(a) and (b). As can be seen in figure 5, the experi-
mental data are not in agreement with any one of the three
mechanisms, the point pinning f ,pp the surface pinning f ,ps
and the Δκ volume pinning f ,pk for either dopant. For the
nano-Si-doped MgB2, the experimental data are located
between the theoretical curves for Δκ pinning and point
pinning at normalized magnetic fields smaller than bmax,
while in the reduced magnetic field up to b=4, the dominant
pinning mechanism is roughly surface pinning, and at some
temperatures, the experimental data are located between the
curves for surface pinning and point pinning. Therefore, it
seems that some contribution from point pinning may be
present in addition to surface pinning. At reduced magnetic
fields higher than b=4, the experimental data deviate from
the scaling that was suggested by Higuchi et al [11].

As can be seen in figure 5(b) for the SiCl4-doped MgB2,
the experimental data are in good agreement with the point
pinning mechanism fpp in magnetic fields lower than bmax. At
normalized magnetic fields above bmax, the experimental data
are located almost exactly between the curves for surface
pinning and point pinning, while at the temperature of 22 K,

the experimental data are in good agreement with the surface
pinning mechanism f .ps There is no contribution from the Δκ

pinning fpk mechanism for SiCl4 doping. Thus, it seems that
the pinning mechanisms are different for the two Si-source
dopants.

To investigate further the real pinning mechanisms of
MgB2 doped with Si-source dopants, the normalized pinning
force density data was analyzed by combining the contribu-
tions from all the mechanisms, the point pinning f ,pp the
surface pinning f ,ps and the Δκ pinning fpk mechanisms,
within the following expression:

f a f a f a f 4p p pp s ps k pk ( )= + +

where ap, as, and ak are fitting parameters, which represent
the point pinning, the surface pinning, and the Δκ pinning
effects, respectively, with ap+as+ak=1. In this case, the
best fitting includes the contributions from point pinning ap,
surface pinning as, and Δκ pinning ak. The dashed curves
through the data in figure 5 exemplify the results for the
temperature of 20 K. Results for the pinning contributions are
shown in figure 6. As can be seen in the upper panel of
figure 6(a), both the point pinning and the Δκ pinning
mechanism coexist in nano-Si-doped MgB2 at H<Hmax,
while there is no contribution from the surface pinning;
however, which pinning mechanism is dominant depends on
the temperature range. More importantly, the pinning
mechanisms change at H>Hmax. From the lower panel of
figure 6(a), one can clearly see that the surface pinning has
become dominant, and there is no contribution from the Δκ

pinning mechanism. For SiCl4-doped MgB2 samples, the
point pinning is the dominant mechanism, as mentioned
above, and the other pinning mechanisms do not contribute at
H<Hmax. In figure 6(b) the contributions of the individual
pinning mechanisms for SiCl4-doped MgB2 as a function of
temperature are compared at H>Hmax. The Δκ pinning
mechanism does not contribute to the pinning force, but both
the point pinning and the surface pinning mechanisms coexist
and their contributions depend on temperature. The results
clearly show that the surface pinning becomes dominant at
temperatures higher than 25 K.

For the scaling, the Dew-Hughes model [12] is usually
employed as a single pinning function,

F Ah h1 , 5p q
p ( ) ( )= -

where A is a coefficient associated with the material
properties, h=H/Hirr is the reduced magnetic field, and p
and q are parameters that depend on the pinning mechanisms.
In this model p=0 and q=2 describe normal-volume
pinning (nvp); p=1/2 and q=2 describe normal-surface
pinning (nsp); finally, p=1 and q=2 describe normal-point
pinning (npp).The maximum of Fp is

F A h h1 . 6p q
p, max max[ ]( ) ( )= -

Figure 5. Magnetic field dependence of the reduced pinning force fp
over the temperature range of 20–34 K for (a) the nano-Si-doped
MgB2, and (b) the SiCl4-doped MgB2.
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Therefore,
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where the maximum of F hp ( ) occurs at h p p q .max ( )= +/
Figure 6 shows the results of f hp ( ) as a function of reduced
field h=H/Hirr for various temperatures. The value of Hirr

was determined by the Jc=100 A cm−2 criterion. It can be
seen in figure 7 that the experimental data lie between master
curves of the normal point, normal surface, and normal
volume pinning for reduced fields larger than hmax. Never-
theless, for h<hmax, δκ volume pinning may have an effect
on the flux pinning, especially for the Si-doped sample. That
can be due to lattice imperfections caused by Mg deficiency
that arises from the formation of Mg-containing impurities in
the form of MgO and MgSi4. The δκ pinning centers are

regions with a lower thermodynamic critical field, Hc. This is
because in the core interaction, the pinning potential is
proportional to H H ,c c

2 2- ¢ where Hc¢ is the thermodynamic
critical field of the pinning center [13]. Thus, for H H ,c c> ¢ the
pinning potential may be negative, so based on the Ginzburg–
Landau theory, where H T Tc c( )µ - and H H2c c2 k=
[14], the increasing temperature and magnetic field may
change the pinning mechanism. As can be seen in figure 7,
the SiCl4-doped sample almost follows normal surface
pinning, which originates from the grain boundaries, at all
temperatures except for 34 K. For the Si-doped sample,
however, it seems that there is some contribution from normal
volume pinning due to impurities, except for 34 K in reduced
fields of h>hmax. At h>hmax, the normal volume pinning
contribution can be explained in two ways: (1) when the
magnetic field is increased, the δκ volume pinning centers
may be converted to normal volume pinning centers; (2) with
increasing magnetic field, more flux vortices penetrate to the
sample, and the inter-flux-vortex spacing, d, becomes shorter
compared to the dimensions of the Mg2Si particles, which had
acted as normal volume pinning centers. These results are
supported by microstructure studies of SiCl4-doped MgB2

samples by transmission electron microscopy (TEM) [6, 7],

Figure 6. Temperature dependence of the contributions of the point
pinning a ,p the surface pinning a ,s and the Δκ pinning ak

mechanisms for (a) nano-Si doping, and (b) SiCl4 doping.

Figure 7. Scaling behavior for (a) the nano-Si-doped MgB2, and (b)
the SiCl4-doped MgB2.
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where it was found that the size of the Mg2Si particles is
greater relative to the MgO ones. Finally, it can also be found
from figure 6 that hmax is 0.19±0.03 and 0.22±0.02 for
the nano-Si- and SiCl4-doped MgB2, respectively. These
results indicate that normal surface pinning that originates
from grain boundaries may be the dominant pinning
mechanism, but further details behind this cannot be inferred
from this scaling behavior.

In conclusion, the critical temperature and the upper
critical field results suggest similar scattering mechanisms for
both dopants. It was found that SiCl4 doping improves the
critical current density and the irreversibility field more than
nano-Si doping in MgB2, which indicates that the SiCl4
produces stronger and more plentiful pinning centers, which
induce different pinning mechanisms. Studies of the pinning
mechanisms in terms of the different pinning models indicate
that a variety of pinning mechanisms, e.g. normal point pin-
ning, normal surface pinning, and normal volume pinning
mechanisms, coexist in both types of doped MgB2. The
results show that the contributions of the pinning mechanisms
depend on the temperature and magnetic field.
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