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A B S T R A C T

MgB2 superconductor samples co-doped with 0.02 wt. Al2O3 and 0–0.05 wt. SiC were studied by magnetization –

magnetic field (M-H) loop measurements at different temperatures. The critical current density has been calcu-
lated by the Bean model, and the irreversibility field, Hirr, has been obtained by the Kramer method. The pinning
mechanism of the co-doped sample with 2% Al and 5% SiC was investigated in particular due to its having the
highest Hirr. The normalized volume pinning force f¼ F/Fmax as a function of reduced magnetic field h¼H/Hirr

has been obtained, and the pinning mechanism was studied by the Dew-Houghes model. It was found that the
normal point pinning (NPP), the normal surface pinning (NSP), and the normal volume pinning (NVP) mecha-
nisms play the main roles. The magnetic field and temperature dependence of contributions of the NPP, NSP, and
NVP pinning mechanisms were obtained. The results show that the contributions of the pinning mechanisms
depend on the temperature and magnetic field. From the temperature dependence of the critical current density
within the collective pinning theory, it was found that both the δl pinning due to spatial fluctuations of the charge-
carrier mean free path and the δTc pinning due to randomly distributed spatial variations in the transition
temperature coexist at zero magnetic field in co-doped samples. Yet, the charge-carrier mean-free-path fluctuation
pinning (δl) is the only important pinning mechanism at non-zero magnetic fields.
1. Introduction

Superconductivity was discovered in 1911 as an obscure phenome-
non. Afterwards, a large number of research discoveries occurred in
relation to this concept. In 2001, the MgB2 compound was found to be a
metallic and easily produced superconductor [1]. This new supercon-
ductor compound received a great deal of interest due to its specific
features. MgB2 is, the like low temperature superconductors (LTS), highly
isotropic, which is caused by its large coherence length, but unlike the
LTS, it has the high critical temperature of Tc¼ 39 K MgB2 compound
lacks sufficient flux pinning centers for high performance, however, due
to the weak connections between the grains in the structure [2]. That is
why MgB2 has low critical current density, Jc. Many parameters, e.g., the
irreversibility field,Hirr, the upper critical field,Hc2, the flux pinning, and
the connectivity, control the Jc. Therefore, improvement of the Jc prop-
erties in MgB2 has been mostly aimed at enhancing the Hirr, the flux
pinning capability, and Hc2 by ion irradiation or chemical doping [2–8].
Chemical doping has been proved to be a simple and effective way to
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introduce pinning centers into MgB2 superconductor or to improve the
upper critical field. It was found that carbon containing dopants [9–13]
and silicon compounds [9,14,15] are especially effective for improving
the Jc properties of MgB2 in high magnetic fields. It was also found that
Al2O3 nano-particles create pinning centers throughout the structure by
Al substitution for Mg. Up to 5 wt% of this Al-oxide has been shown to
improve the critical current density Jc and irreversibility field Hirr [3].

The pinning mechanism control the current-density decay behavior.
Numerous investigations have been performed with the purpose of un-
derstanding vortex-pinning mechanisms [7,8,16–19]. In a multiband
superconductor, it was found that different field dependence of the gaps
play an important role in defining its vortex dynamics [16]. Kwok et al.
[18] studied vortex pinning mechanism through an emerging novel
synergistic approach that combined theory, experiments and large-scale
simulations of vortex matter in mixed-pinning landscapes. They found a
quantitative correlation between the observed critical current density
and multi-scale mixed pinning landscapes by using large-scale time
dependent Ginzburg–Landau approach.
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Fig. 1. Logarithmic changes of the in-field critical current density in response to
different magnetic fields at a certain temperature T¼ 10 K for samples that were
Al-doped with 2 wt% and SiC-doped with 0–5 wt%, with an undoped sample
shown for reference.
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There are two main kinds of formalism for investigating pinning
mechanisms. The first is based on pinning center geometries and their
dimensions, such as point centers (zero-dimensional, 0D), surface
pinning centers (two-dimensional, 2D), and volume pinning centers
(three-dimensional, 3D). Flux pinning mechanisms based on these kinds
of pinning centers are scaled by the theories of Dew-Hughes [8] and
Kramer [7]. Studies of the pinning mechanisms in terms of this model
indicate that a variety of pinning mechanisms, e.g. normal point pinning,
normal surface pinning, and normal volume pinningmechanisms, exist in
nano-Si and SiCl4 doped MgB2 [20] and in Fe1.06Te0.6Se0.4 single crystal
[21].

The second kind of formalisms relates to the basic pinning mecha-
nisms, which correspond to the randomly distributed spatial variations in
the transition temperature Tc, which is called δTc, and the spatial fluc-
tuation of the charge-carrier mean free path, the so-called δl, which is
mostly due to crystal lattice defects, in type-II superconductors [22,23]. It
was found that the δTc pinning is the main flux pinning mechanism in
bulk cuprate [24] and pure MgB2 bulk and thin films [25–27]. It has been
reported, however, that δl pinning is the most important effect in thin
films of Y-based high-Tc superconductors [23]. It was also reported that
both mechanisms coexist in nanoparticle doped-MgB2 [15,28] and
Fe-based superconductor samples [29], depending on the temperature
and magnetic field.

The current-density decay behavior is governed by the pinning
mechanism. Due to the defect and nanoparticle-inclusion-related Jc-field
enhancement in chemically co-doped MgB2, the pinning mechanisms are
of interest in such samples from the points of view of both the funda-
mental physics and of applications. There are some co-doping reports on
MgB2, as well. As found in Ref. [5], Al2O3 and SiC co-doping of MgB2
compound, Mg1-xAlx(B1-yCy)2 with x¼ 2% and y¼ 1%, is more effective
than sole Al-doping for improvement of the critical current density Jc.
Nevertheless, the flux pinning mechanism for Al2O3 and SiC co-doped
MgB2 has not been studied systematically so far.

In this paper, the flux pinning mechanisms for Al2O3 and SiC co-
doped MgB2 are discussed in the framework of both the Dew-Hughes
model and the collective theory. It was found that a variety of pinning
mechanisms, e.g. normal point pinning, normal surface pinning, and
normal volume pinning mechanisms, exist in co-doped MgB2 samples.
The results show that both the δl and δTc pinning mechanisms co-exist at
zero magnetic field in the Al2O3 and SiC doped MgB2 samples. At non-
zero magnetic field, the charge-carrier mean-free-path fluctuation
pinning (δl) is the only important pinning mechanism.

2. Experimental procedure

Stoichiometric superconducting compounds of Mg1-xAlx(B1-yCy)2
with x¼ 2% and y¼ 0–5% has been prepared by the solid state method,
which been reported thoroughly elsewhere [6]. Microstructures, lattice
parameters, magnetization and normal state resistivity were character-
ized by using a field emission gun-scanning electron microscope (FEG--
SEM), X-ray diffractometer (XRD) [6]. X-ray diffraction results revealed
that all the samples were crystallized in the MgB2 structure as the major
phase, although a few impurity lines of MgO and Mg2Si were observed in
all the samples. The microstructures studies by the FEG-SEM show that
the grain size seems to be smaller, more compacted and homogeneous for
the co-doped sample compared to un-doped and mono-doped samples
[6]. It was also found [6] that the critical temperature declined from
37.38 K to 34.25 K with increasing co-doping concentration and the
electrical resistivity at T¼ 40 K, ρ (40 K), increased from 28 μΩ cm to
122 μΩ cm for pure sample and the sample with the highest doping
concentration of 2%Al2O3 and 5% SiC, respectively. Although, the lattice
parameters did not shift critically. But comparatively, the lattice
parameter with a-axis direction decreased faster than the c-axis one with
increasing addition of SiC. It could be easily revealed that C is substitute
on B sites in the ab-plane. However, the c-axis lattice parameter was
almost unchanged and only slightly altered when the percent of Al2O3
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increased. The magnetic hysteresis loops were measured using a physical
properties measurement system (PPMS, Quantum Design). The critical
current density was calculated by using the Bean approximation.

3. Results and discussions

The critical current density Jc as a function of magnetic field at the
temperature of T¼ 10 K is shown in Fig. 1 for all samples, including pure
(undoped) and co-doped samples with different doping percentages. As is
illustrated in Fig. 1, co-doping with 2% Al2O3 and 0–5% SiC, improved
the Jc of MgB2 at high magnetic field. Among them, however, the 1 wt%
SiC doping was more effective for enhancement of Jc. The Jc decreased in
higher fields, however, so that, in the magnetic field of 4.2 T, it is equal to
the value for an SiC-doped sample with 3% wt, and for higher than that
field, it is reduced even more. In magnetic fields of more than 1.5 T, the
negative slope of Jc(H) is almost the same for the three samples that were
SiC-doped with 3%, 4% and 5% wt. At magnetic fields smaller than 2 T,
the Jc after co-doping with 2% Al2O3 and both 2 and 5% SiC is smaller
than that of the undoped sample.

The irreversibility field Hirr was obtained by the Kramer method [7]
from the linear intercept of the curve of Jc0.5B0.25 vs. magnetic field B, as
shown in the inset of Fig. 2. The obtained irreversibility fields Hirr are
shown in Fig. 2 for the undoped and all the doped samples.

As can be seen in Fig. 2, the pure (undoped) MgB2 sample has the
lowest irreversibility field, and the co-doping with 2% Al2O3 and 0–5%
SiC enhances the Hirr at all temperatures. At lower temperature, the co-
doping is more effective for the irreversibility field. In addition, results
show that the sample with 2 wt% Al2O3 and 5wt% SiC-doping has the
highest irreversibility field at all temperatures. So, the flux pinning
mechanism for this sample, which show the most improvement in Hirr as
a result of improved flux pinning centers, has been investigated.

To investigate the flux pinning mechanisms, the co-doped sample
with 2 wt% Al and 5wt% was studied by the Dew-Hughes method [8].
According to this model, the flux pinning mechanism in superconducting
materials is defined by the following relation:

fp ¼ Ahpð1� hÞq (1)

Where fp¼ Fp/Fp,max is normalized volume pinning force, Fp ¼ jJc �
μ0Hj, and h is the ratio of the magnetic field to the irreversibility field,H/
Hirr. The fp has its maximum at hmax¼ p/pþ q. Therefore, A is a
normalization coefficient with the value of (hpmaxð1� hmaxÞq)�1, and then:

fp ¼ hpð1� hÞq
hpmaxð1� hmaxÞq (2)



Fig. 2. Irreversibility field vs. reduced temperature for co-doped and undoped
samples. Inset: Kramer method for obtaining Hirr.
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where p and q are parameters which determine the flux pinning mech-
anism. In this model p¼ 1 and q¼ 2 describe normal point pinning
(NPP), p¼ 1/2 and q¼ 2 describe normal surface pinning (NSP), and
p¼ 0 and q¼ 2 describe normal volume pinning (NVP) mechanisms,
which play the main roles in flux pinning in the superconductor
materials.

Fig. 3 shows the results of f-h for the Al2O3 2% and SiC 5% co-doped
MgB2 sample at different temperatures. The three main pinning mecha-
nisms have been added to Fig. 3 as solid curves.

It is obvious from Fig. 3 that the experimental data are located be-
tween the two master curves of the NPP and the NSP mechanisms for
h hmax, while for h> hmax, the data reside between the NSP and the NVP
curves. The contributions have been calculated as:

fP:T ¼ aNPPfNPP þ aNSPfNSP þ aNVPfNVP (3)

where aNPP, aNSP, and aNVP are fitting parameters, which represent the
normal point pinning, the normal surface pinning, and the normal vol-
ume pinning effects, respectively, with

aNPP þ aNSP þ aNVP ¼ 1: (4)

In this case, the best fitting includes the contributions from normal
point pinning aNPP, normal surface pinning aNSP, and normal volume
pinning aNVP.

Fig. 4 shows the contribution of each mechanism separately in
Fig. 3. Normalized pinning force vs. H/Hirr at different temperatures for Al2O3

2% and SiC 5% co-doped sample, with three flux pinning models based on the
Dew-Hughes theory shown by solid curves.
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different magnetic fields and at different temperatures. It is found that
the pinning mechanism contributions depend on the magnetic field. The
normal surface pinning mechanism originates from grain boundaries,
and that is why it is the only mechanism which exists in field regions of
both h< hmax and h> hmax at all temperatures. For h< hmax there is just
the normal point pinning mechanism that contributes with the NSP
mechanism. This mechanism is due to dopants, and therefore, in lower
fields, it could have a main role in flux pinning in the form of good
pinning centers, although the contribution of the NSP mechanism in-
creases with increasing magnetic field, so that near the reduced field of
h¼ hmax, it is the mechanism that plays the main role in the flux pinning
at all temperatures. In a reduced field of h> hmax, the NPP mechanism
does not contribute to the pinning force. In this region, both the normal
volume pinning NVP and the surface pinning mechanism NSP coexist,
and their contributions depend on temperature. The results clearly show
that the surface pinning becomes dominant at all temperatures. The
normal volume pinning is due to impurities. With increasing magnetic
field, more flux vortices penetrate into the sample, and the inter-flux-
vortex spacing, a, becomes shorter compared to the dimensions of the
MgO and Mg2Si impurities, which had acted as normal volume pinning
centers. Microstructure studies of SiCl4-doped MgB2 samples by trans-
mission electron microscopy (TEM) support these results [30,31].

In Fig. 5, the temperature dependence of the pinning mechanisms has
been compared for the two reduced magnetic field of h¼ 0.048 and
h¼ 0.451 that are located in the h< hmax and h> hmax regions, respec-
tively. In the h< hmax region, the contributions of both the NPP mecha-
nism and the NSP mechanism depend strongly on temperature. The NPP
mechanism is the dominant effect at the reduced temperature of T/
Tc< 0.4, but at higher reduced temperature, the NSPmechanism is more
effective. In the h> hmax region, however, both the NSP and the NVP
effects weakly depend on temperature, but the NSP mechanism is the
dominant mechanism over the whole range of reduced temperature
studied here.

In order to further understand, the critical current-density results
shown in Fig. 1, the real pinningmechanismwas studied according to the
collective theory [22]. Based on this theory, there is a crossover field, Bsb,
that marks the transition from single vortex behavior to small vortex
bundle behavior in the magnetic field dependence of the critical current
density. At fields smaller than the Bsb, the critical current density would
not depend on magnetic field and the single vortex-pinning mechanism
governs the vortex lattice, Bsb∝JsvHc2, where Jsv is the critical current
density in the single vortex pinning regime. At fields larger than the
crossover field, there is a new regime which is named the small
bundle-pinning regime, where the critical current density decreases
exponentially with magnetic field as:

JcðBÞ � Jcð0Þexp
h
� ðB=B0Þ3=2

i
(5)

where B0 is a normalization parameter of the order of Bsb, and both B0
and Jc(0) could be inferred by fitting the experimental critical current
data with Eq. (5). The critical current density continues to decrease
exponentially up to another crossover field, Blb, which marks the tran-
sition to the large bundle-pinning regime, for B> Blb, the critical current
density decreases by a power law as JcðBÞ∝B�β.

In the single vortex-pinning regime, Griessen et al. derived [23] the
temperature dependences of the critical current density Jc for both the
δTc and δl pinning mechanisms, which are associated with spatial fluc-
tuations of the transition temperature and the charge-carrier mean--
free-path fluctuations, respectively. They found the following expression
for the temperature dependence of the normalized critical current den-
sity for both the δTc and δl pinning mechanisms:

JcðtÞ
Jcð0Þ∝

�
1� t2

�5=2�
1þ t2

��1=2 (6)

for the δl pinning, and for the δTc pinning, it is described as:



Fig. 4. Contribution of each flux pinning mechanism in different magnetic fields and at different temperatures for Al2O3 2% and SiC 5% co-doped MgB2 sample.

Fig. 5. The temperature dependence of the contribution of each mechanism at certain reduced magnetic fields.
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JcðtÞ
Jcð0Þ∝

�
1� t2

�7=6�
1þ t2

�5=6 (7)
Fig. 6. Temperature dependence of the normalized critical current density at
magnetic fields of 0 T, 0.5 T, 1 T, and 2 T. The solid curves represent the δTc and
δl pinning.
where t¼ T/Tc. The theoretical curves obtained, which are based on the
models of both the δl and the δTc pinning, are shown by the solid curves
in Fig. 6. As shown in Fig. 6, the experimental result at zero magnetic
field resides in between the two theoretical curves of the δl and the δTc
pinning mechanisms. Therefore, the δl and the δTc pinning coexist. The
Tc fluctuation in MgB2 is due to Mg deficiency due to the formation of
MgO and Mg2Si impurity phases [6,25], which are more effective for flux
pinning at the higher magnetic field as can be seen in Fig. 1. Partial
dopant substitution into the lattice, which leads to a broad Tc distribution
in the sample [32]. It is the inter-grain boundaries and the nanoparticle
inclusions inside the MgB2 grains results to induced point pining centers
inside grains as had been reported before for the Si-doped MgB2 by the
TEM studies [33]. The point pining centers enhanced electron scattering,
which is caused the mean free path fluctuations and hence the δl pinning.
The mean free path, l¼ vF τ¼ vF/Γ, [34] was calculated by considering
the scattering rate of Γ ¼ ε0ρ0 (ωpσ

2 þ ωpπ
2 )¼ 1/τ, where the ωpσ¼ 6.23 eV

and ωpπ¼ 3.40 eV are the mean values of the plasma frequencies [35] of
σ and π bands, respectively, ρ0 is the normal state resistivity, and ε0 is the
vacuum permittivity. Using the mean value of the Fermi velocity
vF¼ 5.1� 105 ms�1 [28] and the resistivity at 40 K, the mean free path
decreases from 1.8 nm for pure sample to 0.4 nm for the co-doped sample
of 2%Al2O3 doping and 5% SiC doping, which is in good agreement with
the observed enhancement in Hirr as can be seen in Fig. 2.

For the magnetic field of smaller than 1 T, the temperature depen-
dence of the Jc is found to be in agreement with coexist of both the δl and
the δTc pinning mechanisms. However, the δl pinning mechanism
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contribution is dominant mechanism and it is more important than δTc
mechanism at studied temperatures. As can be seen in Fig. 6, the tem-
perature dependence of the Jc deviates from the δl pinning mechanism
model for magnetic fields higher than 1 T at the reduced temperatures
higher than t¼ 0.4. This indicates that the vortex pinning model may not
be valid in the single vortex region for higher magnetic fields. This is
because there is a small bundle-pinning regime at fields higher than the
crossover field Bsb. In this region, it is necessary to modify the temper-
ature dependence of the normalized critical current density for both the
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δl and the δTc pinning mechanisms in Eqs. (6) and (7), respectively.
In two-band superconductors the vortex patterns depend on the

superconducting length scales (λ and ξ) associated with each band.
Furthermore, disorders play an important role in pinning mechanism in
doped bulk samples and therefore the superconducting length scales
become highly dependent on mean free path, l. Recently, vortex struc-
tures in thin epitaxial films of the MgB2 superconductor was investigated
by scanning Hall probe microscopy (SHPM) [17]. They suggested new
mechanism for spontaneous symmetry breaking in the systems of
superconducting vortices at low fields. It is due to the presence of vortex
repulsions with two different length scales of the two distinct super-
conducting bands. Therefore, it is necessary to modify the temperature
dependence of the normalized critical current density for both the δl and
the δTc pinning mechanisms in Eqs. (6) and (7), respectively, at the
reduced temperatures higher than t¼ 0.4. In order to further under-
standing of the pinning mechanism in this region, these results suggest a
numerical simulations with considering different field dependence of the
gaps and disorders rules in defining vortex dynamics in a bulk multiband
superconductors.

In conclusion, it was found that 2 wt% Al2O3 and 0–5wt% SiC co-
dopants improve the critical current density at high magnetic fields,
which indicates that stronger and more plentiful pinning centers are
produced by these chemical co-dopants. The pinning mechanisms were
studied in terms of the different pinning models, which indicates that a
variety of pinningmechanisms, e.g. normal point pinning, normal surface
pinning, and normal volume pinning mechanisms, coexist in co-doped
MgB2 samples. The results show that the contributions of the pinning
mechanisms depend on the temperature and magnetic field. Studies of
the basic pinning mechanisms in term of the collective pinning model
shows that both δl pinning due to spatial fluctuations of the charge-
carrier mean free path and δTc pinning due to the randomly distributed
spatial variations in the transition temperature coexist at zero magnetic
field in the co-doped samples, although the charge-carrier mean-free-
path fluctuation pinning (δl) is the main important pinning mechanism at
non-zero magnetic fields.
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