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Abstract The effects of the amount of hexylbenzene addi-
tive (C12H18) on the structural, thermal, and magnetic
properties of MgB2 superconductor are examined in this
study. Pure and hexylbenzene-doped MgB2 bulk samples
were produced with in situ solid-state reaction method. X-
ray diffraction patterns of MgB2 doped with MgB2 and
hexylbenzene at different ratios were determined to have
MgB2 as the main phase and consisted of a small amount
of MgO. Pure and different ratios of hexylbenzene-doped
Mg and B starting powders were heat-treated by a differ-
ential scanning calorimeter between room temperature and
800 ◦C. It was determined from the differential scanning
calorimetry curves obtained that the first exothermic peak
pointed the MgB2 phase emerging with a solid–solid (Mg–
B) reaction, and this temperature shifted towards the low
temperatures as the hexylbenzene addition rates increased.
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It was observed that there was dependency to the applied
field in all samples from the ac susceptibility measurements
as a function of the temperature in pure and hexylbenzene-
doped MgB2 superconductor materials, and shift towards
the lower temperatures in Tc, superconducting transition
temperature, with increasing content. It was observed that
the changes occurred in in-phase (χ ′) and out-off-phase
(χ ′′) components of ac susceptibility both weakened the
MgB2 phase structure of hexylbenzene content and, as a
result of this, led to changes in the pinning mechanism.
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1 Introduction

When a MgB2 superconductor is compared with Nb–Ti and
Nb3Sn, it is a promising material for power and medical
applications because of its high critical temperature [1]. The
cost of MgB2 raw materials is lower than that of presently
used Nb–Ti and Nb3Sn conductors. Consequently, it has
been believed that the MgB2 superconductor has poten-
tial for industrial applications, in particular in the field of
medical technology, where superconducting MRI magnets
are used. However, the critical current density (Jc) of pure
MgB2 significantly decreases with an increasing external
magnetic field due to its poor flux pinning properties.

A significant improvement of the electromagnetic prop-
erties in MgB2 can be achieved through doping of carbon-
containing compounds, such as SiC [2–4], C [5, 6], carbon
nanotubes [7], aromatic hydrocarbons [8, 9], and carbo-
hydrates [10–12]. However, liquid additives are believed
to be more effective due to the agglomeration problem of
the most of the carbon compounds which are solid ones.
For this reason, hexylbenzene (C12H18) which is a type of
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Fig. 1 X-ray diffraction patterns of pure and C12H18 added in MgB2

liquid has been used as a carbon source in this work and
its effects on structural, thermal, and magnetic properties of
the hexylbenzene-doped MgB2 superconductor have been
investigated.

Table 1 The lattice parameters of all the samples

C12H18 (mol%) a-axis lattice c-axis lattice

parameter (Å) parameter (Å)

0 3.08297 3.52624

1 3.07886 3.52180

2 3.08326 3.52598

3 3.07899 3.52359

4 3.07977 3.52365

5 3.06360 3.50921

6 3.08163 3.52474

2 Experimental Details

Polycrystalline MgB2 bulk samples doped with different
levels of hexylbenzene (C12H18) were prepared through a
reaction in situ process. Mg powders (Alfa Aesar), amor-
phous boron (B) powders (Sigma-Aldrich), and hexylben-
zene (Sigma-Aldrich) have been used as starting materials
for this work. The amount of hexylbenzene added was
between 1 and 6 mol %. The starting powders were mixed
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Fig. 2 a–g SEM images for the un-doped and doped samples
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Fig. 3 DSC curves of the un-doped and hexylbenzene-doped MgB2 samples
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Fig. 4 AC susceptibility
measurements for the pure
MgB2 samples

Fig. 5 AC susceptibility
measurements for the 1 mol %
C12H18-doped MgB2 samples
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Fig. 6 AC susceptibility
measurements for the 2 mol %
C12H18-doped MgB2 samples

Fig. 7 AC susceptibility
measurements for the 3 mol %
C12H18-doped MgB2 samples
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Fig. 8 AC susceptibility
measurements for the 4 mol %
C12H18-doped MgB2 samples

Fig. 9 AC susceptibility
measurements for the 5 mol %
C12H18-doped MgB2 samples
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Fig. 10 AC susceptibility
measurements for the 6 mol %
C12H18-doped MgB2 samples

for 5 h with a rotating speed of 150 rpm in the ball mill
using a stainless steel ball and jar. The powder-to-ball
weight ratio was selected to be 1:10. Then, milled pow-
der was pressed into the pellet form. All samples were
subjected to heat treatment for 1 h at 850 ◦C under Ar
atmosphere in a stainless steel tube. The heating rate was
5 ◦C/min. The thermal characterization of the non-sintered
powder samples was studied by thermal analysis techniques
including thermogravimetry (TG) and differential scanning
calorimetry (DSC) simultaneously. The DSC measurements
were carried under the flow of high purity argon gas (200
ml/min) with a heating rate of 5 ◦C/min between the room
temperature and 800 ◦C. In order to examine the mor-
phology of all samples, the scanning electron microscope
was used. X-ray diffraction measurements were carried
out to determine the phase composition and the structural
parameters by using the Rietveld refinement. The criti-
cal temperature (Tc) of all the samples was determined
by the ac susceptibility measurements. Magnetic measure-
ments were carried out at 5, 20, and 30 K by using a
Quantum Design Physical Properties Measurement System
(PPMS) in a time-varying magnetic field with a sweep rate
50 Oe/s and an amplitude of 8 T for pure, 1 mol %, and 6
mol % hexylbenzene-doped MgB2 samples. The magnetic

Jc of these samples was derived from the width of the
magnetization loop by using Bean’s model.

3 Results and Discussion

Figure 1 shows the XRD patterns of all the samples fab-
ricated at different addition levels of C12H18. It can be
observed that both the pure and the hexylbenzene-doped
MgB2 samples contain a well-developed MgB2 phase with
a small amount of MgO.

Table 2 The critical temperature (Tc) of the un-doped and C12H18-
doped MgB2 samples

C12H18 (mol %) Tc (K)

0 37.89

1 37.67

2 36.05

3 35.05

4 34.99

5 37.44

6 36.94
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The lattice parameters of all the samples calculated from
the XRD data are shown in Table 1. It can be seen that
the a-axis lattice parameter decreases for the pure and the
hexylbenzene-doped samples. The c-axis lattice parameter
is almost constant for both the un-doped and doped sam-
ples. The shrinkage of a-axis lattice parameter indicates
the formation of defects caused by both carbon substitu-
tion into the boron sites and lattice strain in the crystal
[13, 14].

Scanning electron microscopy (SEM) images for un-
doped MgB2 (a), MgB2+ 1 mol % C12H18 (b), MgB2+ 2
mol % C12H18 (c), MgB2+ 3 mol % C12H18 (d), MgB2+
4 mol % C12H18 (e), MgB2+ 5 mol% C12H18 (f), and
MgB2 + 6 mol% C12H18 (g) are shown in Fig. 2.

When the SEM images were analyzed, it was observed
that all samples have a granular structure and are homo-
geneous. On the other hand, we have seen that all of the
samples have a porous structure from the SEM images. The

particle sizes of the samples were estimated to be below
1 μm.

The heat flow versus temperature curves are given
in Fig. 3. When these curves are analyzed, there exist
one endothermic peak and two exothermic peaks. The
first exothermic peak can indicate the solid–solid reaction
between Mg and B to form a MgB2 phase. The endothermic
peak is associated with the melting of the magnesium. The
endothermic peak exists with a peak temperature between
647 and 651 ◦C. The second exothermic peak is due to
the liquid–solid reaction between the liquid magnesium and
the solid B as the magnesium is in liquid state at these
temperatures.

When the measurements are examined, it is seen that the
solid–solid reaction temperatures shifted to relatively low
temperatures with hexylbenzene addition.

In Figs. 4, 5, 6, 7, 8, 9, and 10, we present the fundamen-
tal ac susceptibility measurements of pure and doped MgB2

Fig. 11 Jc(B) plots for the un-doped and doped samples at a 5 K, b 20 K, and c 30 K. The insets show the magnetization loops
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samples for ac fields of 160, 320, 640, and 1280 A/m with
a frequency of 125 Hz.

The onset of the transition temperature was obtained
to be Tc,onset = 37.8 K for the pure sample. The Tc

was depressed with increasing the additive level from 1 to
6 mol % (Table 2). In general, it is proposed that a possible
substitution of C for B results in a depression of the criti-
cal temperature (Tc). However, the curves for in-phase (χ ′)
and out-of-phase (χ ′′) versus temperature display a two-step
process for the 6 mol % hexylbenzene-doped MgB2 sample.
In the first sharp drop, the particles in the superconductor
are primarily regarded as a sign of starting to be supercon-
ducting. Another sharp drop which curving is relatively less
sharp can be regarded as an indication that superconducting
currents start to flow from particle to particle.

Figure 11a–c shows the magnetic field dependence of Jc

for the un-doped, 1 mol %, and 6 mol % hexylbenzene-
added MgB2 samples together with the M–H loops in the
insets at 5, 20, and 30 K. The critical current densities
(Jc) are calculated from magnetization (M) loops by using
Bean’s critical state model [15].

As the doping level increased, the self-field Jc decreased
systematically. This behavior can be explained by the
degradation of superconducting volume in the samples.
Moreover, MgO which could be formed during the sintering
of the samples could also affect the Jc values. However, the
Jc for the 1 mol % hexylbenzene-doped sample is seen to
improve in high magnetic field compared with the un-doped
MgB2 sample at 5 K.

The Jc values of the un-doped and the hexylbenzene-
doped MgB2 samples at 5, 20, and 30 K are given in Table 3.

It is well known that a flux jumping phenomenon has
been a severe problem for the application of superconduc-
tors [16]. A thermal impulse occurs during the measurement
and causes the decreasing of critical current density and
allows a flux to penetrate as an avalanche process. In
our samples, a complete flux jumping phenomenon was

Table 3 The Jc values of the un-doped and hexylbenzene-doped
MgB2 samples at 5, 20, and 30 K

C12H18 (mol%) Temperature (K) B (T) Jc (A/cm2)

0 5 7 1.4 ×102

1 5 7 4.2 ×102

6 5 7 2.6 ×102

0 20 0 1.2 ×105

1 20 0 1.18 ×105

6 20 0 3 ×104

0 30 0 4.7 ×104

1 30 0 3 ×104

6 30 0 8.5 ×103

observed at the temperature of 5 K. The reason of flux jump-
ing was given by Ref. [16]; since the magnetic diffusion
rate becomes faster than thermal diffusion rate at low tem-
perature, the magnetic flux abruptly moves to cause flux
jumps.

4 Conclusion

In the present study, we have systematically investigated the
effects of C12H18 doping on the MgB2 phase formation,
lattice parameters, thermal properties, critical temperature
(Tc), and critical current density (Jc). All of the samples
were produced with an in situ solid-state reaction method.
The decreases in the a-axis length and Tc due to the carbon
substitution were observed in the C12H18-doped samples.
From the SEM images it was observed that all samples
have a granular structure and are homogeneous. The Tc

was depressed with increasing the additive level from 1 to
6 mol % from the ac susceptibility measurements. Com-
pared to pure MgB2 with 1 mol % C12H18-doped sample
improve the Jc value in the high field region that was found
to decrease whereas the Tc value. The 6 mol % C12H18-
doped sample had a lower Jc compared to pure sample was
observed.
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