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The field dependence of the resistivity and the critical current density, Jc(B), of MgB2 doped with 10 wt%
wet and dry succinic acid have been investigated by magnetic measurements. The dry succinic acid
significantly enhanced the upper critical field, the irreversibility field, and the Jc(B) compared to the wet
succinic acid doped MgB2 and the pure MgB2. The field dependence of Jc(B) was analyzed within the

single vortex to the small vortex bundle pinning regime shows that flux pinning arising from variation in
the critical temperature, δTc, is the dominant mechanism for the wet sample over the whole studied
temperature range, while there is a competition between δTc pinning and the pinning from variation in
the mean free path, δl, for the dry sample.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

MgB2 superconductor has been regarded as a promising super-
conductor for industrial applications due to its large coherence
length (ξ), simple crystal structure, low material cost, and high
critical current density (Jc) compared to other superconductors
[1,2]. Despite these advantages the critical current density of MgB2

decreases rapidly in high magnetic field because of its poor flux
pinning. Therefore, research approaches have been directed
towards either improving Jc by improving grain connectivity, or
improving in-field performance by different methods.

The current-density decay behavior is governed by the pinning
mechanism. The two main types of pinning centers in this alloy
are intergrain boundaries and point defect centers [3,4]. Vortices
and pinning centers mostly interact with each other through the
magnetic interaction and the core interaction. The former inter-
action is based on the proximity effect, i.e., contact between
superconductor and non-superconductor surfaces, and the latter
is due to the variation in the superconducting order parameter.

An effective method to improve the Jc is to introduce flux
pinning centers into MgB2 by means of chemical dopants. Many
elements and compounds have been used as dopants [5–11].
Results have shown that carbon and its derivatives are the best
doping agents in MgB2 due to substitution of carbon for boron. The
ll rights reserved.
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purity and size of the B powder may play an important role in
determining the properties of the MgB2 [12]. To improve these
properties, the ball-milling method is interesting, as it allows size
control of the starting material because C and its derivatives with
small dimensions can easily be reacted with B for MgB2 super-
conductor formation. It was also found [13] that substitution of the
roughly 10 wt% carbon derived media showed the highest level of
C-substitution, x in the formula Mg (B1−x Cx)2, and then it seemed
to be saturated when doping level increased. This means that
10 wt% is enough for C-substitution, in spite of the gradually
increased amount. There has been no study as yet on the effects
of dry and wet carbon derived media on the superconductivity
properties of doped MgB2, however.

Non-superconductor particles give rise to two important core
mechanisms: δTc pinning and δl pinning. The δTc pinning results
from the random distribution of spatial variations in the transition
temperature, and the δl pinning arises from charge-carrier mean
free path variations [14,15].

We have studied the effects of dry and wet carbon derived
media, such as succinic acid (C4H6O4), on the superconducting
properties of MgB2. It was found that a significant flux-pinning
enhancement in MgB2 can be easily achieved by doping with
succinic acid (C4H6O4). Our results showed that the C released
from the decomposition of the C4H6O4 is substituted into B sites.
The inclusion of the succinic acid leads to a reduction in the lattice
parameters, as well as in Tc and the residual resistance ratio (RRR:
R(300 K)/R(40 K)), resulting in a significant enhancement of Jc(H),
the irreversibility field, Hirr, and the upper critical field, Hc2.
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Fig. 2. Electrical resistivity ρ vs. temperature T for the undoped MgB2, and the
10 wt% dry and wet C4H6O4 doped samples sintered at 900 1C. Inset: connectivity
factor AF for all samples.
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2. Experiment

Two samples of doped MgB2 with 10 wt% succinic acid were
synthesized by the in-situ method. In the first sample, the boron
and succinic acid were mixed together and were sintered at 210 1C.
Then, the resultant powder was mixed with magnesium and was
fired at 900 1C for 30 min (dry sample). In the second sample,
toluene was also added to the boron and succinic acid in the first
step to achieve greater homogeneity of the sample (wet sample).
The details of the sample preparation are given in Ref. [9]. The
X-ray diffraction (XRD) patterns of the compound were collected
by using Cu Kα radiation.

Magnetic and transport measurements were performed using a
physical properties measurement system (PPMS; Quantum Design).
The critical current density was calculated by using the Bean
approximation, Jc¼20ΔM/Va(1−a/3b), where a and b are the width
and the length of the sample perpendicular to the applied field,
respectively, with a≤b, V is the sample volume, and ΔM is the height
of the M–H hysteresis loop, which were measured over the
temperature range of 20–34 K for both samples.
3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns for the doped
and undoped samples. Although the XRD results revealed that all
samples were crystallized in the MgB2 structure as the major
phase, a few impurity lines of MgO were observed. A minor
amount of MgO is present in all the samples. The (100) peak is
slightly shifted towards higher angles, indicating a decrease in the
a lattice parameter. The (002) peak reflects the c lattice parameter.
The position of this peak does not change noticeably, and conse-
quently, c does not change.

The lattice parameters were calculated from the XRD patterns.
For the pure sample, a and c were 3.085 and 3.526 Å, while a was
3.058 Å and 3.071 Å for the wet and the dry samples, respectively,
and c was 3.517 Å for both samples. The decrease in lattice
parameter a is quite pronounced, while the c-parameter is con-
stant. The change in this lattice parameter confirms the partial
replacement of boron by carbon. The level of C substitution, x in
the formula Mg(B1−xCx)2, can be estimated as x¼7.5�Δ(c/a),
where Δ(c/a) is the change in c/a compared to a pure sample
[16]. It was found that the x value was 0.065 and 0.029 for the wet
and the dry samples, respectively, suggesting that C substitution
on B sites for the wet sample was larger than for the dry sample.
These observations were further explained by the Tc values, to be
discussed later.
10 20 30 40 50 60 70

Fig. 1. XRD patterns of undoped and succinic acid-doped MgB2.
Fig. 2 shows the resistivity versus temperature curves (ρ–T)
over the temperature range from 30 to 300 K. The resistivity at
40 K increased from 34.9 μΩ cm for the pure MgB2 to 88.5 and
92.5 μΩ cm for the dry and wet doped MgB2, respectively. The Tc
values and residual resistivity ratios, R(300 K)/R(40 K) (RRR), were
obtained to be 37.83 K, 36.59 K, and 37.23 K; and 2.12, 1.77, and
1.63, for the pure sample and for the wet and dry C4H6O4–MgB2
samples, respectively. Therefore, the large variation in the residual
resistivity and the reduced RRR values indicate that the intraband
scattering rates are enhanced in the samples with the addition of
C4H6O4. The obtained Tc results show that the Tc was decreased by
the succinic acid doping, in agreement with the decreasing a
lattice parameter, suggesting different C level substitution on the B
sites. These results are in agreement with the correlation between
the C substitution level and both Tc and a, as demonstrated by
Kazakov et al. [17]. They found that the superconducting transition
temperature and the a lattice parameter decreased monotonically
with increasing carbon content in Mg(B1−xCx)2 single crystals with
0≤x≤0.10, with a faster decrease for x40.10.

The connectivity factor, AF, from the relation AF¼Δρsc/Δρ,
where Δρsc is the single crystal resistivity and Δρ¼ρ(300 K)−ρ
(40 K), from our experimentally measured resistivity, was also
evaluated by Rowell analysis [18]. We observed that the AF values
of the both the dry and the wet C4H6O4 doped samples were larger
than that of the undoped MgB2 reference sample. As can be seen in
inset of Fig. 2, the AF values are 0.09, 0.14, and 0.16 in the undoped
MgB2, and the dry and wet C4H6O4–doped MgB2, respectively. The
high AF of the wet sample is due to the use of toluene, which
improves the homogeneity and the connectivity of the sample. The
dry C4H6O4 doped MgB2 sample has small connectivity and what
appear to be inhomogeneous grains, but the AF values of all
samples are still lower than the ideal value of 1. This indicates
that there are some obstacles to current, such as voids or MgO
impurities, for all the samples.

The Hc2 and Hirr were determined from the 90% or 10% drop,
respectively, at the transition in the normal-state resistivity values
in the R–T curves. The Hc2 and Hirr results as a function of
normalized temperature T/Tc are shown in Figs. 3 and 4. The R–T
curves are shown in the insets of Figs. 3 and 4 for the 10 wt% dry
and wet C4H6O4 doped MgB2, respectively. The Hc2 and Hirr values
of the undoped sample are also included in Figs. 3 and 4 for
comparison. The upper critical field value at 25 K for the undoped
sample was about 7 T, while the values for the wet and the dry
samples at the same temperature were 7.3 T and 8.7 T, respec-
tively. The above results reveal that although the wet C4H6O4

doped MgB2 shows improved Hc2 and Hirr values compared to the
undoped sample, the dry C4H6O4 doped MgB2 shows the most



0.5 0.6 0.7 0.8 0.9 1.0
0

2

4

6

8

10

H
c2

(T
)

T/Tc

000

Fig. 3. Hc2 versus reduced temperature for the undoped MgB2, and the 10 wt% dry
and wet succinic acid doped samples. Inset: ρ(T) curves for the dry sample.
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Fig. 4. Hirr versus reduced temperature for the undoped MgB2, and the 10 wt% dry
and wet succinic acid doped samples. Inset: ρ(T) curves for the wet sample.
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Fig. 5. Magnetic field dependence of the critical current density Jc for the wet and
dry 10 wt% succinic acid doped MgB2. The solid star symbols show the Jc of the pure
MgB2 sample at 20 K.
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significant enhancement. The dry C4H6O4 doped MgB2 shows a
further reduction in the residual resistance ratio (RRR) compared
with that for the wet C4H6O4 doped MgB2 sample, resulting in
further enhanced Hc2 and Hirr values due to reduced scattering
length (the mean free path, l). In addition, the inclusion of the
C4H6O4 in the doped MgB2 results in two effects. The first is the
partial substitution for B by C released from the C4H6O4, which
may induce disorder on the lattice sites and result in the
enhancement of the Hirr and Hc2. The second effect is that the
nonreactive C can introduce point defects and affect the grain
boundaries without any substitution effect. Both effects reduce the
mean free path, l, which can lead to enhancement of the Hirr and
Hc2. The latter effect may be responsible for the significantly
enhanced Hirr and Hc2 for the dry C4H6O4 doped MgB2 compared
to the wet sample.

Magnetic hysteresis loops were collected in the temperature
range of 5, and 20–32.5 K for both the wet and the dry 10 wt%
succinic acid doped MgB2 samples. The critical current density was
calculated by using the Bean critical model. Fig. 5 shows the
magnetic field dependence of the Jc for both doped MgB2 samples
at different temperatures. For comparison purposes, the data from
the pure MgB2 sample at 5 and 20 K are also included in the figure.
The Jc at 5 and 20 K for both the dry and the wet C4H6O4–MgB2

samples at high fields is higher than for the pure MgB2 sample,
which was made under the same conditions as the C4H6O4-MgB2.
As can be seen from Fig. 5, the Jc is very much enhanced in high
magnetic fields for both the dry and the wet C4H6O4–MgB2
samples, and it is more than 10 times higher than for the undoped
MgB2 at T¼5 K and B¼8 T. Therefore, the C4H6O4 doped MgB2
exhibits significantly improved pinning in high fields over a wide
temperature range compared with the undoped MgB2 sample. At
T¼5 and 20 K and in lower magnetic fields, however, the Jc of the
C4H6O4 doped samples is lower than that of the undoped sample.
The O in the C4H6O4 doping can easily react with Mg to form MgO,
which 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 C4H6O4 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.

The Jc of the wet sample is larger than that of the dry sample at
high temperature over the entire range of magnetic field. At
temperatures lower than 25 K at higher magnetic field, the dry
sample exhibits significantly better Jc. This is because at low
magnetic field, the effective area is the dominant factor for the
Jc, and as can be seen in the inset of Fig. 2, the wet sample has a
larger AF than the dry sample. As mentioned above, the dry C4H6O4

doped MgB2 sample has small connectivity and what appear to be
inhomogeneous grains. The connectivity of the wet sample was
improved, however, and the grain morphology was more refined
and more homogeneous. This indicates that there is degradation of
the crystallinity of the dry sample due to the nonreactive C in
between grain boundaries, resulting in the introduction of point
defects. Flux pinning by point defects is the dominant factor for Jc
at high magnetic field, however. Therefore, more pinning centers
were introduced by the dry C4H6O4 doped MgB2 sample than the
wet sample, which resulted in better Jc(B) performance at high
magnetic fields and lower temperatures.

To study the pinning properties of succinic acid doped MgB2,
the volume pinning force Fp ¼ Jc � B was calculated for both
samples. The magnetic field dependence of the normalized pin-
ning force (f¼Fp/Fp,max), where Fp,max is the maximum values of Fp,
is shown in the inset of Fig. 6. As can be seen, the width and the
maximum position of the f(B) curves depend on temperature.
A broader curve indicates higher pinning strength. The scaling
behavior for the normalized volume pinning force fp¼F/Fp,peak,
was examined for b¼B/Bpeak, where Bpeak is the magnetic field at
the maximum of Fp. The results are shown in Fig. 6. The fp(b) curve
does not exhibit scaling behavior at higher temperatures. Other-
wise, scaling was achieved by fitting with δTc pinning, f¼(9/4)
b(1−b2), and correlated pinning, f¼(25/16)b1/2(1−b/5)2, which was
inferred by Higuchi et al. [19]. The fitting results are shown by the
solid and dashed curves in Fig. 6(a) and (b). In lower fields, the
experimental data are in good agreement with the δTc pinning
mechanism for both wet and dry samples. At normalized magnetic
fields larger than bmax and at the temperature of 32.5 K, flux
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pinning is dominated by correlated pinning for the dry sample,
while at To32.5 K, the experimental data does not fit either of
these models. For the wet sample, the experimental data are
located between the theoretical curves for correlated pinning and
δTc pinning. Therefore, we cannot obtain any dominant pinning
mechanism.

According to the collective theory [20], Jc is field independent at
magnetic fields lower than the crossover field, Bsb, which marks
the transition from the single vortex to the small bundle pinning
regime. Below this regime, single vortex pinning governs the
vortex lattice:

Bsb∝JsvBc2; ð1Þ
where Jsv is the critical current density in the single vortex pinning
regime. At higher fields, B4Bsb, Jc(B) decreases quickly, and it
follows an exponential law:

JcðBÞ≈Jcð0Þexp½−ðB=B0Þ3=2�; ð2Þ
where B0 is a normalization parameter on the order of Bsb. At
higher magnetic fields, a power dependence in the form of Jc∝B

−β

acts from Bsb up to another crossover field, Blb (to the large bundle
pinning regime).

For clarification, −log[Jc(B)/Jc(B¼0)] as a function of B is shown
in a double logarithmic plot in the inset of Fig. 7 for the dry sample
at 25 K. It shows clearly that Eq. (2) well describes the experi-
mental data for intermediate fields, while deviations from the
fitting curves can be observed at both low and high fields. The
deviation at fields smaller than Bsb is associated with crossover
from the single-vortex-pinning regime to the small-bundle-pinning
regime. The high-field deviation that is very close to the irreversi-
bility line could be related to large thermal fluctuations. The cross-
over field to this deviation is denoted as Bth. Large-bundle pinning
does not fit our data. The obtained crossover field Bsb is shown in
Fig. 7 as a function of temperature for both dry and wet samples. The
Bsb displays different trends for the two samples, which indicates
different vortex pinning mechanisms.

Two main reasons for the Tc fluctuation are the partial sub-
stitution of C for B and Mg deficiency, which lead to a broad Tc
distribution in the sample [21], while the grain boundaries and
inclusions cause mean free path fluctuation and hence the δl
pinning. Griessen et al. [22] determined the δTc pinning and the δl
pinning mechanisms by considering the different temperature
dependences of the critical current density, Jsv, in the single vortex
pinning regime. For δTc pinning, Jsv∝ð1−t2Þ7=6ð1þ t2Þ5=6 with t¼
T/Tc, while for the case of δl pinning,. Jsv∝ð1−t2Þ5=2ð1þ t2Þ−ð1=2Þ. In
the single-vortex-pinning region the following Bsb temperature
dependence can be obtained [14]:

Bsb ¼ Bsbð0Þ
1−t2

1þ t2

� �ν

; ð3Þ

where the parameter ν¼0.67 and 2 for δTc and δl pinning,
respectively.

The curves of Bsb(T) for δTc and δl pinning were fitted to the
data, as shown in the upper inset of Fig. 7. As is clear from Fig. 5,
there is no agreement between our experimental data and Eq. (3)
with ν¼2 and 0.67, and that strongly suggests that the δTc and the
δl pinning mechanisms coexist in our samples.

To investigate the real pinning mechanism of the doped MgB2
samples, the Bsb data was analyzed within the following expres-
sion:

Bsb ¼ P1B
Tc
sb þ P2B

l
sb; ð4Þ

where BTc
sb and Bl

sb are the expressions for δTc and δl pinning,
respectively. P1 and P2 are fitting parameters. The Bsb data obtained
from Jc(B) was well described by Eq. (4), as shown by the solid
curves in Fig. 7. In order to compare the effects of the δTc and the
δl pinning mechanisms, the P parameter was defined as PTc ¼
P1B

Tc
sb=Bsb or Pl ¼ P2B

l
sb=Bsb, which represent δTc or δl pinning

effects, respectively. The results of both pinning effect contribu-
tions are shown in Fig. 8. The trends in both δTc pinning and δl
pinning are stable for both dry and wet 10 wt% succinic acid doped
MgB2 samples, while the actual values of the pinning contribution
are dependent on the samples. This is because the partial C
substitution on the B sites and inclusions in between grain
boundaries are different for the dry and wet C4H6O4 doped MgB2
samples. As can be seen in Fig. 8, the δTc pinning is the dominant
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mechanism for the wet sample over the whole studied tempera-
ture range. For the dry sample, there is a competition between δTc
pinning and δl pinning. δl pinning is the dominant mechanism at
low temperature, but with increasing temperature, δl pinning
decreases, and δTc pinning increases. The reduced temperature
teq where both pinning mechanisms have equal effects is 0.7 for
the dry sample. These results suggest that the competition
between the δTc and the δl pinning mechanisms is stronger for
the dry 10 wt% succinic acid doped MgB2 sample.

Using the obtained Bc2 and Birr from the resistance measure-
ments and the derived crossover fields Bsb and Bth from the critical
current results, the reconstructed B–T phase diagram is shown in
Fig. 9. 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. The three distinguishable regimes
are: (1) single vortex pinning, which governs the region below Bsb;
(2) small bundle pinning, which holds between Bsb and Bth; and
(3) the region between Bth and Birr, where thermal fluctuations are
important.

In conclusion, we observed enhancements in the upper critical
field, the irreversibility field, and the critical current density of the
succinic acid doped MgB2. These results provide strong evidence
that the dry succinic acid produced very strong pinning centers,
which enhanced Jc(B) at high magnetic fields and low tempera-
tures. On comparing with the collective pinning theory, the
observed temperature dependence of the crossover field, Bsb(T),
from the single vortex to the small vortex bundle pinning regime
shows that δTc pinning is the dominant mechanism for the wet
sample over the whole studied temperature range, while there is a
competition between δTc pinning and δl pinning for the dry
sample. The field-temperature diagram has been drawn, which
separates the single vortex pinning, small bundle pinning, and
large thermal fluctuation regions.
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