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In the present study, we have shown the effects of ferrocene
(FeCyoH;0) addition on the superconducting properties of
polycrystalline MgB, superconductor using transport and
magnetic measurements. The addition of FeC,oH;y up to
2 wt% in the MgB, sample has shown enhanced critical current
density, Jc in the entire magnetic field region without affecting
much the transition temperature. At 10K, with respect to a
pristine MgB, sample, J- has improved by a factor of 6.55 at
6T applied field for 1 wt% FeC;oH;o. An improvement in the
upper critical field, Hc, and irreversibility field, H;, has also

1 Introduction The discovery of the MgB, supercon-
ductor in 2001 by the group of Akimitsu [1] has generated a
lot of interest in this material. As compared to the high
temperature cuprate superconductors and the low tempera-
ture superconductors, MgB, has a number of interesting and
promising properties, which provide an opportunity to use
this material in various technological applications. MgB,
presents a significantly high superconducting critical
temperature, 7c=39K than the low temperature super-
conductors. Although its 7 is much lower than the cuprates,
the absence of weak link effects at the grain boundaries [2, 3]
allows for a rather large dissipationless flow of critical current
density, Jc, which is technologically very important.
Furthermore, the two band-gap superconductivity in MgB,
gives an opportunity to increase the upper critical field, Hc,,
another important thermodynamic quantity for technological
application, through doping of elements at the Mg and
B-sites. Samples have been grown with compositions
Mg, . Y,B, (Y=AI Be, Li, and transition metal) [4-10]
and Mg(B_,Z,),, (Z=C) [11] to study the effect of doping
at Mg and B sites, respectively, on the structural, electronic,
and the superconducting properties of MgB,. So far, the

been observed up to 2 wt% addition of FeCyH,o. The value of
Hc,(0) as obtained using the Ginzburg-Landau (GL) — theory
fit of the experimental data increases by almost 2T for 2 wt%
FeC,oH;o-added MgB, as compared to the pristine samples.
From X-ray photoemission spectroscopy (XPS), we observed
that the Fe is present in sample in the form of ferromagnetic
oxides, Fe;0,4 and y-Fe,O5. These ferromagnetic inclusions
provide efficient pinning centers to improve J-(H) behavior.
The flux pinning mechanisms present in the FeC;oH;q-added
samples are described and discussed in this paper.

doping with carbon-containing compounds is found to be
much more successful and effective in improving Hc, and Jc.
The carbon substitution for B enhances the intra-band
scattering rate in the o-band without affecting much the inter-
band scattering leading to an enhancement of Hc, [12, 13]. In
addition, C doping improves the pinning strength by creating
lattice distortion [14]. Among the various carbon sources,
SiC nanoparticles [15, 16], carbon-nanotubes (CNT) [17],
B,4C [18], graphene [19, 20], and carbohydrates [21, 22] have
been very effective in improving Hc, and Jc(H). However,
carbon doping introduces an extra electron in the conduction
band of MgB,, which reduces the hole density-of-states and
leads to a reduction of the critical temperature, 7¢ [23]. In
addition to carbon, addition of rare-earth oxides [24, 25] and
dispersed magnetic nanoparticles [26] into MgB, have
shown improvements in Jc(H) and the irreversibility field,
H;,. Magnetic element substitution has always been
considered to suppress superconductivity because it hinders
Cooper pair formation, but it has been found that the effect of
magnetic element substitution is the same as that of a non-
magnetic element in case of a multi-band gap superconduc-
tor [27]. In MgB,, however, the magnetic element doping is
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observed to deteriorate the superconducting properties. The
addition of various transition metal elements such as Cu, Co,
Mn, and Fe has been used to study the effect of magnetism
on the superconducting properties of MgB, [6, 9, 28-30].
Among the magnetic elements, Fe is found to behave as
non-magnetic after substitution in MgB, system as only
a meager change in T¢ occurs with Fe substitution[30].
The effect of Fe doping in MgB, is of particular interest as
it is widely used as the sheath material in fabricating wires.
Fe has been used in the form of Fe-nanoparticles [26],
Fe;04-nanoparticles [31], and carbon-containing com-
pounds of Fe [32] to study the pinning effect of Fe on
superconductivity in MgB,. Among these dopants, Fe;0,
has shown improvements in Jc, Hc,, and H;,, of MgB, at
high temperatures. Recently, doping of Fe in the form of
carbon-encapsulated Fe nanoparticles has improved Hc,
and Jc in the entire field region [33].

In the present work, we have used ferrocene (FeC,oH,¢)
as a source of both carbon and iron to study the combined
effect of adding Fe and C into the MgB, matrix on its
superconducting properties. FeCoH,( is composed of Fe-
metal attached to two aromatic hydrocarbon rings of CsHs.
At temperatures higher than 500 °C, FeC,oH;, decomposes
completely to Fe+H,+CH;+CsHg+ ... as well as
reactive hydrocarbons [34]. The polycrystalline samples
have been prepared with compositions MgB, + x wt%
FeCoHyp (x=0, 1, 2, 3, and 5). X-ray diffraction results
show a small decrease in the lattice parameters a and ¢, possibly
due to a small C substitution at the B-site. An interesting result
of FeCoH ¢ addition is that T remains almost unchanged up
to 5wt% addition of FeC,oH,,. However, as compared to
pristine MgB,, we have observed a significant improvement
in Jc in the entire magnetic field range (0-7 T) at 10 and 20K
in the FeC,oH;(-added samples. The maximum improvement
in Jo(H) is observed for 1wt% addition of FeC;oH;o. For
this sample at 10 K, the value of Jc improves by a factor of
6.55 at 6T applied field. Furthermore, an enhancement
by about 2T is observed for Hc,(0) as obtained with a
GL-theory fit for the 2 wt% FeC,oH;-added MgB, sample.

2 Experimental A series of FeCoH;y-added samples
with compositions MgB; 4+ x wt% FeC,oH,o (x=0, 1, 2, 3,
and 5) was prepared using a solid-state reaction route.
Appropriate amounts of Mg (Sigma—Aldrich, 99.9% pure)
and B (Sigma—Aldrich, amorphous, 99%) were mixed with
xwt% (x=0, 1, 2, 3, and 5) of FeCoH o (HiMedia, 98%) in
an agate mortar. In order to account for the Mg loss, we have
added 5 wt% extra Mg to all the compositions. The mixing
was done thoroughly for about an hour and the powder was
pressed into rectangular pellets. The pellets were placed in a
soft iron tube and then sintered at 850 °C in a reducing
atmosphere of Ar/H, (9/1) for 3h followed by furnace
cooling to room temperature. The crystalline structure of the
samples was studied using X-ray diffractometry with Cu Ko
radiation (1.5406 10\) over an angular (260) range between 10°
and 80°. The microstructure of the samples was studied
using a field emission scanning electron microscope

(FE-SEM) (FEI-QUANTA 200 FEG). The core level
X-ray photoemission spectra (XPS) were recorded using
VSW make spectrometer (Al Ka radiation) at UGC-DAE-
CSR, Indore, India. The spectral resolution was ~1eV. The
sample surfaces were cleaned before recording the spectra.
The resistivity measurement in different magnetic fields (0—
8 T) was carried out using a Physical Property Measurement
System (PPMS) (Quantum Design-6000) at the University of
Fribourg. The irreversibility fields (H;,) and upper critical
field (Hc, (7)) were deduced using the criteria 10 and 90%
of normal state resistivity for different applied fields,
respectively. The DC magnetic measurements were carried
out using Superconducting Quantum Interference Device
(SQUID) magnetometer (Quantum Design MPMS XL).
Transition temperature 7 was defined as the onset of the
transition, and the magnetic Jc was estimated from the width
of the magnetization loop AM at different field in the M—H
loop, measured at temperatures 10 and 20K, using the
Bean’s critical state model [35], Joc = 20AM/[Va(1 — a/3b)],
where AM = M(+ive) — M(—ive) in the positive applied
field region of M—H loop, V is the volume, a and b are
the length and width of the rectangular samples used for
magnetization measurements.

3 Results and discussion Figure 1 shows the room
temperature X-ray diffraction patterns of the pure and
FeC,oH;¢-added polycrystalline samples of MgB,. The X-
ray diffraction patterns for all the samples were refined using
X’pert Highscore software. All samples are composed of a
P6/mmm, hexagonal majority phase with only small amounts
of MgO and unreacted Mg impurity phases. The volume
percentage of MgO content in the samples is calculated using
the formula: X = () peak intensities of impurity phase/
> peak intensities of all phases) x 100. The values of the
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Figure 1 X-ray diffraction patterns of pure and FeC,oH;q-added
MgB, samples. Inset shows the expanded part of the pattern for
the (110) peak.
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Table 1 Lattice parameters, FWHM, strain, MgO content, 7¢ (onset), Ap, RRR, and Hc, (0) of pristine and ferrocene-added samples.

x a (A) c (A) FWHM (110) strain (%) MgO (%) Tc (K) Ap RRR Hc,(0)
0 3.0889 (6) 3.5338 (9) 0.1495 0.036 14.76 38.76 71.32 3.084 17.414
1 3.0854 (5) 3.5288 (7) 0.1557 0.165 14.38 38.60 67.91 2.874 19.474
2 3.0849 (4) 3.5276 (5) 0.1596 0.170 13.85 38.54 60.51 2.662 19.543
3 3.0848 (7) 3.5270 (9) 0.1866 0.274 15.59 38.33 62.34 2.114 18.671
5 3.0845 (3) 3.5255 (5) 0.1855 0.226 13.45 38.08 58.47 2.459 18.158

MgO content, lattice parameters: a and c, the full width at half
maximum (FWHM) of the (110) peak and the strain in the
samples are listed in Table 1. The observed lattice parameters
a and ¢ for pure MgB, sample are: a=3.0889 A and
c=3.5338 A, which are consistent with the literature
values [36]. We observe that with increasing the level of
FeC,oH,( addition, the lattice parameters a and ¢ decrease
slightly. This slight decrease is possibly due to substitution
of carbon for boron. The former is released from the
decomposition of FeCiogH;q above 500°C. The Ilattice
parameter changes observed in this study are similar to
the aromatic hydrocarbon doped MgB, [37, 38].

Figure 2a—c shows the FESEM micrographs of pure, 1
and 3 wt% FeC;yH p-added MgB, samples, respectively. It
can be clearly seen that the average grain size of the samples
decreases with increasing the level of FeC,oH( addition into
the samples. This result is in conformity with the FWHM
values listed in Table 1 for (110) plane. Figure 2d shows the
EDX spectrum of the sample MgB, + 3 wt% FeCoH(. It
clearly shows the presence of Fe in the samples. From the
EDX studies, it is observed that the quantity of Fe increases
with increasing addition of FeC;oH;o. However, we did not
see any peak of Fe or its compounds in the XRD curves. This

Figure 2 FESEM micrographs of (a) pure, (b) 1 wt% FeC;oH;o,
and (c) 3wt% FeCoH;-added MgB, samples. (d) EDX pattern for
the 3 wt% FeC;oH;p-added sample.

could be due to small quantity of Fe in the system, i.e., below
the detection limit of XRD.

To know the state in which Fe is present in the MgB,
matrix, XPS measurements for Fe 2p core level for 5 wt%
FeCoH;¢ sample was performed. The deconvolution of
peaks present in the XPS spectrum (as shown in Fig. 3a) was
done to explore oxidation states of Fe present in the sample.
The peaks at ~711.0 and ~724.8eV correspond to the
Fe 2ps/, and Fe 2p,,, spin states of Fe’" oxidation state,
while the peaks at ~709.2 and ~722.8 eV correspond to the
Fe 2ps,» and Fe 2p; 5 spin states of Fe" oxidation state [39].
Satellite peaks of Fe* " and Fe>" are also observed at binding
energies ~733.4eV (Fe"), ~714.6eV (Fe*"), ~729.5¢eV
(Fe*"), and ~718.9eV (Fe’"). The Fe 2p high-resolution
spectrum of Fe in MgB, matrix confirms the presence of
Fe;0,4 phase [40]. The satellite peak at ~718.9eV is a
characteristic peak of Fe>" in y-Fe,05. This study indicates
the presence of Fe;O4 and y-Fe,O5 [41] in the FeCoH;o-
added samples. These phases of iron oxide are expected to
form when the sample is sintered at high-temperature even in
inert atmosphere due to the presence of oxygen (present as
contamination in the present case). The presence of these
oxides in the FeC;oH;o-added samples is also confirmed
from the magnetization measurements performed at room
temperature. Figure 3b shows the field dependent magneti-
zation (M-H loop) of all the samples. This figure clearly
shows the ferromagnetic nature of FeC,oH;o-added samples
at room temperature possibly due the presence of Fe;0,/
v-Fe,O3 in the MgB, matrix.

The temperature dependence of the resistivity of all the
samples (measured from 5 to 300 K) normalized to the room
temperature resistivity (o(7)/p(300K)) is shown in Fig. 4.
The inset of Fig. 4 shows the superconducting transition for
all the samples. It can be readily observed that there is a sharp
superconducting transition in all the samples and a very
small change in T¢ is observed with addition of FeC;oH;o.
The critical temperature, T, has been defined as the onset of
the superconducting transition in the resistivity curves. The
small decrease in 7¢ with addition of FeCoH;, suggests
that there is no substitution of Fe in the MgB, lattice.
The observed small decrease of 7Tc may be caused by
disorder-induced scattering of the electrons due to a minor
substitution of carbon for boron. The residual resistivity
ratio, RRR (=p(300 K)/p(40 K)) is shown for all samples in
Table 1. The value of RRR is maximum for the pure MgB,
sample and it decreases with increasing FeC,oH( addition in
samples. This also suggests an increase of the impurity or
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Figure 3 (a) Fe2p spectrum of 5 wt% ferrocene-added MgB, sample. The peaks are deconvoluted into eight peaks corresponding to
different oxidation states and satellite peaks of Fe. (b) Magnetization (per gram of sample) versus applied magnetic field plot at room

temperature for all the samples.

disorder-induced scattering rate with FeC,oH;( addition. The
variation of 7¢ with increasing addition of FeC;yH;, is
shown in Table 1.

The connectivity of the grains can be explored using
the parameter Ap (=p(300K)-p(40K)), as described by
Rowell [42]. We observe that the value of Ap decreases with
increasing FeCoH;( addition into the samples, which tells
us that the grain connectivity and thus the area fraction
is enhanced with the addition of FeC;yH;(. This is also
clear from the FESEM images of the FeC;yH;y-added
samples. The larger value of Ap and smaller value of RRR
in the 3 wt% FeC;oH;o-added sample as compared to other
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Figure 4 Resistivity versus temperature plots for the pure and
the FeC oH;o-added MgB, samples. Inset: enlarged view of the
superconducting transition.

samples is due to a larger amount of MgO in this sample as
observed from XRD (see Table 1). The larger MgO content
creates Mg deficiency, which gives rise to defects and hence
larger strain in the sample as compared to other samples [43].

To determine the temperature dependence of Hc, and
H;,, resistivity versus temperature measurements near the
superconducting transition have been performed in an
applied magnetic field of 0-8T. Figure 5 shows the
resistivity curves for all the samples in different applied
fields in the range 0-8 T. From these resistivity curves, the
values of Hc, and H;,, have been deduced using the criteria
of 90 and 10% of normal state resistivity. The plots of H,
and H;, versus reduced temperature, 7/7Tc are shown in
Fig. 6a and b, respectively. From Fig. 6a, we observe an
improvement in H¢, with addition of FeCoH;o in MgB,.
The values of the upper critical field, Hc,(0) is calculated
by fitting the Hc,(T) versus 7/T¢ plot with the Ginzburg—
Landau (GL) theory [44]: Hc,(T)=Hc,(0)[(1— )/
(1+7)], where 1="T/Tc is the reduced temperature. The
maximum value of Hc,(0) =19.54T is found for the
sample with 2 wt% added FeCoHo. This value of Hc, (0) is
comparable to the one reported in Ref. [45] for nano-
magnetic particle doped MgB,. From Fig. 6b, we see an
improvement in H;(7) due to the addition of FeC;oH;(. This
is suggestive of an enhanced pinning in the FeCoH;o-added
samples as compared to pristine one. In Fig. 7a and b, we
have shown the magnetic hysteresis (M—H) loops for all the
samples at 10 and 20 K, respectively. Inset in Fig. 7a and b
shows the enlarged view of hysteresis loops in high field
region at 10 and 20K, respectively. This figure shows that
M-H loops at 10 K remain open up to a field of 7 T except for
pure MgB, sample. This again confirms the improvement in
H;,; of FeC oH op-added MgB, samples. The critical current
density at different fields of all the FeC,oHo-added samples
is calculated using the M—H loops measured at 10 and 20 K.
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Figure 5 The magnetoresistance plots at different applied magnetic fields (0-8 T) for all the samples.

For this, we used the modified Bean’s model [35]: Jo =20
AM/[Va(1 — a/3b)], where AM = M(+ive) — M(—ive) in the
positive applied field region of M—H loop, V is the volume, a
and b are the length and width of the rectangular samples
used for magnetization measurements. The values of Jc at
10K and 20 K in applied magnetic fields of 1.5 T and 5 T are
shown in Table 2. Figure 8a and b depicts the critical current
density, Jc versus applied magnetic field (H) (1-7T)
behavior of all the samples at 10 and 20 K, respectively. This

figure shows a substantial improvement in Jc of 1 and 2 wt%
FeC oH p-added MgB, samples with respect to pristine
MgB; in the magnetic field range 1-7 T at both 10 and 20 K.
For the 3wt% FeC,oH;o-added sample, there is only a
marginal improvement in Jc over the pristine MgB,. For the
S5wt% FeC,oHp-added sample Jc at 10 K becomes lower
than that of the pure sample in the magnetic field range
0-6 T. However, at fields greater than 6T it still shows an
improvement over the pristine sample. At 20 K, Jc of 5 wt%
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Figure 6 (a) Upper critical field, Hc, and (b) irreversibility field, H;,, as a function of the reduced temperature, 7/7¢, determined using
a 90 and 10% criterion of the normal state resistivity, respectively. In (a), we have shown the GL-fit of the experimental data extended
to 0K for x =0 (straight line, black), 1 (dashed, wine), 2 (short-dotted, red), 3 (dash-dotted, magenta), and 5 (dotted, green).
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Figure 7 Magnetic hysteresis loops (0.5—7 T) for all the samples at
(a) 10K and (b) 20 K. Insets: enlarged view of M—H loops in the
high field region 4-7 T for all the samples at (a) 10K and (b) 20 K.

FeC,oH,p-added sample is comparable to pristine sample in
the magnetic field range 0—4 T and for fields greater than 4 T,
Jc of this sample has higher values as compared to pure
sample (see Fig. 8b). There is an improvement in J in the

Table 2 Critical current density, Jc values at 10 and 20 K for all the
samples.

X Je (Aem™?)

(%)
10K 20K
15T (x10° 5T (x10% 15T (x10% 5T (x10%
0 1.63 0.78 0.82 0.11
1 7.83 4.37 4.13 2.15
2 9.72 437 473 1.09
3 2.42 1.43 1.31 0.37
5 1.79 0.99 1.11 0.30

magnetic field range 0—1 T at both temperatures up to a level
of 2wt% FeC;oH;( addition; however, at 10 K due to flux
jump effect some fluctuations in J-(H) have been observed
in this field range. In earlier studies, a similar type of flux
jumps in MgB, samples has been reported [46, 47]. This
phenomenon is mainly governed by the flux-jump instability
of the critical state in a type-II superconductor and is
determined by the strong pinning and thermomagnetic
properties of these materials [48]. Flux jumps are mainly
observed in the nanoparticle-doped samples [49, 50], which
prove to be effective pinning centers thus giving rise to high
critical currents. For 2 wt% FeC;yH;y-added sample at 20 K,
we have observed a fish-tail effect in Jo(H) plot in the
field range 5-6 T (see inset in Fig. 8b). This type of effect has
been reported earlier in carbon doped MgB, polycrystalline
sample and it is suggested that it occurs due to the disorder
created by carbon substitution [51].

To understand the flux pinning mechanism present in
the samples, we have calculated the volume-pinning force
density, F, (Fp,=Jc(H) x H) from the J-(H) behavior. In
Fig. 9a and b, we have shown f, (=Fy/F") versus
normalized applied magnetic field, i (=H/H,,,) for all the
samples at 10 and 20K, respectively. The normalized
volume pinning force, f, in high temperature super-
conductors often scales with H/H;, [52]. However, it is
difficult to calculate the accurate value of H;, from the dc
magnetization measurements. In order to avoid this problem,
the data are often scaled with H/H.,, (=h) instead of
H/H;,; [52-54], as done in the present case. The scaling
for f(h) is often analyzed with the help of the following
equations for different flux pinning mechanisms:

2h
fo= 3h2 (1 - 3),81{ — pinning, (1)
9 \?
fo= Zh(l — 5) ,0T¢c — pinning, (2)
25 n\?
fo= 6 h(l - §) , surface — pinning. (3)

From the f,(h) curves (Fig. 9a and b), we observe
that in the pure MgB, sample, the dominant pinning
mechanism at 10 and 20K is mainly the surface/grain
boundary pinning. With increasing addition of FeCyHg
concentration (and hence the precipitates of ferromagnetic
Fe304/v-Fe,03), we observe that the f,(h) curve shifts
more toward the theoretical curve for 87¢ or point
pinning. So, in the present case the presence of
ferromagnetic iron-oxide inclusions act as effective point
pinning centers, which lead to improvement in Jc-(H)
behavior in the entire magnetic field region. This result is
similar to the improved Jc(H) behavior of FeC,oH;q-
grafted polysiloxane doped MgB, samples due to the point
pinning on Fe-oxides [55].

Thus, by adding FeC,oH,( into the MgB, samples, we
have observed improvement in Jo(H) in the entire magnetic
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Figure 8 Critical current density versus magnetic field (Jc (H)) plots at 10 K (a) and 20 K (b) for all the MgB, + x wt% FeCoH;o (x=0, 1,
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The solid line represents dk-pinning, short-dotted line represents 87c-pinning and short-dashed line represents surface pinning

corresponding to Egs. (1)—(3), respectively (see text).

field region. After decomposition at temperatures above
~500 °C, FeCoH; provides two types of additives, iron and
carbon. It is clear from the variation of the lattice parameters
and the superconducting transition temperature with
increasing the weight percentage concentration of FeC;oHq
that there is a very small substitution of Fe and C into the
MgB, lattice. The XPS study done on 5wt% FeC,oH;(-
added samples suggests that the Fe is present in the samples
in oxidized form of a mixture of Fe;0,4 and y-Fe,O3, which
are also confirmed from the magnetization measurements
done at room temperature. The small substitution of carbon
atoms for B in this study is similar to the aromatic
hydrocarbon doping done in previous studies [37, 38]. Fe in
the form of ferromagnetic oxides (Fe;O4/vy-Fe,O3) and
carbon substitution lead to the improved J-(H) behavior in
the entire magnetic field region. The results obtained for

improved Jco(H) performance in the present case are
comparable to n-SiC doped MgB, samples at high fields,
while the self field Jc is better than n-SiC doped MgB,
samples [15, 16].

4 Conclusions In the present work, we have studied
the effect of FeC,oH;, addition on the superconducting
properties of the MgB, compound. The superconducting
critical current density, Jc is significantly improved with
increasing FeCoH;q concentration into the sample in the
entire magnetic field region (0—7T) while the transition
temperature is hardly affected up to an addition level of
2wt%. The upper critical field for the optimal added
concentration of FeCyH; in the sample has improved by
~2 T. The maximum Hc, (0) as calculated from the GL-fit is
found to be 19.54 T for the 2 wt% FeCoH;o-added MgB,.
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