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Abstract (CoFe2O4)xGdBa2Cu3O7−δ superconducting
samples were synthesized using a conventional solid-state
reaction technique with 0 ≤ x ≤ 0.1 wt%. Characterization
of the prepared samples was carried out using X-ray pow-
der diffraction (XRD) and scanning electron microscopy
(SEM). The effect of adding CoFe2O4 to the Gd-123
phase, which acts as a flux pinning center, was investigated
by measuring the ac magnetic susceptibility at different
applied dc magnetic fields. Both the superconducting tran-
sition temperature Tc and the critical current density Jc
increased up to x = 0.01 wt%, and then, they decreased
with further increase in x. The temperature dependence of
the irreversibility line was investigated by the logarithmic
plot of the irreversibility field Hirr versus (1 − Tirr/Tc(0)).
This plot shows a crossover at a field of 1000 Oe, indicating
3D to 2D flux creep fluctuations. Furthermore, the Hirr–T
curves are well fitted according to a theoretical model pro-
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1 Introduction

Gd-123 is considered as one of the most promising materials
among the currently known high-temperature superconduc-
tors (HTSCs). It possess high superconducting transition
temperature (around 90 K) [1], high critical current density
Jc values at high magnetic fields [2, 3], high ability to trap
the magnetic field up to 2.0 T at 77 K [4], relative low crys-
talline anisotropy, and well-developed pinning properties in
the magnetic field [5]. However, Gd-123 showed a rapid
decrease in its critical current density as both the temper-
ature and the magnetic field increase. An effective way to
overcome this problem is the enhancing of its flux pinning
capabilities by irradiation [6–10], chemical substitution [11,
12], and nanoparticle addition [13–15].

In the mixed state, magnetic field penetrates into the
superconductor matrix in the form of magnetic flux vortices.
The core of vortices is in a non-superconducting state. All
vortices in superconductors are subjected to Lorentz force
because they carry a magnetic moment and therefore move
through the crystal. These vortices interact with supercur-
rent, causing an interaction with the crystal lattice. This
leads to dissipation of their energy and electric resistance
appears [6]. One of the most effective ways to increase the
flux pinning is the nanosized particle addition. A wide vari-
ety of HTSCs were pinned [16–24], and most of the results
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showed that the superconducting parameters were improved
at low amounts of nanosized particle additions. On the other
hand, high amounts reduced the formation of a supercon-
ducting phase. It was shown, from previous studies, that
the addition of nanosized ZrO2, SnO2, and (ZrO2+ CoO)
into the bulk superconductor GdBa2Cu3O7−δ enhanced the
flux pinning and consequently improved critical current
density [25–27]. The effect of addition of CoFe2O4 on
GdBa2Cu3O7−δ was previously investigated by Awad et al.
[28], and they found that the addition of CoFe2O4 up to 0.01
wt% enhanced the superconducting parameters.

The unusual behavior of HTSCs in a mixed state has
attracted considerable attention. One of the attractive sub-
jects in the last few years is the H–T diagram of HTSCs.
The boundary of the H–T plane is called the irreversibility
line, separating a magnetically irreversible, zero-resistance
state (Jc �= 0) from a reversible region with dissipative
properties (Jc = 0). In the area below the irreversibility
line, a high-temperature superconductor is characterized by
a strong irreversible magnetic phenomenon which is simi-
lar to a conventional type II superconductor in the presence
of pinning. However, the magnetic irreversibility disappears
above this line and the high-temperature superconductor
therefore can carry no supercurrent in this case. Many exper-
imental techniques such as ac susceptibility, dc magnetiza-
tion, and magnetomechanical effect are used to probe the
irreversibility line. Apparently, the results from each method
are slightly different from the others. They also depend on
the sample size and other experimental parameters, such as
the frequency and the value of dc fields in ac susceptibility
measurement. The irreversibility line has been interpreted
by many authors as the quasi-de Almeida–Thouless line, the
depinning line, the vortex lattice melting line, and the vor-
tex glass transition line. The magnetic irreversibility persists
up to a well-defined temperature limit that depends on the
applied field as well as on certain thermodynamic properties
of the superconductors [29]. The magnetic irreversibility
in type II superconductors originates from the movement
of vortices which consequently overcome the imprisonment
forces. In the region magnetically reversible, the vortices
have enough energy and they can move freely, while in
temperatures under Tirr, the mobility is restricted and the
vortices remain trapped in the pinning center. Most of the
studies interpreted the irreversibility line as a crossover in
the dimensionality of the vortex ensemble. At low fields, the
vortex lines maintain a 3D character whereas at high fields,
there is a quasi-2D vortex fluctuation. A previous study con-
ducted by Awad et al. [30] for (ZnFe2O4)xGdBa2Cu3O7−δ

showed a crossover at H = 500 Oe from 3D to 2D vortex
fluctuations.

In this work, the effect of CoFe2O4 addition on the Gd-
123 superconductor using ac susceptibility measurements as
a function of temperature of (CoFe2O4)xGdBa2Cu3O7−δ ,

0 ≤ x ≤ 0.1 wt%, at a frequency of 1 KHz in varying dc
fields was studied.

2 Experimental Techniques

Nanosized CoFe2O4 powder was prepared by a chemical
co-precipitation method as discussed in a previous work
[28].

Superconducting samples of type (CoFe2O4)xGdBa2Cu3
O7−δ , 0.0 ≤ x ≤ 0.1 wt%, were prepared by the con-
ventional solid-state reaction technique. First, the starting
materials Gd2O3, BaCO3, and CuO (purity ≥ 99.9) were
crushed in an agate mortar and were sifted using a 125-
μm sieve to get a homogeneous mixture. Then, the powder
was subjected to a calcination process in air at 840 and
880 ◦C for 24 h each. The resultant powder was ground and
sifted, and x wt% of nanosized CoFe2O4 was added to the
resulting powder. The powder was mixed for 1 h to ensure
the homogeneous distribution of nanosized CoFe2O4 inside
the sample. Subsequently, the mixed powder was pressed
in a disc form (1.5 cm in diameter and about 0.3 cm in
thickness). Afterwards, discs were sintered in air at 930 ◦C
with a heating rate of 4 ◦C/min, and held at this tempera-
ture for 24 h. Then, the samples were cooled by a rate of
1 ◦C/min down to 450 ◦C and kept at this temperature for
10 h under oxygen flow to control the oxygen content of
the final compounds. Finally, they were slowly cooled by a
rate of 1 ◦C/min to room temperature. The characterization
and superconductivity investigation of these samples were
carried out using X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), electrical resistivity, and I–V
characteristics [31].

The ac magnetic susceptibility at different applied dc
fields was measured using a Quantum Design Physical
Properties Measurements System (PPMS) equipped with a
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Fig. 1 The real part of the magnetic susceptibility versus temperature
at a field of 9 Oe for samples with x = 0, 0.01, 0.06, and 0.1 wt%
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Table 1 The values of Tc and n1 of the power relation obtained from
(1) at low field (H < 1000 Oe), n2 of the power relation obtained from
(1) at high field (H > 1000 Oe), and the fitting parameters (K , m, and

γ ) according to (2) for (CoFe2O4)xGdBa2Cu3O7−δ , x = 0.00, 0.001,
0.04, 0.06, 0.08, and 0.1 wt%

Sample Tc n1 n2 K m γ

Co-0.00 89.59 1.43 4.92 89.59 0.0145 1.455

Co-0.01 87.65 2.41 4.14 86.00 0.0145 1.455

Co-0.04 82.14 2.50 6.15 88.00 0.0150 1.450

Co-0.06 80.16 2.48 4.16 86.50 0.0145 1.475

Co-0.08 79.13 2.78 4.80 86.00 0.0150 1.465

Co-0.10 78.57 2.58 3.30 88.60 0.0150 1.475

9-T superconducting magnet. The system has a sensitiv-
ity of 1 × 10−8 emu, an amplitude range of 0.005–15 Oe
(peak), and a frequency range of 10 Hz–10 KHz, with a
direct phase-nulling technique that measures and cancels
background ac phase shifts at every measurement. The ac
magnetic susceptibilities were measured on powder sam-
ples of typical masses of 200–300 mg placed in a 0.5 mm
× 1.5 mm gelatin capsule which is tightly held at the bot-
tom of the sample holder. These samples were subjected
to seven different values of the external magnetic fields
between 0 and 3000 Oe and temperature range of 40–120 K.
The amplitude of the excitation magnetic field was set to 9
Oe in all runs at a fixed frequency of 1 KHz.

3 Results and Discussions

The analysis of nanosized CoFe2O4 powder by XRD
showed that all the diffraction peaks can be indexed by
the face center cubic structure of cobalt ferrite with space
group Fd3m. The crystalline size, determined from XRD
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Fig. 2 The real part of the magnetic susceptibility of samples with
x = 0.06 wt% for applied dc field values 0 Oe ≤ Hdc ≤ 3000 Oe

and TEM, was 8 nm [28]. The superconductivity investiga-
tion of the Gd-123 samples showed that the volume fraction,
superconducting transition temperature, and critical current
density were increased from 0 to 0.01 wt%, and then, they
decreased with further increases in x [28].

The real part of the ac magnetic susceptibility versus tem-
perature at a field of 9 Oe for (CoFe2O4)xGdBa2Cu3O7−δ ,
with x = 0, 0.01, 0.06, and 0.1 wt%, is shown in Fig. 1.
Usually, the real part of ac magnetic susceptibility χ ′ of
type II superconductors has two contributions. The first
one is the sharp drop which is attributed to the transi-
tion within grains (intra) while the second is the gradual
change, corresponding to the occurrence of the supercon-
ducting coupling between grains or matrix (inter). On the
other hand, the Gd-123 samples show a different behavior
where the intrinsic component of χ ′′ shows a much stronger
effect on the applied field [32]. This behavior is obtained
as due to the response of χ ′′ to the applied field just below
the transition temperature Tc, where the intrinsic (grain)
component arises. Namuco et al. [33] compared between
the ac magnetic susceptibility of Y-123 and Gd-123, and
the results showed that the Gd-123 showed a more sensi-
tive ac magnetic susceptibility response. The magnetic and
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Fig. 3 dχ ′/dT versus temperature at H = 0, 100, 1000, and 3000 Oe
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Fig. 4 The real part of the magnetic susceptibility versus the applied
field for samples with x = 0.01, 0.04, 0.06, and 0.1 wt% at T = 42 K

transport properties of ceramic superconductors are strongly
related to the microstructure of these granular materials,
where the intrinsic superconducting properties of the grains
are strongly modified by the grain coupling effects. The
observed peculiar broadness in the χ ′ (T ) curves could be
explained due to changes in the grain orientations, grain
size, and grain boundaries of Gd-123 during the process
of preparation [34]. As shown from SEM micrographs,
some grains are unfavorably oriented which may be the
reason for broadness in the χ ′ (T ) curves. The results are
consistent with the results shown in SEM micrographs in
previous studies [28]. Through the variation of χ ′ versus
temperature, it is possible to obtain Tc as the tempera-
ture at which χ ′ changes from a positive to a negative
value [35]. The values of Tc for superconducting samples
(CoFe2O4)xGdBa2Cu3O7−δ , for 0 ≤ x ≤ 0.1 wt%, at H =
9 Oe are listed in Table 1. It was observed that the value of
Tc decreases as x increases. The decrease in Tc is probably
due to the trapping of mobile free carriers and non-uniform
distribution of nanoparticles [36] at grain boundaries of the
host Gd-123 phase and the copper pair breaking mecha-
nism supported by the high concentration of nanoparticles
[37]. It is clear the diamagnetism factor increases up to x =
0.01 wt% and then it decreases for x = 0.01 wt%. As the
concentration of the nanosized CoFe2O4, x > 0.01 wt%,
gets higher, the composition at the termination ends of the
crystal may be altered. Subsequently, this will increase the

normal-state resistivity of the material and the inadvertent
phase formation at the termination ends of the crystal. Thus,
the formation of this phase would suppress the magnitude
of the diamagnetism of the final compound [38].

The temperature variation of χ ′ (T ) at different applied
dc magnetic fields, for (CoFe2O4)0.06GdBa2Cu3O7−δ , is
shown in Fig. 2. The superconducting transition tempera-
ture shifts to lower values with increase of the applied dc
magnetic field. The Meissner fraction is found to decrease
with increase of the applied fields. Figure 3 shows the
variation of χ ′ versus temperature (dχ ′/dT) at selected dc
magnetic fields (H = 0, 100, 1000, and 3000 Oe). The
figure clearly shows that there is a knee at low applied fields
at T from 70 to 80 K. This knee disappears at high applied
magnetic fields. It is well known that magnetization in a
superconductor arises from diamagnetic shielding, trapped
flux, and paramagnetic contribution from Cu in the matrix.
The appearance of the knee at lower fields is probably due
to the relative increase of magnetic contribution from the
Cu in the matrix comparing to the effects of diamagnetic
shielding and trapped flux.

Figure 4 shows the magnetic field dependence of χ ′ for
(CoFe2O4)xGdBa2Cu3O7−δ (x = 0, 0.01, 0.04, 0.06, and
0.08 wt%) at T = 42 K. The magnetic field dependence of
χ ′ is almost linear, where the slopes (dχ ′/dH) are consid-
ered as the rate of the shift in the magnitude of the Meissner
fraction with the applied field. The equations of linear fit of
the χ ′–H graphs are reported in Table 2. The lowest value of
slopes is found at x = 0.01 wt%, indicating that this sample
strongly resists the field and it has more flux pinning abil-
ity [32]. These results are consistent with the increase of the
critical magnetic fields (BC, BC1, and BC2) and the critical
current density Jc with x = 0.01 wt% nanosized CoFe2O4

[28].
The temperature dependence of χ ′′ (T ) at different

applied dc magnetic fields for (CoFe2O4)0.06GdBa2Cu3
O7−δ is shown in Fig. 5. The curves χ ′′ show only the
intergrain peak and the disappearance of the intragranu-
lar peak. The missing of the intragrain peak is due to
overlapping with the much broader intergrain peak. This
observation indicates that the loss within the Gd-123 sam-
ples occurs at fields greater than that of Y-123 samples.
This also shows that the applied dc magnetic field is not
sufficient to penetrate the intragrain superconductors, signi-
fying good electrical contacts between the superconducting
grains. These results are consistent with those obtained by

Table 2 Fitting relations of χ ′
as a function of Hdc for
(CoFe2O4)xGdBa2Cu3O7−δ ,
x = 0.001, 0.04, 0.06, and
0.1 wt%

x = 0.01 χ ′ = 1.89X10−6H − 0.01212 R2 = 0.9795

x = 0.04 χ = 2.721X10−6H − 0.01565 R2 = 0.9111

x = 0.06 χ = 2.78X10−6H − 0.01565 R2 = 0.9175

x = 0.1 χ = 2.22X10−6H − 0.0081 R2 = 0.9872
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Fig. 5 The imaginary part of
the magnetic susceptibility of
samples with x = 0.06 wt% for
applied dc field values 0 Oe
≤ Hdc ≤ 3000 Oe
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Namuco et al. [33] and Rojas et al. [39] for the Gd-123
phase. The intergranular loss peak at TP shifts to a lower
temperature with the increase of the applied dc magnetic
field. This is probably due to the losses associated to the
motion of an intergranular Josephson junction [40]. It is
clear that the height of intergranular peaks increases as the
applied dc magnetic field increases up to 1000 Oe and then
it decreases with further increase of the applied dc magnetic
field. The shift of TP as a function of the applied dc field
(�TP
�H

) decreases from 0.2 to 0.13 % as x increases from 0
to 0.01 wt%, and then it increases to 0.33 % for x = 0.1
wt%. This means that the larger shift corresponds to the
weaker pinning [41] in agreement with our previous results
that showed that BC1, BC2, and Jc have the highest value at
x = 0.01 wt% [28].

In order to analyze the temperature dependence of the
irreversibility line, we plot the logarithmic plot between the
applied dc field with [1− Tirr/T0], where Tirr is the temper-
ature at which χ ′′ is maximum in the presence of a certain
applied magnetic field and T is that temperature without an
applied field, for (CoFe2O4)xGdBa2Cu3O7−δ compounds
with x = 0.04, x = 0.06, and x = 0.08 wt%. These results
are shown in Fig. 6. The results are well fitted according to
the following relation:

Hirr = [1 − Tirr/T0]n (1)

The values of n vary from one HTSC family to another and
are usually between 1.5 and 5.5. This is related to the degree
of anisotropy of the system [42]. The fitting shows a power
law dependence over all ranges of data but with different
exponents, indicating the difference between the behavior at
low and high field regions. The values of n1 (for H < 1000
Oe) and n2 (for H ≥ 1000 Oe), obtained from fitting of the

experimental data according to (1), are listed in Table 1. The
values of n1 are larger than the values obtained for Y-123
[43] and for Gd-123 added with ZnFe2O4 [30]. The values
of n2 are closer to those obtained for the Hg-1234 system
[44] and for Gd-123 added with ZnFe2O4 [30].

The proposed theoretical interpretation for the nature of
Hirr includes thermal depinning [45] and vortex glass tran-
sition [46]. The exponential dependence of Tirr at low fields
is interpreted in terms of thermal depinning [45]. At higher
fields, Hirr is explained in terms of a thermally activated
3D–2D crossover [47] and glass transition [48]. The loga-
rithmic plot of Hirr versus (1− Tirr/T0) showed a crossover
at a field of 1000 Oe which is larger than the crossover field
of 500 Oe for Gd-123 added with ZnFe2O4 [30]. Matsushita
[49, 50] introduced a model based on a depinning mech-
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O7−δ with x = 0.04, 0.06, and 0.08 wt%
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anism caused by thermally activated flux creep which is
expressed by the following equation:

Hirr =
(

K

T

) 4
3−2γ

[
1 −

(
T

Tc

)2
] 2m

3−2γ

, (2)

where K , m, and γ are numerical parameters of the theory
dependent on the creep-free pinning force and current den-
sity. The experimental result with the fitting according to
(2) for (CoFe2O4)xGdBa2Cu3O7−δ compounds with x = 0,
0.02, 0.04, 0.08, and 0.1 wt% and the fitted data are shown
in Fig. 7. It is clear that the experimental results are well fit-
ted to (2) with the best parameters K , m, and γ which are
listed in Table 1. The values of K , m, and γ are consistent
with the results obtained for Gd-123 added with ZnFe2O4

nanoferrite [30].

4 Conclusions

The effect of dc magnetic fields up to 3000 Oe on
(CoFe2O4)xGdBa2Cu3O7−δ has been studied. It was found
that the addition of the nanosized (CoFe2O4)x increased
the superconducting transition temperature up to x =
0.01 wt%, and then, it decreased with further increase of x.
The logarithmic plots of Hirr versus (1 − Tirr/Tc) showed
a crossover at a field Hdc = 1000 Oe, reflecting a tran-
sition from 2D to 3D vortex fluctuations. Moreover, the
Hirr–T curves were well fitted with Matsushita’s formula,
indicating a thermally activated flux creep behavior.
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