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Abstract Superconducting samples of the type
(ZnFe;04),GdBayCuzO7_5 were synthesized by the con-
ventional solid-state reaction technique. The nanosized
(ZnFe,0y4) content x varied from O to 0.1 wt% of the sam-
ples’ total mass. The prepared samples were characterized
using X-ray powder diffraction (XRD) and scanning and
transmission electron microscopes (SEM and TEM). The
effect of ZnFe,O4 addition, which acts as flux pinning
centers, was investigated using ac magnetization at differ-
ent applied dc magnetic fields. It was found that addition
of the nanosized (ZnFe;O4) up to 0.06 wt% enhances
the critical current density J. and the superconducting
transition temperature 7.. On the other hand, the super-
conducting properties of these samples are deteriorated for
x > 0.06 wt%. The irreversibility line was thermally acti-
vated. The logarithmic plot of Hj, versus (1 — Ti/T¢(0))
shows a crossover at about 500 Oe, reflecting the transition
from two- to three-dimensional vortex fluctuations. The
Binw—T curves are well fitted according to Matsushita’s
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model, which is based on the de-pinning mechanism caused
by thermally activated flux creep.
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1 Introduction

Gd-123 is a member of the REBa;Cu3O;_; high-
temperature superconductor family, where RE is rare-earth
element. Gd-123 has a remarkable ability of carrying high
current, making it an important topic for research [1, 2].
However, its flux pinning capability needs to be improved
in order to overcome the rapid decrease in the critical cur-
rent density J. with the increase of both temperature and
magnetic field. It was shown from previous studies that
the addition of nanosized ZrO;, SnO,, and (ZrO; + ZnO)
into bulk superconductor GdBa;Cu307_; enhanced the flux
pinning and consequently improved critical current density
[3-5], by causing a strong interaction between the flux line
networks and the nanosized magnetic particles if the size
of these nanoparticles is higher than the coherence length
& and lower than penetration depth A. Furthermore, the
effect of paramagnetic nanosized ZnFe,O4 [6] addition on
the microstructure and superconducting transport properties
of (Cug5Tly5)-1223 was investigated. They found that the
incorporation of nanosized ZnFe,O4 in (CugsTlys5)-1223
superconductor matrix plays an important role for healing
the inter-grain voids, pores, and cracks. On the other side,
Gardner et al. [7] studied the effect of Cr paramagnetic
impurities in Pd films with applied parallel magnetic fields.
They showed an increase in the 7, with the application of
parallel magnetic field up to certain doping values of Cr
paramagnetic impurities.
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H-T diagram of high-temperature superconductors
(HTSCS) is considered as an attractive subject in the last
few years. The boundary of the H-T plane is called the
irreversibility line, separating a magnetically irreversible,
zero-resistance state (J; # 0) from a reversible region
with dissipative properties (J. = 0). The previous stud-
ies showed that there is a crossover in dimensionality of the
vortex ensemble [8]. At low fields, the vortex lines maintain
a 3D character, whereas at high fields, there is a quasi-2D
vortex fluctuation.

In this paper, the effect of nanosized ZnFe,O4 addi-
tion on GdBa;Cu3O7_s using ac magnetic susceptibil-
ity measurements at different applied dc magnetic fields
was studied. The irreversibility line was plotted, and
the logarithmic plot of Bjy versus (1 — Ti/Tc(0)) was
studied.

2 Experimental Techniques

Nanosized ZnFe,O4 powder was prepared by chemi-
cal co-precipitation method. Pure chemical reagents of
FeCl; e 6H,0 and ZnCl, were first dissolved in bi-distilled
water, and the Zn/Fe molar ratio was fixed to 1:2. At that
point, an alkaline solution (NaOH) was added to the salt
solution till the pH was adjusted to 12.5. Then, the solution
was heated with continuous stirring at 60 °C for 2 h. Next,
the co-precipitated powder was filtered and washed for sev-
eral times with bi-distillated water and dried in an oven in
air atmosphere at 90 °C for 24 h. Finally, the dried powder
was calcined in air at 500 °C for 4 h.

Superconducting samples of type (ZnFe;O4),GdBaj
CuzO7_5 0.0 < x < 0.1 wt.%, were prepared by the con-
ventional solid-state reaction technique. First, the starting
materials Gd,O3, BaCO3, and CuO (purity >99.9) were
crushed in an agate mortar and were sifted using a 125-um
sieve to get a homogeneous mixture. Then, the powder
was subjected to calcination process in air at 840 and
880 °C for 24 h each. Next, the resultant powder was
ground and sifted, and x wt.% of nanosized ZnFe;Oy4
was added to the resulting powder. At that point, the
powder was again mixed for a long time to ensure the
homogenous distribution of nanosized ZnFe; O, inside the
sample. Subsequently, the mixed powder was pressed
in a disk form (1.5 cm in diameter and about 0.3 cm
in thickness). Afterwards, disks were sintered in air at
930 °C with a heating rate of 4 °C/min and held at this
temperature 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 tem-
perature. The characterization and superconductivity
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investigation of these samples was carried out using
X-ray powder diffraction (XRD), scanning electron
microscopes (SEM), transmission electron microscope
(TEM), electrical resistivity, and I-V characteristic
[9].

The ac magnetic susceptibility at different applied dc
fields was measured using a Quantum Design Physical
Properties Measurements System (PPMS) equipped with
a 9-T superconducting magnet. The system has a sen-
sitivity of 1 x 1078 emu, amplitude range of 0.005—
15 Oe (peak), and frequency range of 10 Hz—10 KHz,
with direct-phase nulling technique that measures and can-
cels background ac phase shifts at every measurement.
The ac magnetic susceptibilities were measured on pow-
der samples of typical masses 200300 mg at seven dif-
ferent values of the external magnetic fields between 0
and 3,000 Oe. The amplitude of the excitation magnetic
field was set to 3 Oe in all runs at a fixed frequency of
1 KHz.

3 Results and Discussions

The analysis of nanosized ZnFe,Os powder by XRD
and TEM showed that the crystalline size is around
8 nm [9], while the analysis of superconducting sam-
ples showed that relative volume fraction of Gd-123
phase, superconducting transition temperature, and trans-
port critical current density increased as x increased from
0 to 0.06 wt% and a reverse trend was observed for
x > 0.06 wt% [9].

Figure 1 shows a typical real part of the ac mag-
netic susceptibility x’ versus temperature curves for
(ZnFey04),GdBayCuzO7_5; x = 0.00,0.02, 0.04, 0.06, and
0.08 wt% at H = 3 QOe. The superconducting transition
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Fig. 1 The real part of the magnetic susceptibility versus temperature
at a field of 3 Oe for samples with x = 0.00, 0.02, 0.04, 0.06, and
0.08 wt%
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Table 1 The values of 7, at H =3 Oe, n; of the power relation
obtained from (1) at low field (H < 1,000 Oe), n of the power relation
obtained from (1) at high field (H > 1,000 Oe), and the fitting param-
eters (K, m, and y) according to (2) for (ZnFe;O4),GdBa; CuzO7_s;
x =0.00, 0.04, 0.06, and 0.08 wt%

Sample T, ni ny k m 1%

Zn-0 89.59 1.43 4.925 85.1 0.0145 1.455
Zn-0.04 93.6 1.46 4.765 86.0 0.0145 1.450
Zn-0.06 95.2 1.53 5.290 91.0 0.0150 1.475
Zn-0.08 91.5 1.58 4.980 90.5 0.0150 1.465

temperature 7T, is defined as the temperature at which yx’
changes from a positive to a negative value. It is found that
T, increases with the increase of x up to 0.06 wt% and
then it decreases with further increases of x. The values of
T. for x = 0, 0.04, 0.06, and 0.08 wt% at H = 3 Oe are
listed in Table 1. The increase in 7. with x is attributed to
the increase in the volume fraction and improves of grain
connection of the Gd-123 phase [9], while the decrease in
T, is probably due to the trapping of mobile free carriers
and non-uniform distribution of nanoparticles [10] at grain
boundaries of the host Gd-123 phase. The magnitude of dia-
magnetism factor has the highest value for x = 0.06 wt%
and then it decreases for x > 0.06 wt%. As the concentra-
tion of the nanosized ZnFe;Oy4, x > 0.06 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 for-
mation at the termination ends of the crystal. Thus, the
formation of this phase would suppress the magnitude of
the diamagnetism of the final compound [11]. On the other
hand, the Gd-123 samples show different behaviors where
the intrinsic component of x’ shows much stronger effect to
the applied field [12]. This behavior is due to the response of
x’ to the applied field just below the transition temperature
T., where the intrinsic (grain) component arises. Namuco
et al. [13] compared between the ac magnetic suscepti-
bility of Y-123 and Gd-123, and the results revealed that
Gd-123 showed a more sensitive ac magnetic susceptibility
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Fig. 2 The real part of the magnetic susceptibility for
(ZnFe;04)0.1GdBay CuzO7_5 versus temperature at different applied
dc fields
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Fig. 3 The imaginary part of the magnetic susceptibility for

(ZnFey04)0.1GdBayCu3zO7_s versus temperature at different applied
dc fields

X" (arbitrary unit)

response. Figure 2 shows the real part of the ac magnetic
susceptibility of the sample (ZnFe;04)¢.; GdBa;CuzO7_s at
different applied dc magnetic fields. It is clear that the dia-
magnetic temperature shifted to lower values as the applied
dc magnetic field increases. Figure 3 shows the imagi-
nary part of the ac magnetic susceptibility of the sample
(ZnFe»04)0.1GdBa;Cuz07_s. The x” curves of our sam-
ples have only one peak, indicating that these samples have
no or small separation between the intragrain and the dis-
sipative inter-grain transition. This means that the applied
dc magnetic field is not sufficient to penetrate the intra-
grain superconductors, signifying good electrical contacts
between the superconducting grains. These results are con-
sistent with those obtained by Chen et al. [14] for (Bi,
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Fig. 4 The temperature dependence of the real (right)
and imaginary (left) magnetic susceptibility for the sample

(ZnFe;04)0.06GdBayCu3O7_s at a field H = 3 Oe
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Pb)-2223 sintered samples and are in contrast to the situ-
ation found for T1-2201 and Bi-2212 ceramics [15]. The
peak of x” (at Tp) increases with the applied magnetic
field up to H = 500 Oe, indicating maximum losses caused
by the motion of inter-granular Josephson coupling. This
peak decreases for 1,000 Oe < H <3,000 Oe. Figure 4
shows the temperature dependence of the real and imagi-
nary parts of the ac magnetic susceptibility " and x” for the
(ZnFez04)0.06GdBayCu307_5 compound. It is noticed that
Xae(T) shows a peak which coincides with the inflection
point in x,.(T) curve.

The irreversibility temperature (7i) is defined as the
temperature at which x” is maximum in the presence
of a certain applied magnetic field. The irreversibility
line (IL) shows a dimensional crossover from a 3D vor-
tex state at low magnetic fields to a 2D vortex state at
high magnetic fields. This crossover usually refers as the
melting of the vortices and it is shown from the graphs
regardless of the position of the IL. The crossover always
occur at the same field (Hg. = 500 Oe). Figure 5 shows
the logarithmic plot between the applied magnetic field
Hiy and (1 — T/ To) for (ZnFe;04),GdBayCuzO7-_s com-
pounds with x = 0.04, x = 0.06, and x = 0.08 wt%.
The experimental data are well fitted according to the
relation

Hiy = [1 - Tirr/TO]n s (])

where the value of n varies from one HTSC family to
another and is usually between 1.5 and 5.5. This is related
to the degree of anisotropy of the system [16]. The val-
ues of ny (for H < 1,000 Oe) and n, (for H > 1,000 Oe),
obtained from fitting of the experimental data according
to (1), are listed in Table 1. The values of n; and np
are consistent with those obtained by Chan et al. for the
phase Tl,BayCayCu3z01p+s [17-20]. The proposed theoret-
ical interpretation for the nature of Hj, includes thermal
de-pinning [16] and vortex glass transition [21]. The expo-
nential dependence of Tj, at low fields is interpreted in
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Fig. 5 Log (Hy) versus log (1 —  T/T¢)  for

(ZnFe;04), GdBa, Cuz 07_s with x = 0.04, 0.06, and 0.08 wt%
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Fig. 6 Fitting of Hj; versus 7 by Matsushita’s formula for
(ZnFe;04),GdBa; CuzO7_5 with x = 0.04, 0.06, and 0.08 wt%

terms of thermal de-pinning [22]. At higher fields, Hjy is
explained in terms of a thermally activated 3D-2D crossover
[23] and glass transition [24].

Matsushita [25, 26] introduced a model based on a
de-pinning mechanism caused by thermally activated flux
creep which is expressed by the following equation:

K 3—42)/ T 2 33’31/
Hirr=(T) 1_<TC) , 2

whereK, m, and yare 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 (ZnFe;04),GdBa;CuzO7_5 compounds with x = 0.04,
x = 0.06, and x = 0.08 wt%;nd the fitted data are shown in
Fig. 6. It is clear that the experimental results are well fit-
ted to (2) with the best parameters K, m, and y, which are
listed in Table 1.

4 Conclusions

The effect of dc magnetic fields up to 3,000 Oe on
(ZnFe04),GdBa;Cu307_s has been studied. It was found
that the addition of the nanosized (ZnFe,Q,), increased the
superconducting transition temperature up to x = 0.06 wt%
and then it decreased with further increase of x. The
logarithmic plots of Hj, versus (1 — Tj,/T;) showed
a crossover at a field (Hgc) = 500 Oe, reflect-
ing a transition from 2D to 3D vortex fluctuations.
Moreover, the Hj,—T curves are well fitted with Mat-
sushita’s formula, indicating a thermally activated flux creep
behavior.
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