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ABSTRACT. In this study, the effects of FeO addition
(0,1, 2,3, 4,5, 10 and 20 wt %) on the structural, electrical
and magnetic properties of GdBaCuO-123 (Gd-123)
superconductor prepared by the conventional solid state
method were investigated. The phase analysis and the lattice
parameters of the materials were analyzed by X-ray
diffraction (XRD) method. The critical temperatures (Tc) of
the samples were determined from the resistance
measurements by the standard four-point probe method.
From these measurements, superconducting behaviour was
observed for the addition of FeO up to 5 wt %. On the other
hand, semiconducting behaviour was observed for higher
FeO additions (10 and 20 wt %). The activation energies (Uo)
were also evaluated by using the thermally-assisted-flux-flow
(TAFF) model from the resistance measurements of the
samples. It was observed that the activation energy of the
samples decreased with the increase of the amount of FeO.
The magnetic measurements of the samples (M-H) were
carried out at 20 K with the Quantum Design PPMS system.
Critical current densities (Jc) were calculated from the width
of the M-H curves by using the Bean critical state model.
According to the obtained results, the highest current carrying
capacity belongs to 1 wt % added sample and has 1.2 x 10*
Alcm? value at 20 K and 0 T. It was also found that all
samples were still carrying high currents even in high fields.

Keywords: GdBaCuO superconductor; FeO addition;
Flux pinning; Critical current density.

INTRODUCTION

The discovery of copper oxide based high temperature
superconductors by Bednorz and Miiller in 1986 has
created worldwide interest in these materials. Many
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researchers have focused on investing the
superconducting properties of high temperature
superconductor improving the micro structural and
crystallographic quality of the bulk samples during the
last years.>* REBCO type superconductors (RE: Rare
Earth Elements, B: Ba, C: Cu) attract great attention due
to their high potential in basic research and large-scale
applications.>”  Deviations  from  stoichiometry
significantly change the characteristics of high-
temperature superconductors. Some additives eliminate
superconductivity and can affect the CuO; plane, which
is responsible for superconductivity for high
temperature superconductors. Studies show that
additions to REBCO compounds act as pinning centers,
creating imperfections in the superconductor.® In this
way vortex movement can be prevented. Transport
critical current density (Jc) is an important parameter of
superconductors for possible applications. J. strongly
depends on the distribution and size of flux pinning
centers. It is known that high critical current density in
REBCO type superconductors requires effective vortex
pinning. Because of this feature, it is possible to
improve the pinning mechanism with different non-
superconducting chemical impurity addition. These
impurities try as flux pinning centers guides to the
strengthening of J.. It has been reported that iron
addition is effective in improving electrical and
magnetic properties of the superconducting oxides.*!
Various studies have been carried out to substitute Fe in
Cu sites to improve the superconductivity properties of
RE83.2CU3O7.12'13
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High temperature bulk superconductors are frequently
used in applications such as magnetic levitation and
electric generators. For this reason, many research
groups around the world have been investigating to
improve and investigate the structural, electrical and
magnetic properties of these materials.**°
Superconductors, as known, exhibit diamagnetic
properties below the critical temperature. However, the
discovery of iron-based superconductors in recent years
is quite interesting.’® Because, as is known, iron is a
ferromagnetic material. Since a material containing a
ferromagnetic  element exhibits superconducting
properties, researchers show great interest in such
materials. Therefore, in this study, we aimed to
investigate the effects of iron addition on GdBaCuO
superconductor. It acts as flux pinning centers to
enhance the transport critical current density. A
systematic work on crystal structure, electrical and
magnetic properties of a set of samples (x = 0 - 20 wt
%) are reported.

MATERIALS AND METHODS

The polycrystalline samples produced for this study
were prepared by the solid-state reaction route. Gd.Os,
BaCO; and CuO were used as starting powders and
were weighed at nominal stoichiometric ratios
according to the chemical formula GdBa,CuszO. The
purity of the raw materials was > 99.9%. The starting
powders were mixed and ground by using an agate
mortar and pestle. Samples were calcined at 965 °C for
48 hin air atmosphere to remove carbonate residues and
this process was repeated twice by intermediate
grinding. After this process, the samples were
synthesized for 48 h to form GdBa,Cu30; at 965 °C and
annealed at 500 °C for 36 h in oxygen atmosphere. After
annealing, the samples were cooled in the furnace to
room temperature. After the production of the pure
material was completed, different amounts (x =0, 1, 2,
3, 4, 5, 10 and 20 wt. %) of FeO were added to the
GdBa,Cu3z0O7 superconductor. Finally, all the materials
were pelletized in disc form under a pressure of 1050
MPa. The thickness and diameter of the materials are
0.15 and 1 cm, respectively.

The GBCO + x(FeO) samples were sintered at
temperatures ranging 965 £ 5 °C for 24 h in oxygen
medium and cooled to 520 °C in 8 h. The sintered
samples were annealed at 520 °C in the flowing oxygen
for 24 h to provide complete oxygenation. After
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annealing, once again samples cooled to room
temperature in the furnace. Samples prepared with
different FeO addition with x =0, 1, 2, 3, 4, 5, 10 and
20 % in GdBaCuO will then be denoted as FO, F1, F2,
F3, F4, F5, F6 and F7, respectively.

The crystal structures of the samples were characterized
by the powder X-ray diffraction technique with using
Cu-K, radiation (A = 1.5406 A) with Bruker Powder X-
ray diffractometer. Electrical-resistivity measurements
of the samples were performed by the four point
resistivity measurements within 77 - 300 K.

The magnetic measurements of the samples (M-H) were
carried out at 20 K with the Quantum Design PPMS
system. Critical current densities (Jc) were calculated
from the width of the M-H curves by using the Bean
critical state model:

; __20AM )
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Here AM =M * — M~ is the width of the hysteresis loop,
aand b are width and length of the sample, respectively.
The activation energies (Ug) were also evaluated by
using the thermally-assisted-flux-flow (TAFF) model
from the resistance measurements of the samples.

© ,8 ® o ]

8 A g2 8§ < 78

A Ve M A st

k s e A Fé

oy A A A A F5 =y
3 k A M F4
> A " F3
g A . N . F2
§ & B i F1

M A Al N A FOA

v T v T ¥ T v T v T v
10 20 30 40 50 60 70
20 (Degree)

Fig. 1: X-ray diffraction patterns for all samples.

RESULTS AND DISCUSSION

As X-ray diffraction patterns were determined using
Bruker AXS D8 powder diffractometer (Cu-K,
radiation, A = 1.5406 A). The XRD patterns of all
samples are shown in Fig. 1. It is clearly seen from the
XRD analysis that the main phase is Gd-123 in all
samples. Considering that Gd-123 phases have
orthorhombic symmetry, lattice parameters were
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calculated and shown in Table 1. These calculations

were made using data from XRD measurements.

Table 1. Lattice parameters of all samples.

Sample a (A) b (A) c (A) V (A%
FO 3.839 3.893 11.675 174.51
F1 3.830 3.871 11.748 174.20
F2 3.836 3.873 11.651 173.14
F3 3.842 3.887 11.662 174.21
F4 3.857 3.890 11.687 175.42
F5 3.857 3.882 11.700 175.23
F6 3.829 3.885 11.711 174.26
F7 3.828 3.880 11.722 174.11

Table 2: Critical temperatures of pure and FeO
added Gd-123 superconductors.

Samples Teonset (K)
FO 93.1
F1 92.4
F2 92.4
F3 92.1
F4 92.1
F5 92.1
F6 92
F7 92
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Fig. 2: The normalized magnetic moments of all samples as a

Temperature, T (K)

function of temperature.
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Fig. 3: Temperature dependence of resistivity in FO - F5 samples.

The critical temperatures of the samples were
determined by both resistivity (p-T) and magnetization
(M-T) measurements. Firstly, the obtained results from
the magnetization measurements will be discussed. Fig.
2 shows the normalized magnetic moments of all
samples as a function of temperature. As can be seen
from the graph, the transition of all samples from the
normal state to the superconducting state takes place in
a sharp but a wide range. In addition, the onset critical
temperatures of the samples are slightly reduced by
increasing the amount of FeO. Table 2 shows the onset
critical temperature values (T¢ onset) determined from the
magnetization measurements of all samples. It is
thought that the reason for this is that the Fe?* ions are
replaced by Gd** or Ba?* ions in the sintering process,
which degrades the superconducting transition
temperatures of Gd-123 samples.
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Fig. 4: Temperature dependence of resistivity in F6 and F7
samples.

Fig. 3 shows the resistivity curves as a function of
temperature for the FO - F5 samples. As seen in the
graph, diamagnetic behavior, which is characteristic of
superconductors, is exhibited in these materials. On the
other hand, as shown in Fig. 4, when the resistivity-
temperature curves of F6 and F7 samples are examined,
it can be seen that they exhibit semiconductor behavior.
This behavior occurs in the resistivity measurements
when there is no such behavior in magnetic
measurements for these materials. The susceptibility,
magnetization and dc resistivity measurements are
generally used to determine the transition temperature
of superconducting materials. In the susceptibility and
magnetization measurements, the bulk sample is
exposed directly to the magnetic field and the transition
temperature is determined from the response of this
field. However, the following parameters are important
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to determine the transition temperature from the
resistivity measurements:
i.  The geometry of the sample being contacted
ii.  The size and thickness of the sample
iii. The contact resistance
iv. Most importantly, the sample is pressed into a
single-axis pellet in the preparation process.

Table 3 gives the critical temperature values from the
resistance measurements of all samples. Compared to
pure sample, critical temperatures of FeO added
samples change very little and the critical temperature
values never change with the increase of FeO amount.

Table 3. Critical temperatures of pure and FeO added
Gd-123 superconductors.

Samples Teonset (K)
FO 95.8

F1 95.2

F2 95.2

F3 95.2

F4 95.2

F5 95.2

F6 -

F7 -

Carrier concentration is calculated using the following
well-known equation:*’

T, =1-82.6(p—0.16)° @

-I-max

The change in carrier concentration with Tcero IS given
in Fig. 5. The results clearly show that Tczero iS more
sensitive to changes in FeO concentration. Decreasing
the Tczero Values may be due to the weak link between
the Gd-123 grains, the deterioration of the structure and
the lattice defect of the additive.
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Fig. 5: Variation of the hole-carrier concentration vs. Fe-amount.
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The resistivity in the TAFF regime can be written as p
= po (B, T) exp(-Uo/ksr), so the activation energy can be
obtained by plotting In(p/po) against T, Fig. 6 shows
the Arrhenius graph of the activation energy of the
samples given by the slope of the low-resistance linear
region.
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Fig. 6: Arrhenius plots of the resistive transition of the samples.

For each sample, the obtained activation energy is
plotted as a function of the addition amount, as shown
in Fig. 7, in order to determine the dependence of the
TAFF activation energy (Ug) on the addition amount. It
is clear that the activation energy has decreased
considerably with the increase of the addition amount.
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Fig. 7: Uo dependence on FeO addition amount for samples.

Fig. 8 shows the magnetic field dependence of the Jc
determined from the width of M-H curves using the
Bean critical state model.*® When F1 and F2 samples are
compared with other samples, it is seen that they carry
higher current in both low and high magnetic field.
According to the obtained results, the highest current
carrying capacity belongs to 1 wt % added sample and
has 1.2 x 10* A/cm? value at 20 K and 0 T.
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Fig. 8: The magnetic field dependence of J. for all samples.

In Table 4, the critical current density values are given
at 20 Kand 0 and 8 T for all samples.

Table 4. Critical current density values for all samples.

Samples Je (KA/cm?)
Self-field 8T

FO 9.5 25
F1 12.3 3.1
F2 10.5 2.7
F3 11.1 3.2
F4 3.9 15
F5 7.3 2.2
F6 - -

F7 - -
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