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Abstract

Synthesis of non-magnetic metallic zinc (Zn) nanoparticles (NPs) and (Zn),/Cuq 5Tly sBa,Cay,Cu30;9-5 (CuTl-1223)
nanoparticle-superconductor composites was carried out by chemical sol-gel and solid-state reaction methods, respectively.
Different concentrations of Zn NPs from 1.0 to 4.0 wt.% were inserted in CuTI-1223 superconducting matrix to obtain desired
(Zn),/CuTI-1223 nanoparticle-superconductor composites. The structural properties of these NPs and composites were studied
by X-ray diffraction (XRD) technique. The unaffected crystal symmetry of the host CuTI-1223 superconducting phase after the
inclusion of Zn NPs from XRD patterns suggested that these NPs were settled across the grain boundaries. Transport electrical
properties of (Zn),/CuTl-1223 composites were investigated by resistivity versus temperature (RT) measurements, and zero
resistivity critical temperature (7,.) was found to be increased with Zn NPs contents up to x = 3 wt.%. The enhancement in 7
could be due to the non-magnetic metallic Zn 3d'° (S = 0) NPs that facilitated the conduction of charge carriers across the grain
boundaries, while 7, was suppressed beyond x = 3 wt.% contents of Zn NPs due to reduced superconducting volume fraction of
CuTl-1223 matrix. Using the LCR meter, dielectric parameters, namely real part (£/ 1), imaginary part (S/ ! 1), tangent loss (tand),
and ac-conductivity (o,.), were measured at varying frequencies and temperatures. The values of ¢ o g /r and tand were found to
be maximum at lower frequencies and became constant at high frequencies, while the value of o, was found to be minimum at
lower frequencies and was increased with increasing frequency.
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1 Introduction

Since the discovery of superconductivity, extensive researches
on the materials, which show superconductive nature, have
been carried out in order to acquire applications of supercon-
ductivity. This leads to the search of materials that show super-
conductive behavior at relatively high temperature than previ-
ously discovered mercury-based superconductors having super-
conductivity at low temperatures, i.e., 4 K. The search of high-
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temperature superconductors leads to the discovery of (Cu,
_T1)Ba,Ca,_1Cu, 05,45, where n = 2, 3, 4..., family, which
showed superconductivity at temperatures as high as 135 K [1].
In order to improve the superconducting properties and find
potential applications, these cuprates were researched exten-
sively. Cug 5Tl sBa,CayCuz0yg-s (CuTl-1223) is one of the
prominent members of this family [2]. The properties of
CuTI-1223 superconducting phase, which make it eminent,
are its low superconducting anisotropy, high 7 (0) (zero resis-
tivity critical temperature), high J, (critical current density) and
H, (high irreversibility field), long coherence length along the
c-axis in their unit cell, and small penetration depth [3—6]. High-
temperature superconductors (HTSCs) like CuTI-1223 can find
potential applications in wide range of technological fields from
electrical power industry to small electronic devices. In addi-
tion, the CuTI-1223 phase is easy to synthesize at ambient
pressure [7-9]. Although the phase synthesized at high pressure
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can give improved superconducting parameters, the synthesis
on ambient pressure is more convenient. In electronic devices,
the study of dielectric properties can give a thorough insight of
the performance of a material as it can give information about
charge mobility as well as charge storage in the form of polar-
ization. The frequency, temperature, crystal defects, impurities,
and synthesis conditions are responsible for the conduction and
charge storage mechanism [10-15]. The presence of crystal
defects such as inter-grain voids and grain boundaries hinder
the charge mobility and are responsible for interfacial polariza-
tion, which contribute in the enhancement of dielectric proper-
ties. There are four different types of polarization that occur in a
material when it is subjected to external ac field [16]. Each type
of polarization becomes dominant at different frequency range;
i.e., interfacial polarization has a dominant effect in frequency
range between 10° Hz and few kHz, dipolar polarization in the
range from 10° to 10° Hz, ionic polarization in 10"t 10" Hz,
and electronic polarizations is usually observed at 10'> Hz fre-
quency [17, 18]. For HTSCs, interfacial and dipolar polariza-
tions are more prominently observed as they generally occur
due to crystal defects. In order to find better and suitable use of
HTSCs in technological applications, investigations of the de-
pendence of their dielectric properties on frequency as well as
temperature have huge significance. On the other hand, a great
deal of attention is also focused on mitigation of the factors that
hinders the performance of HTSCs like crystal defects using
different techniques by improving synthesis processes or addi-
tion of nanomaterials on grain boundaries.

Superconducting as well as frequency-dependent dielectric
properties of BaFe;,0;9 added (Bi,Pb)-2223 superconductor
was studied with varying operating temperatures from 77 to
296 K. The dielectric parameters showed strong dependence
on the operating temperature as these parameters decreased
with increasing temperature [19]. MgO was added in
Cuyg 5Ty 75Ba,CazCuyO;,_s superconductor in order to heal
the micro-cracks and improve inter-grain connectivity. The
dielectric study revealed that ac-conductivity was suppressed,
while £/, showed enhancement with increasing MgO concen-
trations [20]. The dielectric properties of CuTI1-1223
superconducting phase were studied at varying frequencies
and temperatures with the addition of different concentrations
of ZnO nanoparticles. The addition of ZnO nanoparticles im-
proved the inter-grain connectivity by stuffing of the voids
present in the grains. The dielectric properties of these com-
posites showed usual direct relation with frequency, whereas
they showed inverse relation with temperatures [21]. The di-
electric properties of CuTl-1234 superconducting phase with
the doping of Zn showed a decreasing trend with increasing
frequency except the real part of dielectric constant [22].
Dielectric properties of silver added CuTl-1223 were studied
in the frequency range of 40 Hz to 100 MHz between 77 and
253 K. The increment in silver contents in CuTl-1223 matrix
up to 2.0 wt.% suppressed the values of dielectric constants,
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but with further increase in silver nanoparticles enhanced the
dielectric constants. Ac-conductivity showed an opposite be-
havior as compared to dielectric constants owing to the settle-
ment of silver nanoparticles on the grain boundaries due to the
contribution in the space charge polarization [7, 23, 24]. The
dielectric properties as well as complex impedance spectros-
copy of YBa,Cu;07_5 (Y-123) superconductors were studied
with the addition of HoMnOs. The study suggested that the
real and imaginary part of dielectric constant was increased
with increased HoMnOj3 contents in Y-123 superconductor
[25]. From the past investigations, it is established that charge
stockpiling and ac-conduction process in HTSCs relied on
temperature, frequency, surface charges, fabrication process,
and doping contents of the material [8, 15, 19, 26].

The non-magnetic metallic zinc {Zn 3d'° (S = 0)} nano-
particles have been added at the grain boundaries of CuTlI-
1223 superconducting phase. The main objective was to re-
duce the magnetic interaction and scattering of carriers caus-
ing Cooper pair-breaking taking place across the grain bound-
aries during the transition from a normal state to a
superconducting state. So the superconducting properties
were expected to be enhanced with the addition of these nano-
particles. Secondly, the normal state resistivity was also ex-
pected to be reduced after the addition of these non-magnetic
Zn nanoparticles due to reduced magnetic interaction with
normal electrons. In this study, the novelty was to explore
the effect of non-magnetic metallic Zn 3d'® (S = 0) nanopar-
ticles addition across the grain boundaries on the ac-
conduction properties of CuTl-1223 superconducting phase
via dielectric measurements. This study can further give in-
sight about the effects of these nanoparticle additions on the
superconducting properties of cuprate superconductors.

2 Experimental
2.1 Preparation of Zn Nanoparticles

The Zn nanoparticles were prepared by sol-gel method,
and the synthesis process was started by preparing two
solutions. To make the first solution, appropriate quan-
tities of Zn nitrate and ethanol were mixed with each
other. The second solution was obtained by adding citric
acid in distilled water, and this solution was added drop-
wise into the first solution. To regulate the pH of the
solution, ammonia was added drop-wise. Furthermore,
the gel was formed with continuous stirring at 85 °C.
The gel was then placed in a microwave oven for drying
at 100 °C for 12 h. The dried material was ground in
agate mortar and pestle. The ground material was
annealed in furnace for 2 h at 600 °C. Finally, the
nanoparticles were obtained after grinding the annealed
material.
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Fig. 1 X-ray diffraction pattern of metallic Zn nanoparticles

2.2 Preparation of (Zn),/CuTI-1223 Nanoparticle-
Superconductor Composites

The CuTl-1223 phase was synthesized by the solid-state reac-
tion method. Initially, the nitrates of Cu (CN),, Ca (NO3),,
and Ba (NOj), were taken with stoichiometric ratios and
mixed with each other by grinding using an agate mortar
and pestle for 2 h. After grinding, the sample was placed in
furnace for heating at 860 °C for 24 h. The furnace was then
cooled to room temperature, and the sample was again ground
for 2 h followed by heat treatment for 24 h. T1,05 and Zn
nanoparticles were added in the precursor and again ground
for 1 h. The mixed and ground material was then pressed in
the form of the disc and wrapped in gold capsules. These
pellets enclosed in gold capsules were sintered in pre-heated
furnace at 860 °C for 10 min to obtain (Zn),/CuTI-1223;x=0,
1, 2, 3 and 4 wt.% nanoparticle-superconductor composites.
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Fig. 3 Resistance vs. temperature graphs of representative (Zn),/CuTl-
1223; x = 0, and 3 wt.% nanoparticle-superconductor composites

3 Results and Discussion

X-ray diffraction (XRD) was performed to confirm the phase
formation and crystallographic structure of (Zn),/CuTI-1223
nanoparticle-superconductor composites. XRD peaks of Zn
nanoparticles corresponding Bragg’s angles at 20 = 36.34°,
39.06°, 43.28°, 54.36°, 70.1°, 70.68°, and 77.04° were properly
indexed to (002), (100), (101), (102), (103), (110), and (004)
planes respectively, as shown in Fig. 1. The crystalline structure
of Zn nanoparticles was validated by a JCPDS card, which con-
firmed that metallic Zn nanoparticles are of hexagonal structure.
None of the notable peaks other than the peaks of Zn nanopar-
ticles was observed. Debye Scherer’s formula was employed to
calculate the average crystallite size of these metallic Zn nano-
particles that were found approximately 50 nm. XRD patterns of

Fig. 2 X-ray patterns of x =3.0wt. %

representative (Zn),/CuTl-1223; x
=0, and 3 wt.% nanoparticle-
superconductor composites
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Fig. 4 a—e Real part as function of frequency at various temperatures of (Zn),/CuTl-1223; x = 0, 1, 2, 3, and 4 wt.% nanoparticle-superconductor
composites. f Variation of real part with various temperatures at 40 Hz

representative (Zn),/CuTI-1223; x = 0, and 3 wt.% nanoparticle-
superconductor composites are given in Fig. 2. The XRD results
exhibited that metallic Zn nanoparticles did not affect the tetrag-
onal structure of CuTIl-1223 matrix, which means that metallic
Zn nanoparticles reside at the grain boundaries. In XRD spectra
of (Zn),/CuTI-1223 composites, the unknown peaks of low in-
tensities were also observed which could be associated to impu-

rities and other superconducting phases.
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RT measurements of representative (Zn),/CuTl-1223; x =
0, and 3 wt.% nanoparticle-superconductor composites are
shown in Fig. 3. The improvement in superconducting prop-
erties can be associated to less scattering and Cooper pair-
breaking across the grain boundaries after metallic Zn nano-
particles due to their non-magnetic nature. Secondly, the

inter-grain weak links

were improved by filling the voids

and pores with Zn nanoparticles. In this way, the required
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Table 1

Variation in maximum values of dielectric parameters of (Zn),/CuTI-12231223; x = 0, 1, 2, 3, and 4 wt.% nanoparticle-superconductor

composites with varying concentrations of Zn nanoparticles from 77 to 253 K

Dielectric parameters ~ Contents (wt.%) Temperature (K)

77 103 128 153 178 203 228 253

e, 0 2529.1 2800.0 3279.7 3798.8 4318.8 4749.0 5568.9 5748.1

1 8622.9 8880.5 9214.1 9539.0 9925.3 104755 10,8794  11,289.1

2 2565.6 2703.1 3172.9 3772.6 3916.8 5352.8 8629.0 11,512.4

3 40,913.6 43,4832 45,665 48366.02 52,169.0 558480 61,1116  66,857.5

4 11,927.1 12,5442 12,969.1 13,443.1 14,1094 152364 163186  17,226.7
e, 0 345x 10" 3.46x10" 347x107 347x107 348x107 3.50x 10" 3.52x10" 3.55x 10’

1 1.88x 107 1.9x10"  192x107 1.94x107 1.98x 10" 2.04x 10" 2.12x10" 220x 10’

2 334x10° 3.46x10° 3.65x10° 3.82x10° 4.03x10° 4.15x10° 428 x10° 434 x 10°

3 1.01 x 10° 101 x10® 1.03x10® 1.05x10° 1.07x10° 1.13x10° 121x10%° 129 x 10°

4 171 x 107 1.72x 107 173 %107 1.75x 107 1.78 x 10’ 1.80x 10" 1.84x 10" 1.88x 10’
tand 0 6615.40 6486.80  6413.08 6227.93 6134.68 6079.97 5978.71 5865.20

1 281694 265334 245772 2403.75 2373.95 2305.93 223847 216427

2 1139.50 1059.05 1006.88 890.58 819.05 799.25 726.88 666.50

3 28,957.76  28,137.42 26,912.50 2582279 25550.46 23,339.90 21,319.90  18,904.02

4 213560 203233 1945.16 1864.69 1774.83 1607.23 1550.32 1409.11
Oac 0 0.000653  0.000657  0.00066 0.000669  0.000679  0.000689  0.000701  0.000720

1 0.00651 0.00659 0.00660  0.00671 0.00679 0.00682 0.00692 0.00702

2 0.00770 0.00782 0.00792 0.00800 0.00802 0.00808 0.00817 0.00825

3 0.00249 0.00253 0.00255 0.00257 0.00259 0.00260  0.00267 0.00275

4 0.00837 0.00861 0.00877 0.00885 0.00899 0.00916  0.00932 0.00954

carriers’ concentration for desired superconductivity can be
achieved.

The dielectric study of (Zn),/CuTl-1223;x=0, 1, 2, 3, and
4 wt.% composites was performed at 77 to 253 K tempera-
tures in 40 Hz to 100 MHz frequency range. Koop’s theory
and Maxwell-Wagner model have been used to explain the
variations in dielectric properties with respect to applied fre-
quency. According to these theories, polycrystalline materials
are composed of grains and grain boundaries. The electrical
nature of the grains is conducting, while the grain boundaries
act as semi/non-conducting medium for electrical charge car-
riers. On the application of external electric field, charges or
electrons travel via hopping process from the grains to the
grain boundaries [27, 28]. When the material is subjected to
electric field, it gets polarized and stores the energy in the form
of polarization. The energy retained in the material is repre-
sented by the real part of dielectric constant and denoted by &/,
Figure 4 a—e shows the plot between £/, and frequency f{Hz) at
different temperatures (7) in the range from 77 to 253 K for
(Zn),/CuTI-1223; x = 0, 1, 2, 3, and 4 wt.% composites.
Maximum values of ¢/, were found at the low frequency
(i.e.; 40 Hz) owing to the presence of all types of the polari-
zations. It is obvious from Fig. 4 a—e that £/, showed a declin-
ing trend with increasing frequency, which is due to smaller

relaxation time at higher frequency. Moreover, due to small
relaxation time, charges present in the material could not fol-
low the rapid change in the direction of applied ac field [29].
The value of 5/, was increased with addition of metallic Zn
nanoparticles in CuTl-1223 superconducting phase up to x = 3
wt.%. The preliminary enhancement in ¢/, can be linked to the
settlement of Zn nanoparticles across the grain boundaries and
improved the interface area that resulted in the increased po-
larization. In addition, further increase in the concentration of
Zn nanoparticles can cause agglomeration and segregation in
certain regions of the grain boundary, which can reduce the
degree of polarization in the material. Thus, the decreasing
polarization can reduce the capacitance values, and as a result,
g 18 decreased. The variation in ¢ . as a function of tempera-
ture is shown in Fig. 4 fand Table 1. With rise in temperature,
¢/, is increased as the grains and grain boundaries have been
expanded at high temperatures, whereas charge carriers got
more energy to reach grain boundaries and take part in inter-
facial polarization [29, 30].

Energy is stored in the form of polarization when a material
is placed in an external electric field, but some of the charges
present in the material begin flowing in the directions of the
applied field; these charges contribute in the energy losses.
These energy losses are related to the imaginary part of
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dielectric constant and denoted by &”,. Figure 5 a—e shows the
variation of ¢”, in a frequency range from 40 Hz to 100 MHz
at different temperatures from 77 to 253 K for (Zn),/CuTl-
1223;x=0, 1,2, 3, and 4 wt.% composites. At low frequency,
¢, values are higher because charge carriers are given addi-
tional time to pass through the conducting grains at low fre-
quency. But at higher frequencies, the motion of charge car-
riers was hindered by the charge carriers that resulted in the
decrease in ¢”,. The dipoles change their direction with the
change of direction of the applied field, and the dipoles lose

their energy during their alignment, which also contributes in
energy losses. However, the time constant of the applied elec-
trical field drops significantly with rising frequency; this
makes it difficult to align dipoles properly in a very short time.
So, the motion of dipoles was also limited at high frequency,
which resulted in less energy losses and as a result £”, became
saturated at very high frequency. The values of &/, was in-
creased by introducing metallic Zn nanoparticles in CuTl-
1223 superconducting matrix as shown in Fig. 5 a—f. The
connectivity between grains and grain boundaries was
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Fig. 5 a—e Imaginary part as function of frequency at various temperatures of (Zn),/CuTI-1223; x =0, 1, 2, 3, and 4 wt.% nanoparticle-superconductor
composites. f Variation of imaginary part with various temperatures at 40 Hz
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Fig. 6 a—e Tangent loss as function of frequency at various temperature of (Zn),/CuTI-1223; x = 0, 1, 2, 3, and 4 wt.% nanoparticle-superconductor
composites. f Variation of tangent loss with various temperatures at 40 Hz

enhanced due to the stuffing of metallic Zn nanoparticles on Tangent loss (tand) is the fractional loss calculated by ratio of
grain boundaries. The effect of temperature on ¢”, is shownin ~ &”, and &/, of dielectric constant. Figure 6 a—f displays the vari-
Fig. 5 f and Table 1. The values of ¢”, were increased with  ation in tand with respect to frequency and temperature for (Zn),/
increasing temperature because at high temperatures, the di- CuTl-1223;x=0, 1, 2, 3, and 4 wt.% composites. As tand is the
poles, ions, and atoms vibrate with high amplitude and collide fractional loss obtained from the ratio of £’ to &, so it showed
with each other more frequently. As a result, energy losses  almost the same trend as &/, and &”,. with respect to frequency. At
increase which give higher values of £, [31]. low frequency, the values of tand are maximum due to high
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Fig. 7 a—e Ac-conductivity as function of frequency at various temperature of (Zn),/CuTI-1223; x =0, 1, 2, 3, and 4 wt.% nanoparticle-superconductor
composites. f Variation of ac-conductivity with various temperatures at 40 Hz

relaxation time, which results in the movement of charges in the
direction of ac field. In addition, frequent change in the direction
of dipoles of material leads to loss of energy in the form of heat;
thus, the more the charges move, the more they contribute in
losses. Furthermore, the decrease in the relaxation time of ap-
plied electric field occurred with increasing frequency and due
to low relaxation time at high frequency, dipoles’ and charges’
movements decreased and almost ceased at the end as they
cannot follow the applied field. So, at high frequency, tand de-
creases and became constant due to the small movement of

@ Springer

charges. Fig. 6 a—f indicates that when the content of Zn nano-
particles was increased in the given superconducting matrix,
tand initially decreased up to a certain value and then started to
increase. The increase in concentration of Zn nanoparticles in-
creased the polarization at interfaces as the Zn nanoparticles did
not enter the grains and set on grain boundaries; as a result, the
charge storage was enhanced, which led to decrease in tand.
Furthermore, the increase in concentration of Zn nanoparticles
can increase agglomerations and segregations, which led to
higher losses, and hence, tand was decreased. The variation in



J Supercond Nov Magn (2021) 34:1341-1350

1349

values of tany with temperatures is shown in Fig. 6 f and
Table 1. The increase in the values of tand with temperatures
may be due to the increase in thermal energy acquired by the
charges with increasing temperature, which led to an increase in
their motion. An increase in motion of charge resulted in more
losses, so tand increases with increasing temperature [32].

When the electric field is applied to a dielectric material,
charges start to be stored in the form of polarization, but some
charge carriers starts to flow in the direction of field. The ac-
conductivity is the measurement of the flowing charges, and it
is denoted by o,.. Figure 7 a—f displays the variation of o,
with respect to frequency and temperature for (Zn),/CuTI-
1223; x = 0, 1, 2, 3, and 4 wt.% composites. Figure 7 a—f
illustrates that the values of o, were enhanced with increasing
values of frequencies and temperature. According to Koops’
theory and Maxwell-Wagner’s model, conducting grains be-
come active at high frequency, so o,. shows enhancement
with increasing frequency. In addition, the decrease in relax-
ation time of the applied electric field at high frequency pre-
vents charge carriers to get polarized so they take part in en-
hancement of o, [33]. The increasing contents of Zn nano-
particles in CuTl-1223 superconducting phase enhanced the
values of 0,., which can be referred to the better inter-grain
connectivity that sported the charge carriers to flow through
the material. The variation of o, with temperature at frequen-
cy of 40 Hz is given in Table 1 and Fig. 7 f. On increasing
temperature, more number of charge carriers get energy to
flow, and as a result, the rate of movement of the charge
carriers’ increases [34, 35]. Therefore, the values of o, for
(Zn),/CuTI1-1223 nanoparticle-superconductor composites
were increased with increasing temperatures.

4 Conclusion

Sol-gel method and solid-state reaction methods were
employed for the synthesis of Zn NPs and (Zn),/CuTI-1223
nanoparticle-superconductor composites, respectively. XRD
confirmed the settlement of Zn NPs across the grain bound-
aries as no significant change occurred in the XRD spectra of
CuTl-1223 phase with the inclusion of Zn NPs. RT plots in-
dicated the increase in 7 (0) by stuffing the voids and pores
with the addition of Zn NPs. The dielectric parameters (ff ~and
€’,) were found maximum at low frequency owing to larger
relaxation time of the frequency of the ac field. The decreasing
trend became the smallest at high frequency due to very low
relaxation time provided by the applied ac field, which was
almost impossible to be followed by the charge carriers. The
0ac shows increasing trend with increasing frequency owing to
more active grains at high frequency. The enhancement in €,
and €', with decreasing temperature and increase in o, at
higher temperature can be attributed to better availability and

chances of charge carriers to flow at high temperatures be-
cause of the acquisition of thermal energy.
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