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Abstract

Copper (Cu) nanoparticles (NPs) were prepared by sol-gel process, and supercon-
ducting (Cu 5Tl 5)Ba,Ca,Cu30,,_s {(CuTI)-1223} phase was synthesized by con-
ventional solid-state reaction. The desired (Cu),/(CuTl)-1223, x=0-4.0 wt% com-
posites, were obtained by adding Cu NPs in superconducting (CuTl)-1223 phase.
These composites were characterized by X-ray diffraction, DC-resistivity versus
temperature (R-7) and AC conduction measurements. The tetragonal crystal struc-
ture with P4/mmm space group of the host superconducting (CuTl)-1223 phase
remained dominant after the addition of Cu NPs. The zero-resistivity critical temper-
ature T, (K) was increased, and normal state resistivity was decreased after addi-
tion of Cu NPs in CuTI-1223 phase. The frequency- and temperature-dependent AC
conduction properties of (Cu),/(CuTl)-1223 composites were explored via dielec-
tric, impedance and electric modulus measurements. The dielectric constant (é/r, e’r/ )
and loss tangent (tand) were suppressed, while AC conductivity (c,,) was improved
with the addition of Cu NPs in (CuTl)-1223 phase. Comparatively, the capacitance
associated with grain boundaries regions was found to be greater than the capaci-
tance associated with grain regions. The capacitive behavior of the grain bounda-
ries was decreased, while that of the grains was increased with increasing operating
temperature for all these composite samples. The shifting of peaks in imaginary part
of the electric modulus (M”) versus frequency (f) spectra toward lower frequency
regime with increasing Cu NPs contents in superconducting (CuTl)-1223 phase is
witnessed for the existence of non-Debye relaxation in the material.

Keywords (Cu),/(CuTl)-1223 composites - Cu nanoparticles - (CuTl)-1223
superconducting phase - Dielectric measurements - Complex impedance
spectroscopy - Complex electric modulus spectroscopy

< M. Mumtaz
mmumtaz75 @yahoo.com

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10909-020-02417-2&domain=pdf

Journal of Low Temperature Physics (2020) 199:1268-1298 1269

1 Introduction

The key parameters for the dielectric constant of a material are capacitance, con-
ductance, refractive index and charge screening [1]. The dielectric constant controls
the screening of the electrostatic forces between the electrical charge carriers and
the extra charges such as ionic impurities or oscillating dipoles in a lattice of the
material [2-5]. Therefore, the dielectric response has a decisive effect on the carrier
mobility, which is a fundamental property of the electronic materials. The dielec-
tric properties of a material have a central role in the performance of the electronic
devices. It is very well known that an effective dielectric material must have high
dielectric constant value, low dielectric loss and high breakdown voltage. As the
dielectric constant is related to the polarizability, it is strongly dependent on the
chemical structure of the material [6]. The very high values of dielectric constant
have also been observed in ceramics materials and high-temperature superconduc-
tors (HTSCs) [7]. In spite of the fact that the cuprate HTSCs have extensively been
characterized, a very little work has been carried out on their dielectric properties.
The AC conduction process in several electronic devices depends on temperature,
frequency, surface charges, fabrication process and doping contents of the material.
As the oxygen ions cause the space charge effects at high-temperature and low-fre-
quency regions, the AC conduction properties (i.e., dielectric constant, impedance
and modulus spectroscopies) of materials do not reflect the same intrinsic values
at all frequencies and temperatures. Therefore, the study of AC conduction process
over a long range of frequency and temperature is very important and is the main
motivation of the current study. The frequency- and temperature-dependent AC con-
duction properties can provide a clue about the underlying responsible mechanism
taking place in the material. The polarization mechanisms can be classified into
four categories [i.e., (1) electronic polarization, (2) atomic and ionic polarization,
(3) dipolar and oriental polarization and (4) interfacial polarization], which depend
upon the frequency of the applied AC field [8].

In homologous CuBa,Ca,_;Cu,0,,,,_5 series of high-temperature superconduc-
tors (HTSCs), CuBa,Ca,Cu;0,,_s (Cu-1223) superconducting phase is extensively
studied candidate because of low superconducting anisotropy (}/:éab/ é:c), compara-

tively longer coherence length along c-axis (£.) and high zero-resistivity critical
temperature T, [9]. So, these materials play a vital role in microelectronics for
smaller and robust energy storage devices such as capacitors [10]. The frequency-
dependent dielectric properties of Tl,Ba,Ca,Cu,0, and Tl,Ba,Ca,Cu;0, supercon-
ductors were studied at different temperatures from 80 to 300 K [11]. The values of
dielectric parameters such as dielectric constants (¢ and ¢, dielectric loss (tan &)
and AC conductivity (o,.) of these compounds were found to be strongly dependent
on temperature and frequency of AC field. It was supposed that the dielectric
response of these materials is attributable to the dipolar polarizations due to hopping
of carriers. The normal state transport and dielectric properties of
Bi g4Pb 3451 ¢1Cay 43Cu; o6In, O, (0<x<0.15) material were investigated [12]. The
increase in dielectric parameters was attributed to the increase in polarization with
the increase in ‘In’ contents as impurity atoms in crystalline lattice sites, which can
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cause deformation in surrounding volume and modification in local fields. The MgO
nanoparticles-added Cu, ,5T1, ;sBa,Ca;Cu,O,_s superconducting phase was studied
for its superconducting and dielectric properties in frequency range from 100 Hz to
4 MHz at various operating temperatures from 113 to 300 K [13]. The variation in
dielectric parameters was found to be strongly dependent on both frequency of
external applied AC field and operating temperature values. The variation in ¢’ and
tan 6 showed dispersion, which shifts toward lower frequencies with decreasing tem-
perature, and such dielectric response indicated a Debye-like relaxation process in
the material.

The famous tool of complex impedance spectroscopy (CIS) is mostly used to
analyze the complex electrical circuits. CIS can also be used to explore the relaxa-
tion processes going on in the complex inhomogeneous systems [14, 15]. Due to
its nondestructiveness, this technique is widely applied to study microstructures and
their associated electrical properties [16]. For polycrystalline materials with differ-
ent relaxation times, the CIS technique can be used to distinguish the contributions
of grains and grain boundaries in their transport properties [17]. As persistent cur-
rent flow is the key feature linked to superconductivity, CIS study of these high-
temperature superconductors may help us to understand the science lying at the core
of this phenomenon [5, 18].

The ceramics CaCu;Ti,O;, or Ca;,5sCu,;5TiO; (CCTO) are extremely synthe-
sized and characterized materials due to their unusual electrical properties [16—18].
As these CCTO materials have low loss and high dielectric constant, these com-
pounds are very important for miniaturization of electronic devices and energy stor-
age. Coq 4Cuy,Zn, 4Al Fe, O, material was investigated using CIS, and a decreas-
ing trend in dielectric constant and loss tangent was observed with increasing Al
content. The dielectric constant and dielectric loss were decreased in the lower
frequency region and had attained constant value for the higher frequency region
[19]. The AC conductivity was also decreased with increasing contents of Al due
to limiting the hopping electron. The increasing hopping frequency shifted to lower
frequency with increase in Al content. The electrical properties of BaCuO,, s were
explored at certain selected range of frequency and temperature [20]. Nature of
dielectric relaxation was observed to be non-Debye type in this compound. Both
Ba,CoNbOg and Sr,CoNbO, ceramic materials exhibit high values of dielectric con-
stant in low-frequency regimes at room temperature. The impedance and modulus
spectra measured at room temperature over 1 Hz to 10 MHz revealed two relaxa-
tion processes with different relaxation times, which were attributed to the grain
and grain boundaries [21]. The major decrease in low-frequency dielectric loss of
Y,;3_,Nd, Cu;Ti O,, ceramics was observed by refining the grain size after A-site
Nd doping, which can be attributed to the enhanced grain boundary density [22].
The complex impedance plots of polycrystalline KBa, V50,5 ceramics revealed that
both the grain resistance and grain boundary resistance were decreased with the rise
in temperature, which indicated the negative temperature coefficient of resistance
behavior of the sample [23]. The AC electrical properties of polycrystalline NdGaO,
were investigated by CIS measurements. There were two relaxation processes with
different relaxation times observed from the impedance and modulus spectroscopy
measurements, which were associated with the grain and the grain boundary effects.
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The capacitance and resistance of grains were found to be lower than grain bounda-
ries, and conductivity in the material was increased with temperature [24].

Modulus-based investigation of materials is equally important to gain information
about electrical and other related properties of the materials. This is a convenient
technique to probe dynamical processes playing part in transport properties. Mostly,
this tool is applied for the determination of relaxation time and ions/carriers hopping
rate [25, 26]. Commonly, the acquired experimental data are analyzed in the com-
plex plane using impedance (Z*), admittance (Y*) and modulus (M*) formalisms
[27]. Complex electric modulus (CEM) is preferred over other complex formalisms
when different capacitive components exist in the material and hence distribution
of relaxation times comes into play. Here, for the component with minor capaci-
tive contribution, the impedance formalism fails and modulus formalism fulfills the
requirement and works well [28, 29]. In a nutshell, CEM helps in separating elec-
trode polarization from conduction process and it also identifies components with
similar resistance and different capacitances [30, 31].

The AC electrical properties of Nig,;Cuy 0Zn, 63Fe,0, ceramics were stud-
ied by impedance and modulus spectroscopy. The complex impedance spectra
showed both grain and grain boundary effects on the AC electrical properties. The
complex modulus spectra indicated the occurrence of non-Debye type of conduc-
tivity relaxation in the material [31]. The shifting of peaks in modulus spectra of
LiNi;_,_,_02Mgy02C0,Zn 0O, ceramic material toward high-frequency regime with
increasing heat input in the form of rising temperature showed thermally accelerated
conduction. Multiple relaxation nature of the studied material is overall manifested
by modulus analysis [32]. Complex modulus and impedance spectroscopy studies
of Ba,SrSmTi;V,;0;, material were carried out at different temperatures as func-
tions of frequency. This study showed the existence of hopping mechanism, nega-
tive temperature coefficient of resistance (NTCR) and non-Debye relaxation in the
material [33]. Impedance and modulus formalisms were applied to characterize
Zr0,-TiO,—V,05 nanocomposites. Shifting of peaks toward higher frequency with
temperature is an evidence of thermally accelerated conduction in these nanocom-
posites. A non-Debye-type relaxation process was revealed by both impedance and
modulus formalisms [34]. The modulus study of Ag,0—-CdI,—~CdO nanocomposites
showed the temperature-independent and composition-dependent electrical relaxa-
tion of Ag™ ions in these nanocomposites. It was observed that the activation energy
for conduction was increased and total AC conductivity was decreased with increas-
ing Ag,0 content in this material [35].

The main objective of this study was to figure out the different factors contribut-
ing to the energy dissipation in the material, e.g., grain boundaries, grains, impuri-
ties, etc., which can be rectified in future by minimizing their contribution in energy
dissipation. As the superconducting properties can be improved by reducing the
energy dissipation, the factors contributing to energy dissipation must be explored
and addressed. The present study has been carried out to investigate the electrical
AC conduction mechanism of (Cu),/(CuTl)-1223 composites. The outcomes of this
work will help and guide the audience in acquiring the relevant information about
relaxation time and amplitude of relaxation associated with several processes going
on in these composites. The prime focus of this study is to bring out the effects of
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Cu NPs incorporation in (CuT1)-1223 superconducting phase by observing and ana-
lyzing dielectric, impedance and capacitive contribution in AC conduction process.
For the said purpose, the material was tested by varying its composition, test fre-
quency and temperature. This study will give insight to the readers about the role of
different factors contributing to electrical transport properties of the system.

2 Samples Synthesis and Experimental Details

The calculated quantities of Cu,(CN),, Ca(NO;), and Ba(NO;), chemicals were
weighed by electronic digital balance and ground for nearly two hours in agate mor-
tar and pestle. This ground mixture was then put into preheated chamber furnace for
24-h heat treatment at 860 °C. The furnace was switched off after 24-h heat treat-
ment and allowed to cool the material to room temperature. This process of heat
treatment was repeated following intermediate grinding for 1 h. Then, Cu NPs syn-
thesized by sol-gel process and calculated quantity of thallium oxide (T1,0;) were
added into the precursor material. The round-shaped pellets of the final mixed and
ground material were prepared with the help of hydraulic press. At the final stage,
these pellets enclosed in gold capsules were sintered at 860 °C for 10 min to obtain
(Cu),/(CuTl)-1223, x=0, 1.0, 2.0, 3.0 and 4.0 wt% composites.

The structure and phase purity of Cu NPs and (Cu),/(CuTl)-1223 composites
were probed by XRD (D/Max IIIC Rigaku with CuKa source of X-rays with wave-
length 1.54056 /&). The DC-resistivity (p) versus temperature T (K) measurements
of these composites were carried out by four-point probe method. The 9 Tesla Physi-
cal Property Measurement System (PPMS) Superconducting Magnet (SCM6) from
Quantum Design was used for these R—T measurements. The frequency-dependent
dielectric, impedance and modulus measurements of these composites were carried
out at different operating temperatures by LCR meter (Hewlett-Packard 4294A).
The thin layers of silver paint were applied on both the surfaces of the rectangular-
shaped sample and dried at room temperature to make them conducting electrode
surfaces for frequency-dependent dielectric, impedance and modulus measurements
by conventional two-point probe method.

3 Results and Discussion
3.1 X-Rays Diffraction (XRD)

The phase purity and crystal structure of Cu NPs were investigated using XRD as
shown in Fig. 1. Average crystallite size of Cu NPs calculated by Scherer’s formula
was found to be 20 nm. The XRD peaks found at 43.09°, 50.32° and 74.15° were
indexed as (111), (200) and (220) planes according to the standard JCPDS card
(Card No. 04-0836) indicating FCC crystal structure of these Cu NPs [36, 37]. The
XRD spectra of representative (Cu),/(CuTl1)-1223, x=0 and 4.0 wt% composites, are
shown in Fig. 2. The most of the diffraction peaks were indexed showing the tetrag-
onal crystal structure with P4/mmm space group. Some of the diffraction peaks of
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small intensity were also observed that were marked as impurities and some other
superconducting phases present in these composites. The unchanged crystal struc-
ture of the host CuTI-1223 superconducting matrix with the addition of these Cu
nanoparticles confirms that they have been dispersed over the intergranular spaces of
the host CuTl-1223 matrix. Moreover, the sizes of these Cu nanoparticles are larger
than the unit cell size of CuTl-1223 superconducting phase. For atomic substitution
inside the crystal structure of the host CuTl-1223 matrix, these Cu nanoparticles
have to be thermally decomposed into atoms. Since the synthesis temperature (i.e.,
860 °C) of these samples is very low as compared to the decomposition temperature
(i.e., 1083 °C) of Cu nanoparticles, the chances of entrance of atoms of these nano-
particles inside the crystal structure of host CuTI-1223 matrix are negligible.

3.2 Resistivity Versus Temperature Measurements

The representative graphs showing the variation in DC-resistivity p ( m) with
temperature T' (K) for (Cu),/(CuTl)-1223, x=0 and 4.0 wt% composites, are given
in Fig. 3. The normal state resistivity p,(2-m) was decreased from 1.76 X 1072 to
9.21x107* Q m, and the value of Ty (K) was increased from 98 to 108 K for
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(Cu),/(CuTl)-1223 composites with x=0 and 4.0 wt% of Cu NPs. This improvement
in the superconducting parameters was attributed to the enhancement of intergrain
coupling and reduction of potential barriers to the carrier’s mobility across the grain
boundaries due to the presence of conducting natured Cu nanoparticles spread over
the intergranular spaces of (CuTl)-1223 superconductor phase.

3.3 Complex Dielectric Measurements

The frequency-dependent dielectric properties of (Cu) /(CuTl)-1223, x=0-4.0 wt%
composites, were investigated from 40 Hz to 100 MHz at different temperatures from
78 to 253 K. The dielectric parameters such as £, ¢, tand and o, were measured,
compared and explained in the light of available literature. These are the parameters
which fix the basic criterion for the selection of any material for practical dielectric
applications. When the dielectric material in parallel plate capacitor is subjected to
the oscillating electric field E=E, ¢, then the displacement of the charges due to
the oscillating electric field with phase difference of & is D=D, &=, which gives
the complex permittivity as in Eq. (1) [38]:

D, .
-5
e Eoe’(“”)
= ¢l — je// o)
_ 1
joC,Z*

where j= \/ —1,Z'=V'II', V' and I" are the applied AC voltage and AC current to
the samples, respectively. Also C,=¢A/d with ¢, is permittivity of free space, A is
area and d is thickness of the samples.

The real part of dielectric constant (eﬁ) is given by Eq. (2) [38]:

/- Do
€ = o cos 0, ()
and imaginary part of dielectric constant (sﬁ/) is given by Eq. (3) [38]:
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el = % sin 0 (3)

The values of ¢ and & depend upon the two characteristics of the material,
first one is charge storage (i.e., capacitive nature of material) and second is charge
transfer (i.e., conductive nature of material) [39]. The dielectric phenomenon in
ferrites and polycrystalline HTSCs has been best explained by the Koop’s theory
and Maxwell-Wagner model [40, 41]. According to these models, there are two
distinct regions in the polycrystalline materials, i.e., good conducting grains and
poor conducting grain boundaries. The charges reach from grain to grain bounda-
ries by the hopping mechanism when electric field is applied to polycrystalline
sample. These dielectric properties have been investigated at different constant
operating temperatures from normal state of the samples at room temperature
to their superconducting state. The lower thermal agitation at lower temperature
may enhance the polarizability of the atoms and hence their dielectric constants.
The dielectric constants ¢’ and ¢’ are most likely arising from the dielectric polar-
ization originating from the displacement of mobile electronic charges present in
the conducting grains from the equilibrium position relative to the grain bounda-
ries. At higher frequencies, the dielectric polarization arising from the displace-
ment of mobile carriers in conducting grains relative to the grain boundaries is
negligible, and the values of dielectric constants approach to negligible values.
The capacitance due to dipolarization is modeled to be originating from the dis-
placement of mobile carriers in conducting grains from their equilibrium position
relative to the relatively static charges across the grain boundaries. The variation
in £/ with frequency at different temperatures of (Cu) /(CuTI)-1223 composites is
shown in Fig. 4a—e. The combined graph showing the variation in “/r(max.) with T
(K) at 40 Hz is given in Fig. 4f. The maximum value of £/ was observed at lower
frequencies, which can be associated with interfacial polarization [39]. The value
of & was gradually decreased with the increase in frequency and became constant
having very small value at certain high frequency. The dielectric constant was
decreased at high frequencies due to lagging of carriers across the grain bounda-
ries. The charge carriers cannot follow the frequency at high values as the time
required by carriers to oscillate with external AC field becomes shorter and hence
the response of the material to polarization becomes very small. A resonance and
anti-resonance in the graphs of & versus f (Hz) were observed around 107 Hz for
all the samples, which was mostly associated with carrier relaxations and physi-
cal barriers that restrain charge migrations [42]. The values of £ were increased
with the increase in temperature and were decreased with the increase in Cu NPs
contents. This increase in sﬁ with T (K) was due to orientational polarization asso-
ciated with thermal motions of molecules as dipoles cannot orient themselves
at relatively lower temperatures [42—44]. The highest values of & at 40 Hz are
2.74x10% 9.84 x 10%, 3.87x 10°, 2.84 x 10* and 7.80 x 10® for (Cu) /(CuTI)-1223
composites with x=0, 1, 2, 3 and 4 wt%, respectively. The maximum values
of £ at 40 Hz were decreased with increasing Cu NPs contents in (CuTl)-1223
superconducting matrix. The decrease in the values of £ with increasing contents
of Cu NPs can be associated with less polarization due to enhanced conducting
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Fig.4 Variation in the real part of dielectric constant (¢)) with the frequency f (Hz) from 40 Hz to
10 MHz and T (K) from 78 to 253 K of (Cu),/CuTI-1223 nanoparticles—superconductor composites with
ax=0,bx=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, e x=4.0 wt% (the insets show the variation in (d)
versus operating temperature (7) at frequency of 40 Hz), and f the variation in a{(max) with the operating
temperature 7' (K) of (Cu),/CuTI-1223, x=0, 1.0, 2.0, 3.0 and 4.0 wt%, nanoparticles—superconductor
composites (Color figure online)

nature of grain boundaries promoted by the presence of these conducting Cu NPs
there, which can ease the mobility of carriers across the grain boundaries.

The variation in the imaginary part of the dielectric constant (é/r/) with frequency
f (Hz) at various values of T (K) from 78 to 253 K of (Cu),/(CuTl)-1223 compos-
ites with (a) x=0, (b) x=1.0 wt% (¢) x=2.0 wt% (d) x=3.0 wt%, (e¢) x=4.0 wt% is
shown in Fig. 5a—e. In the insets of Fig. Sa—e, the variation in ¢’ (max) VETSUS operating
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Fig.5 Variation in the imaginary part of the dielectric constant (¢/) with the frequency f (Hz) from
40 Hz to 10 MHz and T (K) from 78 to 253 K of (Cu),/CuTI-1223 nanoparticles—superconductor com-
posites with a x=0, b x=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, e x=4.0 wt% (the insets show the varia-
tion in () versus operating temperature (7)) at frequency of 40 Hz), and f the variation in &/, (max) With the
operating temperature 7' (K) of (Cu),/CuTI-1223, x=0, 1.0, 2.0, 3.0 and 4.0 wt%, nanoparticles—super-
conductor composites (Color figure online)

temperature 7 (K) at frequency of 40 Hz is shown. The variation in &, (max) Versus T'(K)
at frequency of 40 Hz is shown in Fig. 5f to compare the variation in &/, (max) With Cu
nanoparticles contents in (Cu),/(CuTl)-1223 composites. The energy loss in the mate-
rial exposed to external applied AC field represented by &/ arises from different mecha-
nisms such as conduction, vibrational and dipole losses [43]. The energy loss due to
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conduction process is associated with transformation of ion over large distance. These
ions have also the ability to jump over a potential barrier and transfer some part of
energy to the lattice in the form of heat. The values of £/ were diminished with increas-
ing frequency, which became constant at higher frequency due to difference in time
period of charge carriers and applied AC field. The second possible reason for the
decrease in £’ at higher frequencies was the reduction of orientational and space charge
polarizations, which are the main sources of polarization in these materials. The values
of &/ were reduced with the rise in temperature and increase in Cu NPs concentration.
The highest values of e/r/ at lowest possible applied frequency of 40 Hz are 3.45x 107,
1.93%x 107, 3.39x 10°, 2.14x 10° and 1.59x 10* at room temperature of 253 K for (Cu) /
(CuTl)-1223 samples with x=0, 1, 2, 3 and 4 wt% Cu NPs contents, respectively. The
maximum values of & were decreased with the inclusion of conducting natured Cu
NPs, which could facilitate the mobility of carriers across the grain boundaries and as a
result reduced the polarizability in the material.

The net energy loss in the material is commonly referred as loss tangent ‘tand.” It is
obtained by taking the ratio of slr and e’r/ that is given by [38];

tané = gr///er/ 4)

The variation in tané versus f (Hz) at different temperatures from superconducting
state to normal state of these composites is shown in Fig. 6a—e. The variation in max-
imum values of tand with T (K) at 40 Hz for different concentrations of Cu NPs in
(CuTD)-1223 superconducting phase is shown in Fig. 6f. The maximal values of tané
at 253 K and 40 Hz are 6.35% 10°, 4.30x 10, 1.38x 10*,1.04x 10° and 2.10x 10" for
(Cu),/(CuT1)-1223 samples with x=0, 1, 2, 3 and 4 wt%, respectively. It was observed
that the maximal values of tané at 40 Hz were decreased with increasing 7' (K) from 78
to 253 K as shown Fig. 6f. It was also observed that the maximal values of tané were
also reduced with increasing contents of Cu NPs in (CuTl)-1223 matrix at all operating
temperatures. A decreasing trend in tand was observed with increasing frequency, and
its values became very small and almost constant at certain higher frequencies for all
the samples. A resonance and anti-resonance in the graphs of tané versus f (Hz) were
also observed around 107 Hz for all the samples, which was mostly associated with
carriers relaxations and physical barriers that restrain charge migrations [42]. The grad-
ual decrease in the values of tand with increasing values of frequency was associated
with the difference in time constants of charge carriers and applied AC field. Overall
decreasing trend in tané with increasing Cu NPs contents can be associated with metal-
lic nature of these NPs. The values of tand were also found to decrease with the rise
in temperature due to enhanced polarizability. The decrease in the values of tand with
increasing temperature may be due to larger energy stored than energy loss.

The AC conductivity (,.) can be calculated by the following mathematical relation
[38]:

Oy = wel€,D )

where D =tan¢ is dissipation factor. The variation in o,, with f (Hz) at different val-
ues of T (K) is shown in Fig. 7a—e, and the variation in maximum AC conductivity
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composites (Color figure online)

Oo(max)(SM™") with T (K) at frequency 2x 10 Hz for (Cu)/(CuT1)-1223 samples is
shown in Fig. 7f. The value of o, was small at lower frequency due to small number
of free charge carriers available for conduction as most of the charge carriers were
trapped across potential barriers at the grain boundaries [44]. The carriers piled up
across the grain boundaries at lower frequencies causing maximum polarization in
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Fig.7 Variation in the AC conductivity (o,.)with frequency f (Hz) from 40 Hz to 10 MHz and T (K)
from 78 to 253 K of (Cu)/CuTl-1223 nanoparticles—superconductor composites with a x=0, b
x=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, e x=4.0 wt%, and f the variation in the maximum o,  with the
operating temperature T (K) of (Cu),/CuTl-1223, x=0, 1.0, 2.0, 3.0 and 4.0 wt%, nanoparticles—super-
conductor composites (Color figure online)

the material. The value of o, started increasing with the increase in frequency due
to greater number of responding carriers with greater energy and less barrier height.
The value of oac(max_)(Sm_l) at 2x 107 Hz was increased with increasing tempera-
ture 7 (K) for all the samples. The values of 6,y (Sm™) at 253 K and 2x 10" Hz
are 4.38x 1073, 7.25x 1072, 7.63x 107, 1.29x 107 and 1.71 x 1072 Sm™"! for (Cu) /
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(CuTl1)-1223 composites with x=0, 1.0, 2.0, 3.0 and 4.0 wt.%, respectively. The
increase in o,, with increasing temperature can be associated with availability of
excess carriers due to thermal vibrations and activation of charge carriers [45]. The
increase in the values o,. with increasing Cu NPs contents in (CuTl)-1223 matrix
is an evidence of improved intergrain connections, which could ease the mobility
of carriers across the potential barrier of grain boundaries. The increase in the val-
ues of o,, with increasing Cu NPs contents at intergranular spaces indicated that the
nature of grain boundaries was changed due to the presence of these metallic Cu
NPs there in (CuTl)-1223 matrix.

3.4 Complex Impedance Spectroscopy (CIS)

Complex impedance spectroscopy (CIS) has been effectively used to probe the elec-
trical transport properties of different polycrystalline materials, which reveals the
homogeneous or inhomogeneous nature of polycrystalline materials. This technique
helps to describe the electrical relaxation as microscopic property in ionic solids at
different values of frequencies and temperatures. The dynamics of bound charge car-
riers in the bulk or at interfacial sites of the polycrystalline materials can be inves-
tigated by using CIS [46]. Through CIS, a direct correlation between an idealized
model circuit and real system comprising of electrical components of discrete nature
can easily be drawn [47]. An equivalent circuit based on impedance spectra has been
designed, which gives physical information about the processes taking place inside
the material. As most of the ceramics contain two types of regions, namely grains
and grain boundaries, CIS helps to differentiate between individual contributions of
both these regions [48]. CIS is also considered as significant and easy-to-handle tool
for the determination and analysis of electrical transport phenomenon [49]. Thus,
we have designed an equivalent circuit to examine that how grain boundaries and the
grains are taking part in AC conduction process in the material. The grains’ resist-
ance (R,) parallel to grains’ capacitance (C,) is joined in series with grain bounda-
ries’ resistance (Rgb), parallel to grain boundaries’ capacitance (C gb) in the electrical
circuit shown in Fig. 8f. The complex impedance (Z) in terms of real and imaginary
parts can be described as

1"

zZ = Zreal +jZimag (6)

where Z and Z are the real and imaginary parts of complex impedance Z:

! _ Rg Rgb
AR — = + Y 5 @)
1+ (a)CgRg) 1+ (a)CgbRgb)
Z// =R ngRg R wcgbRgb
— g 2 + Kgp 2 ®)
1+ (wC,R,) 1+ (0CyRy)
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Fig.8 Nyquist plots of real Z (Q)versus imaginary Z’ (Q) parts of impedance for (Cu),/CuTI-1223 com-
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The Nyquist plots of Z' (Q) versus Z' (Q) at different values T (K) for (Cu),/CuTl-
1223 composites in frequency range from 40 Hz to 100 MHz are shown in Fig. 8a—e.
The values of R, and Ry, can easily be deduced from impedance spectrum as R, can be
obtained from left intercept, while net resistance (R=Ry,+R,) can be obtained from
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right intercept with Z-axis of the Nyquist plots. The following mathematical relations
(9) and (10) can be used to calculate the values of C, and C,,, respectively:

1

Jmax = 55~ 9
22R,C, ©)

f _ 1
max —angb Coo (10)

The values of ‘R,” and ‘R’ are given in Table 1. The growing resistive response of
both grains and grain boundaries with increasing temperature is an evidence of their
conducting nature. The greater values of ‘R’ as compared to the values of ‘R,” dem-
onstrate that the grain boundaries are more resistive than grains. The most likely reason
is the presence of different defects and nonstoichiometric distribution of oxygen across
the grain boundaries.

The noticeable change in the shapes of Nyquist plots with increase in temperature
clearly suggested a change in the value of resistance with temperature that indicates the
occurrence of multi-Debye relaxation phenomena in the material. The value of total
resistance of (Cu),/CuTl-1223 composites was found to increase with the increase in
temperature as given in Table 1. The most likely reason for the increase in total resist-
ance with temperature is the increase in defects like oxygen vacancies and space
charges across the grain boundaries of the material [41, 50]. The mobility of carri-
ers between the grains and grain boundaries can be affected by the presence of these
defects due to trapping of carriers across the potential wells at intergranular sites pro-
moting the resistive behavior of the material.

The small polaron hopping (SPH) model was used to calculate the activation energy
of carriers by using Eq. (11) as follows:

Ey

R Ey
7 = Akl (1)

Table 1 Calculated values

T(K) (Cu)/CuTl-1223 it
of ‘R,” and Ry, of (Cu)/ K) (Cu)/Cu composites

CuTl-1223, x=0, 1.0, 2.0, 3.0 x=0 x=10wt% x=2.0wt% x=3.0 wt% x=4.0 wt%
and 4.0 wt% nanoparticles—

superconductor composites at R, Ry R, Ry R, Ry R, Ry Ry Ry
various temperatures from 78

0290 K 78 332 87 20.1 182 7.1 1042 9.11 1083 7.1 1383

103 331 88 20.6 194 7.2 1068 9.38 1189 7.2 1425
128 327 85 20.8 196 7.4 1080 9.58 1193 7.4 1460
153 328 87 203 198 83 1071 9.81 1195 8.3 1478
178 327 90 19.6 204 85 1078 9.88 1248 8.5 1638
203  31.6 92 203 208 8.6 1092 102 1266 8.6 1781
228 322 91 195 213 87 1106 105 1274 8.7 1952
253 275 95 19.1 214 82 1123 10.7 1303 8.2 2007
290 279 100 19.5 220 89 1135 11.2 1309 8.9 2047
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,Here R, A,, k and E, are resistance, pre-exponential factor, Boltzmann’s constant
and activation energy, respectively [51]. The variation in calculated activation ener-
gies for grains and grain boundaries versus Cu NPs contents in (CuTl)-1223 matrix
is shown in Fig. 9a, b. The values of E, calculated for grains are 3.27 peV, 8.25
peV, 10 pe V, 13 peV and 17 peV, and those for grains boundaries are 0.60 meV,
0.71 meV, 1.06 meV, 1.12 meV and 1.2 meV for (Cu),/(CuTI)-1223 composites
with x=0, 1.0, 2.0, 3.0 and 4.0 wt% of Cu NPs contents, respectively. The increase
in activation energy manifests that the AC conduction mechanism in the material is
thermally activated [52]. The carriers can be blocked at internal interfaces in poly-
crystalline materials (having grains and grain boundaries) due to the presence of
different microstructural imperfections such as cracks, pores, etc [53]. The blocking
factor (ay) demonstrates the contribution of grain boundaries to the overall AC con-

ductivity of material and can be estimated quantitatively by Eq. (12) given below:
= (12)
r= ———

R, + Ry,

The value of ay gives the information about the fraction of blocked charge carri-
ers across the potential wells at grain boundaries in the material. The variation in aj

Fig.9 a Plots of R/T (Q K™ (a)
versus 1000/T (K) for (Cu),/
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with T (K) for (Cu),/(CuTl)-1223 composites is shown in Fig. 10. The percentage
value of a; is increased with increasing Cu NPs content in CuTl-1223 matrix.

The variation in Z' (Q) versus f (Hz) at various T (K) from 78 to 290 K for (Cuw)/
(CuTl)-1223 composites is shown in Fig. 11a—e. The information from these plots
can be useful to understand the dynamics of carriers’ mobility in the material. The
high values of Z' (Q) in the low-frequency region show maximum resistive behavior
of the material. The charge carriers are trapped in potential wells across the grain
boundaries at low-frequency regions giving excess dielectric parameters. The charge
carriers can easily follow the external applied AC electric field, which depends on
the frequency and time constant of the interface states [54]. All the curves of Z' (Q)
versus f (Hz) overlap regardless of T (K) at high frequency, which can be associated
with absence of restoring force leading to the mobility of carriers under the influ-
ence of an induced electric field. The gradual increase in the value of 7 (Q) with the
increase in 7' (K) is evident from the graphs showing the variation in Z' (Q) versus
T (K) at 40 Hz as given in the insets of Fig. 11a—e. The combined graph show-
ing the variation in 7' (Q) with T (K) at 40 Hz for (Cu),/(CuTI)-1223 composites
is given in Fig. 11f. The value of Z (Q) has overall been enhanced after addition of
Cu NPs in CuTl-1223 matrix. The maximum values of Z' () at 40 Hz varied from
1.16Xx 10% to 1.37x 10%, 2.04x 10? to 2.40x 10°, 1.03x 10° to 1.14x 10, 1.07x 10°
to 1.37x10° and 1.39 x 10° to 2.07 x 10* at temperature from 78 to 290 K for (Cu) /
(CuTl)-1223 composites with x=0, 1.0, 2.0, 3.0 and 4.0 wt% of Cu NPS, respec-
tively. The increase in Z' (Q) with T (K) is probably due to increase in the resis-
tive behavior of the grain boundaries, which shows the conducting nature of grain
boundaries further promoted by the addition of conducting Cu NPs in (CuTI)-1223
matrix.

The graphs of 7" (Q) versus f (Hz) at various T (K) values from 78 to 290 K
for (Cu),/(CuTl)-1223 composites are shown in Fig. 12a—e. It is noticed from
these graphs that the value of 7" (Q) was increased with the increase in the value
of frequency f (Hz) and reached at its maximum value Z/  (Q) for all the sam-
ples at all T (K) values. The graphs showing the variation in Zﬁm (Q) versus T
(K) are given in the insets of Fig. 12a—e, which shows the gradual increase in the

values of Z//  (Q) with increasing T (K) values. The values of Z _(Q) are found

Fig. 10 Blocking factor () as 105 +— T T T T T
a function of temperature for
(Cu) /CuTI-1223, x=0, 1.0, 1004 ]
2.0, 3.0 and 4.0 wt% composites 95 V—v¥ A\ anan V v
(Color figure online)
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Fig. 11 Variation in real part of impedance Z' (Q)versus frequency f (Hz) from 40 Hz to 10 MHz for
(Cu),/CuTI-1223 composites with a x=0 at 7=78-290 K, b x=1.0 wt% at T=78-290 K, ¢ x=2.0 wt%
at T=78-290 K, d x=3.0 wt% at T=78-290 K, e x=4.0 wt% at T=78-290 K (the insets show the vari-
ation in Z' (Q) versus operating temperature (7) at frequency of 40 Hz), and f combined plots of variation
in Z (Q) versus operating temperatures 7 (K) at frequency of 40 Hz (Color figure online)

to vary from —4.1x10', —1.0x10%, —4.91x10%, —5.21x10% and —9.12x 10?
at 290 K for (Cu),/(CuTl)-1223 composites with x=0, 1.0, 2.0, 3.0 and 4.0 wt%
of Cu NPs, respectively. The shift in the peaks of Z” (Q) versus f (Hz) graphs
toward lower frequency side has also been observed with increasing T (K), which
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Fig. 12 Variation in imaginary part of impedance Z’ (Q) versus frequency f (Hz) from 40 Hz to
10 MHz for (Cu),/CuTI-1223 composites with a x=0 at T=78-290 K, b x=1.0 wt% at T=78-290 K,
¢ x=2.0 wt% at T=78-290 K, d x=3.0 wt% at T=78-290 K, e x=4.0 wt% at T=78-290 K (the insets
show the variation in Z/rﬁ‘ax (Q) versus operating temperature 7' (K)), and f combined plots of variation in
Z"  (Q) versus operating temperatures 7' (K) (Color figure online)

shows occurrence of multirelaxation processes in the material. The region below
the peaks of Z” (Q) versus f (Hz) graphs defines the frequency range in which
the mobility of carriers takes place due to long-range hopping. The mobile car-
riers are restricted to the potential wells at the frequencies beyond the peak
maximum (i.e., higher frequencies). The particular frequency at which the peak
occurs is an indicative of the transition from long-range to short-range mobility
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of carriers. This type of behavior proposes the existence of thermally activated
hopping mechanism for AC conduction process (charge transport) in the mate-
rial [55]. The appearance of peaks in Z” (Q) versus f (Hz) graphs is a clear sign
of the existence of real dielectric relaxation process, and broadening of these
peaks demonstrates the spread of relaxation time constant distribution [56]. The
combined graph of the variation in Zﬁm (Q) versus T (K) for (Cu),/(CuTl)-1223
composites is shown Fig. 12f. The increasing Cu NPs contents in (CuTl)-1223
matrix have increased the value of Z . (Q). The values of Z . (Q) varied from
-3.1x10" to —4.1x10", —8.1x10" to —1.0x 10%, —4.6x 10* to —4.91 x 10%,
—3.98x10% to —5.21x10% and —6.48 x 10 to —9.12 x 10* with the increase in
temperature from 78 to 290 K for (Cu),/(CuTl)-1223 composites with x=0, 1.0,
2.0, 3.0 and 4.0 wt. %, respectively. The curves indicated that the relaxation has
been slightly shifted toward lower frequency regime with the addition of these
Cu NPs in the bulk CuTI-1223 phase. Equation (13) explains the shifting of peak
positions toward lower frequency (i.e., the increase in the values of Cy, and Ry, is
the cause of the shifting of peaks toward lower frequency)

1 1
= 2 = — =
® = 2xf © " CuRy (13)

The increasing values of Cy, and Ry, increase the relaxation time (7) and cause
the shifting of peaks toward lower frequencies [55, 56]. The shifting of peaks
toward lower frequencies is an evidence of the existence of non-Debye relaxation
with the decrease in AC conductivity in the material [31, 56].

3.5 Complex Electric Modulus (CEM)

The CEM spectroscopy is a potent tool to separate out the effects of grain and grain
boundaries on capacitive contribution, localized dielectric relaxation and long-range
conduction, electrical relaxation process in ionic solids and information about nature
of polycrystalline materials [27, 57-59]. It can also distinguish the components hav-
ing different capacitance and same resistance values. The CEM measurements were
performed on (Cu),/(CuTl)-1223 samples at different 7 (K) values in frequency
range from 40 Hz to 10 MHz to explore the relaxation and conduction processes in
the material. An equivalent electrical circuit consisting of two subcircuits (i.e., one
for grains and other for grain boundaries) has been modeled to analyze CEM meas-
urements data as shown in Fig. 8f. The complex electric modulus (M*) in terms of
M’ and M” can be written in Eq. (14) given below [60]:

M* =M +jM! = joCZ* (14)

The complex impedance (Z*) in terms of grains and grain boundaries resist-
ances (R, and Ry,) and capacitances (C, and C,,) from the equivalent electric cir-
cuit shown in Fig. 8f can be written as:
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* Rg Rgb

= +
1+joCR, 1+ joCyRy

5)

Equation 14 can be written as:

* . Rg Rgb
M* = joC, - + - (16)
1 +joC,R, 1+ joCyRy,

where M’ and M” are the real and imaginary parts of complex Modulus M*:

2 2
Y (@C,R,) + Gy (@CobRep)
Cel 1+ (wCR,)" | Cov| 1+ (0CypRy)

e lc()( wC,R, ) N C, ( wCy,R,, >] "

Ce\1+ (oC,R,)" ) Cor\ 1+ (0CyRy)* 1o
where C, is a geometrical capacitance [14]. The frequency-dependent M versus M
Nyquist plots for (Cu),/(CuTl)-1223 composites at different 7 (K) values are shown
in Fig. 13a—e. The left cutoff point on M'-axis of the semicircle of Nyquist plots
gives the values of C, only grains capacitance, while the right cutoff point on the
same M'-axis designates the total capacitance C= Cyp+ C, of both grain boundaries
and grains in the material. The calculated values of ‘Cy,’ and *C,’ for (Cu),/(CuTl)-
1223 composites at different values of 7 (K) are given in Table 2. The values of
‘Cy, are found to be greater than those of ‘C,’ as given in Table 2, which reflects
the poor conducting nature of grain boundaries as compared to grains. The presence
of different types of imperfections at the grain boundaries makes them relatively
less conducting compared to good conducting grains [29, 30]. The enhancement in
capacitive behavior can be attributed to the increase in polarization due to trapping
of mobile carriers in the potential wells across the grain boundaries promoted by
different defects like oxygen vacancies after insertion of Cu NPS in (CuTl)-1223
matrix. The existence of multi-Debye relaxation phenomena can be evident from the
temperature-dependent capacitive response of the material, which can be visualized
from the change in Nyquist plots with the change in temperature. The total capaci-
tance of grain boundaries has been reduced with rising the values of 7 (K) for (Cu),/
(CuTl)-1223 composites as given in Table 2. The reduction of capacitance with the
rise in temperature may be due to the release of space charges trapped in the poten-
tial wells across the intergranular spaces [60].

The plots showing the variation in M with f (Hz) at different T (K) values are
given in Fig. 14a—e. The values of M’ at lower frequencies are very small showing
negligible capacitive response [31]. The smaller values of M’ at lower frequencies
demonstrate that AC conduction process is attributed to the long-range mobility of
carriers and the contribution of electrode polarization is negligible to the net polari-
zation of the material. The values of M’ start to increase at certain frequencies and
reach maximum asymptotic values for all temperatures, which is an evidence for the

a7)
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Fig. 13 Nyquist plots between real part (M') and imaginary part (M") of electric modulus at different
operating temperatures 7' (K) from 78 to 253 K for (Cu),/CuTI-1223 nanoparticles—superconductor com-
posites with a x=0, b x=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, € x=4.0 wt% (Color figure online)

contribution of short-range mobility of charge carriers in the conduction process. An
induced electric field causes the short-range mobility due to a lack of restoring force
on the carriers in the material. The value of M’ starts to decrease after reaching its
maximum value at certain frequency, which is an indicative of transition from long-
range to short-range mobility of carriers in the material. The appearance of peak
is an evidence of the maximum conductance at certain frequency resulting in the
decrease in capacitive response of the material. The plots in the insets of Fig. 14a—e
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Fig. 14 Variation in real part (M) of electric modulus versus test frequency f (Hz) from 40 Hz to
10 MHz at different operating temperatures 7 (K) from 78 to 253 K for (Cu),/CuTIl-1223 nanoparticles—
superconductor composites with a x=0, b x=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, e x=4.0 wt% each
with inset of variation in Mj,,, versus T (K), and f combined variation of M}, versus T (K) for (Cu)/
CuTl-1223, x=0, 1.0, 2.0, 3.0 and 4.0 wt% nanoparticles—superconductor composites (Color figure
online)

indicate the gradual decrease in the values of M},, with the rise in temperature. The
value of M}, decreases from 6.82x 107 to 6.41x 107, 1.39x 107 to 1.13x 1073,
1.63x 107 to 1.28x107°, 2.04x 107> to 1.58%x 107> and 2.29x 107 to 1.76x 10>
for (Cu),/(CuT1)-1223 composites with x=0, 1.0, 2.0, 3.0 and 4.0 wt% of Cu NPs
with the increase in 7 (K) from 78 to 253 K, respectively. The decreasing trend in
the values of M}, indicates the increasing capacitive response due to trapping of
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space charges in the potential wells across the grain boundaries promoted with the
rise in T (K). The combined plots shown in Fig. 14f demonstrate the increase in
the values of Mj,,, with the addition of Cu NPs in CuTI-1223 matrix at all values
of T (K), which can be an evidence for enhanced hopping process promoted by the
inclusion of Cu nanoparticles at the grain boundaries. The probability of carriers’
tunneling through the grain boundaries can be enhanced after addition of conducting
Cu NPs in CuTI-1223 matrix.

The frequency-dependent M” plots at various temperatures are shown in
Fig. 15a—e. These plots clearly show the increasing trend of M” with increasing
frequency which reaches its maximum value (M%) for all values of T (K). In the
insets of Fig. 15a—e, the variation in M with T (K) is shown. The combined graph

max.

showing the variation in M. with T (K) for (Cu) /(CuT1)-1223 composites is given

max.

in Fig. 15f. The value of M"  changes from 1.55x 107 to 1.18 x 107, 1.27x 1073
t0 9.81x 1074, 1.21x 107 t0 7.73x 107, 1.17% 107> t0 6.73x 10~* and 8.06 x 10~
to 6.37x107* at different values of 7 (K) for (Cu),/(CuTl)-1223 composites with
x=0, 1.0, 2.0, 3.0 and 4.0 wt% of Cu NPs contents, respectively. The value of M”__
starts to decrease with the increase in frequency with slight shifting of peaks toward
lower frequency region with the increase in 7 (K) values from 78 to 253 K. The
appearance of peak showing M/ at certain indicates maximum conductance due
to long-range hopping process of charge carriers. The carriers are confined to the
potential wells at higher frequencies beyond the peak maximum showing the con-
duction due to mobility of carriers at short distances. The peak is reminiscent of
maximum conductance showing a transition from long-range to short-range mobil-
ity of carriers with the increasing frequency contributing in AC conduction mecha-
nism. This type behavior can be the indication of thermally activated hopping mech-
anism contributing to electrical AC conduction or charge transport process in the
system [52]. The values of M’ were found to be around 1.55x 1073, 1.27x 1073,
1.21x1073,1.17x 1073 and 8.06 x 10~* at low temperature of 78 K for (Cu) /(CuTl)-
1223 composites with x=0, 1.0, 2.0, 3.0 and 4.0 wt% of Cu NPs, respectively. The
broadening of M versus f (Hz) peaks demonstrates the spread of relaxation with
relaxation time constant distribution showing the non-Debye nature of the material.
The decrease in M" with increasing Cu NPs contents in CuTI-1223 matrix showed
the improved capacitive response of the material after the spread of these NPs over
the grain boundaries’ regions [61]. The slight shifting of peaks toward lower fre-
quency regions is obvious from M" versus f (Hz) curves after addition of Cu NPs in
(CuTD)-1223 matrix. The increase in grain boundaries’ capacitance (Cy,) and resist-
ance (R,) can easily explain the shifting of peak positions toward lower frequencies

by the following relation mentioned in Eq. 19 given below:

1

1
o=2rf=—-=
CooRyp (19)

By increasing the values of ‘Rgb’ and ‘Cgb,’ the relaxation time (7) increases,
which causes the shifting of peaks toward lower frequency. The gradual decrease
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Fig. 15 Variation in imaginary part (M”) of modulus versus test frequency f (Hz) from 40 Hz to 10 MHz
at different operating temperatures 7 (K) from 78 to 253 K for (Cu),/CuTIl-1223 nanoparticles—supercon-
ductor composites with a x=0, b x=1.0 wt%, ¢ x=2.0 wt%, d x=3.0 wt%, e x=4.0 wt% each with inset
of variation in M versus T (K), and f combined variation in M/rflax versus T' (K) for (Cu),/CuTI-1223,

max

x=0, 1.0, 2.0, 3.0 and 4.0 wt% nanoparticles—superconductor composites (Color figure online)

in M versus f (Hz) peaks intensities demonstrates the decrease in AC conduct-
ance and increase in capacitive response of the material with the increase in
temperature. Shifting of these peaks toward lower frequency side witnessed the
increase in relaxation time.
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4 Conclusion

The frequency- and temperature-dependent AC conduction process was explored
via dielectric, impedance and electric modulus measurements of (Cu)/(CuTl)-
1223 composites. The XRD spectrum of Cu NPs revealed single-phase FCC crystal
structure without any impurity. The tetragonal crystal structure with P4/mmm space
group of the host (CuT1)-1223 superconducting phase remained dominant after the
addition of Cu NPs. The unaltered crystal structure indicated the dispersion of Cu
NPs across the grain boundaries of (CuTl)-1223 superconducting phase. The normal
state resistivity p (€2 m) was decreased, while zero-resistivity critical temperature
Ty (K) was increased after the insertion of Cu NPs in (CuTl)-1223 phase. This
improvement in superconducting properties could be associated with the enhanced
mobility of carriers and superconducting volume fraction due to the presence of con-
ducting Cu NPs over the intergranular spaces of (CuTIl)-1223 matrix. The dielectric
constants (¢, €’), and loss tangent (tan§) were suppressed, while AC conductivity
(o,.) was improved with the addition of Cu NPs in (CuTl)-1223 matrix, which could
be associated with the suppression of polarization in the material. The frequency-
dependent CIS measurements at different temperatures suggested the thermally acti-
vated hopping mechanism responsible for electrical AC conduction (charge trans-
port) process in (Cu),/(CuTl)-1223 composites. The increase in the resistances of
grains and grain boundaries with the increase in temperature was witnessed for the
conducting nature of grains and grain boundaries promoted with the addition of Cu
NPs in (CuTl)-1223 system. Similarly, frequency-dependent CEM measurements
of (Cu),/(CuTl)-1223 composites at different temperatures indicated that both the
grains and grain boundaries had affected the AC conduction properties. The trapped
space charges in the potential wells across the grain boundaries were released with
the rise of T (K), which was the main source of suppression of capacitive response
of the material. The shifting of peaks in the spectra of 7" (Q) versus f (Hz) and
M versus f (Hz) toward lower frequencies with increasing contents of metallic Cu
NPs showed the existence of non-Debye type of relaxation processes in the material.
The greater values of resistance and capacitance of grain boundaries as compared to
grains showed the poor conducting nature of grain boundaries of the material. This
study can be helpful to figure out the different factors contributing to AC conduction
processes and to explore the effects of nanostructures dispersed at the grain bounda-
ries in AC conduction mechanism of the system.
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