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Ferromagnetic nickel (Ni) nanoparticles were added in (CugsTlg5)Ba,CayCu3019-5 (CuTI-1223) supercon-
ducting matrix to get Ni,/CuTl-1223; x = 0-1.00 wt% nanoparticles-superconductor composites. Temperature-
and frequency-dependent dielectric properties of CuTI-1223 superconducting phase with different contents of Ni
nanoparticles were studied. Different dielectric parameters such as dielectric constant (e}, €y ), dielectric tangent
loss (tan 8) and ac conductivity (cac) were determined from experimentally measured capacitance and conduct-
ance at different frequencies from 10 kHz to 10 MHz and at different operating temperatures from 78 to 290 K.
The values of ¢, and ey were found maximal at smaller frequencies and started to decrease at higher fre-
quencies. The value of o, is high at high frequency unlike to ¢}, and &}, which is due to release of space
charges at high frequencies. Peaks in tan & graphs represent the resonance phenomenon at certain frequen-
cies in these samples. Non-monotonic behavior in variation of dielectric parameters with temperature of
Niy/CuTI-1223 samples was observed particularly at high temperatures which was due to thermal instability of

the system at high temperatures.

PACS: 74.25.-q Properties of superconductors;
74.25. F— Transport properties;
74.72.-h Cuprate superconductors;

74.81.Bd Granular, melt-textured, amorphous, and composite superconductors.

Keywords: Niy/(CuTI-1223) composites, Ni nanoparticles, CuTI-1223 superconductor, dielectric properties.

1. Introduction

The dielectric properties of superconducting materials can
play a vital role in growth of microelectronics to produce
various robust devices such as memory devices and capaci-
tor [1]. High values of dielectric constant of various high-
temperature superconductors (HTSCs) made them highly
suitable for practical applications in the field of electronics
[2-5]. Different phases of CugsTlpsBa,Can—1CunOon+a—s
HTSCs family can be synthesized at high pressure (~5 GPa)
as well as at ambient pressure. The values of supercon-
ducting parameters of the materials synthesized at high-
pressure are normally higher than those synthesized at am-
bient pressure [6]. The high pressure synthesis can play an
important role for carriers’ optimization and to enhance
superconductivity [7,8]. The easy ambient pressure synthe-
sis was the main motivation to select CuTI-1223 phase of
CuTI-12(n-1)n HTSCs family for the study of dielectric
properties of this phase [9,10]. In various electronic devic-
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es the conduction mechanisms strongly depends upon the
frequency, temperature, surface charges, fabrication condi-
tions, impurities and doping concentration. Therefore, it
has become mandatory to study the dielectric properties of
HTSCs over an extensive frequency and temperature rang-
es, which can yield useful information about their polariza-
tion and conduction mechanism. There are four primary
mechanisms of polarizations: (i) electronic polarization
(oe), (ii) atomic and ionic polarization (aa), (iii) dipolar
and oriental polarization (a,) and (iv) interfacial polariza-
tion (o) [11,12]. A short-range motion of charges in each
mechanism of polarization leads to the total polarization.
Interfacial polarization and oriental or dipolar polarization
is generally active in HTSCs because at high frequency the
dielectric constant becomes saturated for a temperature
range from superconducting state to room temperature.
There are various techniques reported in literature to
tune the dielectric properties of HTSCs but one of the easi-
est and very effective methods is the insertion of different



Dielectric properties of ferromagnetic Ni nanoparticles added (CugsTlg 5)BapCapCu3010-5 superconducting phase

nanostructures in appropriate amount at the grain bounda-
ries of HTSCs matrices. Carrier density can be controlled
in the material by varying the content of nanostructures at
inter-granular sites. The nature of grain boundaries, oxygen
contents, grains size and inter-grains connectivity of bulk
HTSCs can also be influenced by the inclusion of
nanostructures [13,14].

In present article, the effects of ferromagnetic Ni nano-
particles on the dielectric properties of CuTI-1223 super-
conducting phase have been explored at different tempera-
tures from 78 to 290 K and different frequencies from
10 kHz to 10 MHz. These nanoparticles can modify the
nature of grain boundaries, grain size, inter-grain weak-
links and oxygen contents, which can affect the supercon-
ducting and dielectric parameters of CuTI-1223 phase.We
tried to tune the dielectric properties of CuTI-1223 phase
by varying the content of ferromagnetic Ni nanoparticles,
temperature and frequency.

2. Samples synthesis and experimental details

Cup 5Tlg5BapCaxCuz019-5 (CuTI-1223) superconduct-
ing phase was synthesized by solid-state reaction and
nickel nanoparticles were prepared by sol-gel methods.
These ferromagnetic Ni nanoparticles were added in CuTlI-
1223 matrix to get Niy/CuTl-1223; x = 0, 0.25, 0.5, 0.75
and 1.00 wt% superconductor-nanoparticles composites.
These samples were characterized by using different exper-
imental techniques such as x-rays diffraction (XRD), resis-
tivity vs temperature measurements, scanning electron mi-
croscopy (SEM) and energy dispersive x-ray spectroscopy
(EDX) [15].

The instrument used to measure the inductance (L), ca-
pacitance (C) and resistance (R) is commonly written as
LCR meter. The frequency dependent dielectric measure-
ments were carried out by LCR meter (Hewlett-Packard
4294A) in frequency range from 10 kHz to 10 MHz at dif-
ferent operating temperatures from 78 to 290 K. A conven-
tional two-probe technique was used for these dielectric
measurements. Silver paint was applied on both surfaces of
rectangular bar-shaped sample and copper leads contacts
were made by silver paint on two silver electrode surfaces
of the sample.

3. Results and discussions

Structural, compositional, morphological and supercon-
ducting transport properties of Niyx/CuTI-1223 composites
samples were carried out by XRD, EDX, SEM and four-
point probe resistivity vs temperature measurements and
reported in our previously published manuscript [15].

In this articles, we are reporting only the frequency-
and temperature-dependent dielectric  properties of
Niy/CuTI-1223; x = 0, 0.25, 0.5, 0.75 and 1.00 wt% super-
conductor-nanoparticles composites in frequency range
from 10 kHz to 10 MHz at different operating tempera-
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tures from 78 to 290 K. The change in the values of ¢, and
gr, tan & and o4 by varying the contents of Ni nanoparti-
cles from x = 0 to 1.00 wt%, were determined, compared
and explained. The energy stored in the sample when ex-
posed to external applied ac field is represented by real
part of the dielectric constant (i.e., ¢, = Cd/Agy). Where C
is capacitance (F), d is the thickness of the dielec-
tric/separation between the plates of the capacitor (m), g,
is the permittivity of free space (gy = 8.85.10 2 F/m) and
A is the area of the electrode (mz). Variation in g, of
Niyx/CuTI-1223 composites with different test frequencies
and operating temperatures is shown in Figs. 1(a)—(e). The
value of ¢, is higher at lower frequencies demonstrating
the gradual decrease with the increase in frequency and
becomes almost zero at higher frequency indicating that
the time period of applied ac signal becomes smaller than
the time required for polarization. Active grain boundaries
are responsible for high values of real part of dielectric
constant at lower frequencies [16-18]. As space charge
carriers need finite time for alignment in the direction of
applied ac electric field, so ¢, showed decreasing trend
with increasing frequency of external applied ac field.
Maximum values of ¢, at lower frequency of 10 kHz var-
ied from 3.4-10° to 3.6:10°, 1.07-10 to0 2.28-10°, 25:10° to
4.2510%, 7.76.10" to 1.310" and 6.3-10° to 1.8-10" at various
operating temperature from 78 to 290 K for Niy/CuTI-1223
composites with x = 0, 0.25, 0.50, 0.75 and 1.00 wt%,
respectively. Overall decreasing trend in g, with addi-
tion of Ni nanoparticles was observed with some non-
monotonic behavior at different operating temperatures.
Particularly, at higher temperatures the system was be-
come thermally unstable due to which a slight anoma-
lous behavior in variation of ¢, with T was observed.
Comparison of variation in maximum values of ¢, with
different contents of Ni nanoparticles at different ope-
rating temperature is shown in Fig. 1(f). The suppression
in the values of g, was observed up to x = 0.75 wt% and
an increase was observed in the sample with maximum Ni
nanoparticles, i.e., x = 1.00 wt%. The high values of ¢, for
the sample with x = 1.0 wt% of Ni nanoparticles can be
caused by maximum trapping of mobile charge carriers at
grain boundaries due to magnetic interaction with these
magnetic Ni nanoparticles present there.

The loss or attenuation of energy across the interfac-
es of the samples in an external applied electric ac field
can be estimated by the imaginary part of the dielectric
constant (] = Gd/(wAsy)). Where G is conductance and
o (= 2xf) is the angular frequency. Conductance is an
expression of the ease with which electric current flows
through any material and is the reciprocal of resistance
R. The standard unit of conductance is Siemens (S). The
variation of e with test frequency from 10 kHz to
10 MHz at different operating temperatures from 78 to
290 K of Niy/CuTI-1223 composites samples are shown
in Fig. 2(a)-(e). A decreasing trend in ¢y has been ob-
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Fig. 1. Variation in €} as a function of frequency at different operating temperatures of Niy/CuTI-1223 composites with (a) x = 0;
(b) x = 0.25 wt%; (c) x = 0.50 wt%; (d) x = 0.75 wt%; (e) x = 1.00 wt% and (f) variation of maximum g, at 10 kHz with operating

temperature.

served with increasing frequency, which is in accordance
with Wagner and Koop’s theory [19,20]. According to
these models, dielectric medium is a combination of well
conducting grains and poorly conducting grain boundaries.
The grain boundaries are responsible for high value of &
at lower frequencies. The maximum value of ¢; at lower
frequency of 10 kHz varied from 4.79-10° to 1.1~106,
9.9-10° t0 6,3-10°, 5.6-10° t0 4.99-10°, 5.78-10° to 2.9-10°
and 1.05-10" to 5.5-10° at different operating temperatures
from 78 to 290 K for Niy/CuTI-1223 composites with
x =0, 0.25, 0.50, 0.75 and 1.00 wt%, respectively. At low-
er frequencies, the value of &; was found to be highest,
which was gradually decreased with the increase of fre-
quency and became linear with very lower values at higher
frequencies. This was because at lower frequency the carri-
ers can follow the frequency of external applied ac field

and at high frequency the time period become very short
and most of the carriers can’t follow the external electric
frequency and the response of the material becomes very
small. Variation in maximum value of ¢; at lower frequen-
cy of 10 kHz versus operating temperatures is shown in
Fig. 2(f). Maximum values of ¢y initially decreases with
the addition of Ni nanoparticles at all operating tempera-
tures and then starts to increase with higher content of the-
se nanoparticles contents. Increase in maximum value of g;
at x = 0.75 and 1.00 wt% showed enhanced energy loss due
to high potential barrier offered by ferromagnetic Ni nano-
particles present at grain boundaries. The mobile charge
carriers can be trapped across grain boundaries due mag-
netic interaction of Ni nanoparticles and large energy loss
can take place at higher contents of Ni nanoparticles in
CuTI-1223 matrix.
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Fig. 2. Variation in g; as a function of frequency at different operating temperatures of Niy/CuTI-1223 composites with (a) x = 0
(b) x = 0.25 wt%,; (c) x = 0.50 wt%,; (d) x = 0.75 wt%; (e) x = 1.00 wt% and (f) variation of maximum &y 10 kHz with operating

temperature.

Dielectric tangent loss (tand=¢gf /g;) is the ratio of
energy dissipated to energy stored in materlal when ex-
posed to ac field. Variation of tand with frequency from
10 kHz to 10 MHz at different operating temperatures from
78 t0290 K of Niy/CuTI-1223 composites is shown in
Figs. 3(a)-(e). Value of tand is very small and almost
constant at low frequency and a peak is observed for all
these samples in frequency range from 10° to 10’ Hz,
which was due to resonance phenomenon resulting from
the superposition of hooping frequency of charge carriers
with frequency of external applied electric ac field. Varia-
tion in tand at 10 kHz with operating temperature of these
samples is shown in Fig. 3(f). Maximum values of tand
were observed at higher operating temperatures for all the-
se samples. Overall increase in tand showed the enhanced
potential barriers at grain boundaries with the addition of

Low Temperature Physics/Fizika Nizkikh Temperatur, 2018, v. 44, No. 8

ferromagnetic Ni nanoparticles in CuTI-1223 supercon-
ducting host matrix. At high temperature the system may
become unstable due to which a slight anomalous behavior
has been witnessed.

Variation in ac conductivity (cac) with frequency from
10 kHz to 10 MHz at different operating temperatures from
78 to 290 K of Niyx/CuTI-1223 composites is shown in
Figs. 4(a)-(e). Prominent increase in cac was observed at
higher frequencies, which was attributed to strong conduc-
tion mechanism by hooping of charge carrlers MaX|mum
value of Gac (s/m) varled from 475107 to 6.17- 10
1710 to 12710 20810 to 4.2107° 5.810
3.7.10° and 1.3-10" to 9.3-107° at maximum frequency of
10 MHz with different operating temperatures from 78 to
290 K for Niy/CuTI-1223 composites with x = 0, 0.25,
0.50, 0.75 and 1.00 wt%, respectively. Variation of maxi-
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Fig. 3. Variation in tand as a function of frequency at different operating temperatures of Niy/CuTI-1223 composites with (a) x = 0;
(b) x = 0.25 wt%; (c) x = 0.50 wt%; (d) x = 0.75 wt%; (e) x = 1.00 wt% and (f) variation of tand at 10 kHz with operating temperature.

mum og¢ as a function of operating temperatures is shown
in Fig. 4(f). Increase in maximum value of c5c was ob-
served at higher operating temperatures, which shows en-
hanced conduction mechanism due to thermal excitation.
Overall suppression in o3¢ Was observed at higher contents
of ferromagnetic Ni nanoparticles in CuTI-1223 supercon-
ducting matrix for all operating temperatures, which
showed the enhanced resistance in the transportation of car-
riers due to increased barriers across the grain boundaries
with these ferromagnetic Ni nanoparticles. Maximum value
oac has initially been increased for x = 0.25 and 0.75 wt%
and then started to decrease at higher contents due to en-
hanced trapping mechanism promoted by the strong inter-
action of magnetic Ni nanoparticles settled at grain bound-
aries of the host CuTI-1223 matrix. The slight anomalous
trend in variation of o4¢ at higher temperature can be at-
tributed to thermal instability of the system.
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4. Conclusion

Niy/CuTI-1223 nanoparticles-superconductor compo-
sites were synthesized and their dielectric properties were
explored at different operating temperatures and frequen-
cies. The values of g, and ; were decreased with addi-
tion of Ni nanoparticles at low concentration and en-
hancement was observed at high concentrations. The
values of tand were increased with inclusion of Ni nano-
particles in CuTI-1223 superconductor. Occurring of reso-
nance phenomenon was evidenced from the peaks in tané
graphs at certain frequencies in all Niy/CuTI-1223 samples
resulting from the superposition of hooping frequency of
charge carriers with frequency of external applied electric
ac field. Higher content of Ni nanoparticles at grain
boundaries created higher barriers to the mobility of charge
carriers, which reduced the ac conduction and enhanced
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Fig. 4. Variation in o, as a function of frequency at different operating temperatures of Niy/CuTI-1223 composites with (a) x = 0;
(b) x = 0.25 wt%; (c) x = 0.50 wt%; (d) x = 0.75 wt%; (e) x = 1.00 wt% and (f) variation of maximum o, at 10 MHz with operat-

ing temperature.

loss factors in the materials. The variation in dielectric
properties can be attributed to the enhanced accumula-
tion of charge carriers across the grain boundaries of
CuTlI-1223 superconducting phase due to magnetic inter-
action of ferromagnetic Ni nanoparticles present there. The
most probable reason for suppression of o4¢ at high content
of Ni nanoparticles is the reduction of optimum carriers’
density desired for high conductivity after addition of these
magnetic Ni nanoparticles settled at grain boundaries.

So, we can tune the dielectric properties of CuTI-1223
superconductor by homogeneous distribution of nano-
structures at grain bombardiers, varying test frequency
and operating temperature according to the requirement
of applications.
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J1s  OTpUMaHHS KOMIIO3MTIB  HAHOYACTHHKAa—
HaanposigHuk Niy /CuTl-1223 (x = 0-1,00 mac.%) B
Haxnposinny Marpumio (CugsTlp5)BayCaCuzOio-5
(CuTI-1223) 6yno nomano (hepoMarHiTHi HAHOYACTHH-
ki Ni. BuBueHO TemmepaTypHO- Ta YaCTOTHO-3aJICHKHI
JeNeKTpUYHi BIACTUBOCTI HaampoBigHoi dasu CuTl-
1223 3 pisHuM BMicTOM HaHO4YacTHHOK Ni. Pi3Hi miene-
KTPHU4HI [apaMeTpH, Taki fK OieNeKTpuyHa crana (e,
€y ), AlenexTpiyHi TaHreHmianeHi Brpary (tg 3) Ta mpo-
BI/IHICTb 3MIHHOTO CTPyMY (Gac), BU3HAYAIIMCS MO EKC-
MIePUMEHTATEHO BUMIPSHUX €MHOCTI Ta TPOBITHOCTI Ha
pisaux yactorax Bix 10 kI'q mo 10 MI'n mpu pizHuX
pobounx Temneparypax Bix 78 go 290 K. 3Hauenus g
Ta & OymM MakCHMabHi HPH MEHIIMX YacTOTaX Ta
3MEHILYBAIUCS TIPU OLIBII BHCOKHMX YacTOTax. 3HAYCH-
HSl Gp¢, HA BIIMIiHY BiJ € Ta &y, OyJI0 BUCOKE Ha BUCO-
Kilf 4acTOTi, IO MOB’S3aHO 3 BUXOJIOM 00 €MHHX 3apsi-
niB Ha BHCOKMX uacToTax. [liku Ha tg & rpadikax
[PE/ICTABIISAIOTH COOO0 PE30HAHC Ha JESKHUX YacTOTax B
MX 3pa3kax. HeMOHOTOHHA MOBeAiHKa TeMIIepaTypHUX
3aJIOKHOCTEH  JIIENeKTPUYHNX IapaMeTpiB  3pa3KiB
Niy/CuTI-1223 crocrepirasacs, 30KpeMa, pH BUCOKHX
TeMIepaTypax, 1[0 BUKJINKAHO TEILIOBOIO HECTIHKICTIO
CHCTEMH.

Kurowosi cosa: Niy /(CuTI-1223), nanovyactuuku Ni,
naanposigauk CuTl-1223, nienexkTpuyHi BIaCTHBOCTI.
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