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Abstract

Manganese ferrite (MnFe2O4) nanoparticles and CugsTlo sBa2Ca2Cu3Q10.5 (CuTI-1223)
superconducting phase were prepared by sol-gel and solid-state reaction methods, respectively.
MnFe;04 nanoparticles were added in CuTI-1223 superconducting matrix to get
{MnFe204),/CuTI-1223 (x = 0 ~ 2.0 wt.%) composites. Different experimental techniques like
XRD, SEM, R-T measurements and Impedance spectroscopy were used to characterize these
composites. It was observed that crystal structure of host CuTI-1223 phase remained unaltered
after addition of MnFe2Qs nanoparticles, which indicated about the occupancy of these
nanoparticles at grain-boundaries. The value of T°™ (K) showed over all decreasing trend
with inclusion of MnFe204 nanoparticles, which may be attributed to spin-charge reflection
and trapping of charge carriers due to presence of these magnetic nanoparticles at grain-
boundaries of CuTI-1223 phase. In complex impedance spectroscopy (CIS), role of MnFe204
nanoparticles addition at the grain-boundaries of the host CuTl-1223 phase was investigated.
T.he decrease in impedance (Z) with increasing temperature witnessed the occurring of
thermally activated processes in this system. Higher value of activation energy at grain-
boundaries showed that the grain-boundaries are more resistive than grains due to non-
stoichiometric distribution of oxygen and dangling bonds at grain-boundaries. The impedance
master curves indicated that the distribution of relaxation time (dynamic process) is nearly
temperature independent. The decrease in ac-conductivity with increasing content of these

nanoparticles indicated the enhancement of space charges at grain-boundaries.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1  Phenomenology

Complex impedance spectroscopy (CIS) appears destined to play an important role in
fundamental, applied physics, chemistry and material sciences. CIS is useful tool to
characterize various materials. The main advantages of this technique are: (i) Jt uses an ac-
signal of small amplitude to probe the specimen. (ii) This technique has the ability to make
proper separation among the bulk grains, grain-boundaries with electrode-interface properties
between grain-boundaries and grain along with relaxation processes. (iii) It is method of choice
for the development of electrical engineering for electrical circuit analysis of materials in which
overall behavior is determined by number of strongly coupled processes. This technique is
useful to separate the contributions from bulk (grain) and grain-boundaries to understand
charge transport properties of polycrystalline materials that have different relaxation time in
the frequency domain [1,2]. In present time, impedance spectroscopy is gaining importance in
s;.lperconducting ceramics for information regarding the mechanism of conductivity,
movement of electrons in superconductors at various temperatures, which can be useful to
understand the superconducting phenomenon. Cuprates superconductors have vast applications
in technical field such as power transmission lines, Josephson junction and electronic devices.
Therefore, CIS has received the great deal of attention for understanding and explanations of

electric and dielectric behaviour is superconducting materials.

In this chapter we aim to discuss about definition of Impedance, its related plots,
applications and working background of impedance spectroscopy IS for materials scientist or
engineers, who wishes to apply this technique as a method of analysis of dielectric materials.
We have aim to describe the basics of superconductivity along with high temperature
superconductors HTSCs. We will concentrate on intrinsically conductive systems, daia
presentation methods, relaxation phenomenon ie. Debye type and non-Debye type

phenomenon in dielectric materials as well.
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1.2 Complex Impedance

Resistance is a general term which mostly used in physics. It is simply an opposition for
electrical current to flow in an electric circuit element. According to Ohm’s law resistance is

simply the ratio of applied voltage to current flow in circuit and is given by
=E
R=2 o, (1)

This well-known relation is valid for only one circuit component. An ideal resistor contains

following properties:

» It obey Ohm's Law any value of applied voltage and current.
+ The resistance of ideal resistor is independent upon frequency.

« For ideal resistor the applied voltage signals and current both are in phase [3].

But in real world many electric circuits or components have complex network. These outcomes
forced a new term that we use impedance to solve complex network. Electric impedance

usually caused in circuit when we apply AC signal to any circuit element and then measure the

flow of current in circuit.

To understand the concept of impedance we assume that we apply a sinusoidal AC
voltage to any circuit element then current flow in cicuit due to applied electric potential will

also be a sinusoidal with same frequency but with phase shift of angle (&) is shown in Fig. 1.1
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Figure 1.1: Response of Current 1o applied AC signal in a Linear System [4]

Electric potential as a function of time of applied AC signat has the form,
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E,=E,sin{ewt)...occoeiiiinin, (2)

here, Etis electric potential at any time t, E, is the amplitude of AC signal and o is angular

frequency.
In linear system, the response of current I; to applied signal is in the form,
L=lsin(wt+ @) ..o 3)

Where 1; is amplitude and @ is the phase shift. These two equations allows us to calculate

impedance by applied Ohm’s law as:

B _ Egsin{we) sin{wt) (4)
It Iosin(ewt+ @) “Csin(we+@) T

Z =

Impedance is therefore represented as Zo. If we plot a graph between applied AC voltage E,

and the response of current I then the result is an oval as shown in Fig. 1.2.
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Figure 1.2: Origin of Lissajous Figure

In 1880s Oliver Heaviside the very first time give the concept of impedance, and the
very soon complex representation in term of vector diagram was done by A. E. Kennelly and
C. P. Steinmetz. The word Impedance is more general concept than resistance, therefore,
impedance spectroscopy can be considered as branch of the tree in electrical engineering.
Electrical impedance is the combined effect of resistance and reactance that oppose the current
to flow in the circuit, when AC signal is applied [5-6). The opposition caused by these two
effects is collectively referted as resistance and reactance. In which resistance form real part in
complex plan, while reactance forms the imaginary part. The symbolic representation of

impedance is usually Z and in Cartesian form the impedance is defined as:
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1.3.2 Bode Plot

Another most popular presentation of impedance data with applied frequency is known as the
Bode Plot. This can also be understand from equation (6), after taking conjugate of that
equation we obtained following equation.

R .,  Rawrt
T 14w?y? 1+w?r?

Z'= s (8)
. Rat
Z' = L 9

From equation (8) and (9), if we plot a graph between Z'and Z"' verses frequency we obtained
a graph called bode plot as shown in Fig. 1.6. The graphs shows that at low frequency the
re'sistive properties is more prominent and capacitive behavior is negligible. At the intersection
point where wt = 1is the resonance frequency where the system is in phase with applied field

(8-10].
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Fig. 1.6: Bode plot between Z' and Z'' verses frequency.
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Chapter 2 Literature review

2.1 Literature review
Since the discovery of CuTl-based high temperature superconductors, a lot of efforts

have been done with addition or substitution by different nanostructures to enhance electrical
and magnetic properties. In spite of the fact that the cuprates superconductors have extensively
been characterized but stil} no work have been reported on the frequency and temperature
dependent impedance properties to make proper separation among the bulk grains, grain-
boundaries with electrode-interface properties between grain-boundaries and grains. The
Cuo 5Tl sBaxCazCu3010-5 superconductor is an attractive candidate due to low anisotropy, high
critical temperature (Tc), and current density (J¢). CIS is useful technique for studying the
information regarding movement of carriers in superconductors at various temperatures, which
may be useful in understanding the superconducting phenomenon. High temperature
superconductors have vast applications in technical field such as robotic, power transmission
lines, Josephson junction and electronic devices. This method helps to make proper scparation
among the bulk grains, grain-boundaries with electrode-interface properties between grains and
grain-boundaries. Therefore, cuprates superconductors have received the great deal of attention
due to their potential technological aspects.

B. Bahera ef al. [20] studied the impedance scpetroscopy of polycrystalline
NaBa:VsO1s sample which belongs to the family of tungsten bronze. The electrical diagnostic
was carried out by impedance spectroscopic technique. Frequency and temperature dependence
on impedance parameters with conductivity of material was investigated at various
temperatures. In Nyquist plot the decrease in bulk resistance as a function of temperature was
observed, which shows the semi-conducting bahavior of the material. Spreading of peaks was
observed which indicated the temperature dependence on the relaxation time. This spreading
of relaxation time clearly due to the non-Debye type nature of material. At high frequency all
the curves merg regardless of operating temperatures is due to the release of space charges.

G. Liu et al. [21] studied the impedance related parameters of niobium and aluminum
Co-doped TiO:z i.e. (NbosAlos)x TiixO2 (x = 0, 0.01, 0.05, 0.1, 0.15 wt.%) ceramics at various
operating temperatures and by varying frequency. A significance increasing trend was
observed in dielectric properties of (Nb + Al) Co-doped TiQO: over a wide range of frequencies
as compared to pure TiOz. The current density increased nonlinearly with applied electric field,

conductivity increase with both increase in temperature and frequency. They two different
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temperatures complex impedance spectroscopy was observed and different results were found.
The annealing samples in oxygen environment contains the maximum resistance while those
samples which were annealed in the presence of nitrogen environment possessed the minimum
resistive behavior. The grain’s conductivity was improved due to the additional electrons
created.

B. B. Mohanty er al [22] studied the effect of temperature on impedance properties of
the polycrystalline sample of BasGdTi;V7Os0. They ‘observed complex impedance plots get
depressed and their center of the arc lie below the real axis (Z') which confirms the
polydispersive (multi-Debye type) nature of dielectric relaxation in BGTV. With the increasing
temperature the decrease in bulk resistance of material exhibit the NTCR behavior of material.

S. P. Yadav et ql. [23] studied the impedance along with dielectric and magnetic
properties of (Coix Mn.Fex04). They used ceramic method to synthesized the manganese
substituted cobalt ferrite sample (Coi1x MnsFez04) with (x= 0, 0.1, 0.2, 0.3, 0.4, 0.5
wt.%).They reported the effect of addition of Mn on impedance, magnetic and dielectric
properties of cobalt ferrite composite. They studied the frequency dependent dielectric
permittivity, loss tangent and impedance in the range from 20Hz to 10° Hz .They observed
that there was only one semicircle in the cole-cole (imaginary part of the complex impedance
versus real part) plot of all sample, which indicated the dominant grain boundary contribution
in the conduction mechanism. Several models have been reported to be used for interpreting
the results of complex impedance measurement on ferrites.

K. Kumari er al [24] investigated the impedance related parameters of

(Nag sBios)(Zro 25Tio 75)O; lead-free ceramic polycrystalline sample with increasing frequency
from 0.1 kHz to | MHz by operating temperature from 30 — 500°C. With the increasing both
frequency and temperature the value of real part of impedance decreased which suggest the
contribution of both grain and grain boundaries. The decrease in semicircle of Nyquist plot
with increasing temperatures show the NTCR behavior. From cole-cole master curve the value
of FWHM was found to be greater than 1.14, this shows the non-Debye (multi-Debye) response
of material. AC conductivity increased with the rise in temperature and frequency, and Z’
values for all temperatures merge above 100 kHz.

S. Nasri et al. [25) Studied the complex impedance, dielectric properties and
conduction mechanism of Lag sBao.sFeOa-s frequency domains from few Hz to 7 MHz with
278 K to 573 K operating temperatures. They synthesized the sample by sol-gel method. They
observed only one semi-circular arc at all temperatures which indicated the response of grain
materials toward electrical processes, and the decreasing radius of the arcs with increasing

12
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Fig. 4.3: The electrical equivalent circuit for impedance.

4.4.1 Nyquist Plot
The representative Nyquist plots of (MnFe204)/CuTI-1223 (x =0, 1.0 and 2.0 wt.%)

composites at temperatures from 78 K to 253 K, in frequency ranges from 40 Hz to 10 MHz
are shown in Fig. 4.4 (a-c). We observed that the diameters of semicircles get depressed with
the increase of temperature, which indicated the non-Debye type relaxation phenomenon in the
material. From these semi-circles, we can find the value of *R;’ and ‘Rgy’. The left intercept of
the semicircle with Z’-axis gives ‘R’ value and the right one gives the total resistance R = Ry
+ Rg. From Nyquist plot it was found that the ‘Rgy’ values are greater than ‘R,’, which proves
that the grain-boundaries are more resistive than grains. This is probably due to the non-
stoichiometric distribution of oxygen, spin-charge reflection and dangling bonds on the grain-
boundaries [45]. By the addition of MnFe;O4 nanoparticles in CuTI-1223 matrix, it is found
that the total resistance has been increased from 2.0 x 10° t0 9.7 x 10° for x = 0 to 2.0 wt. % at
78 K temperature, which is due to the magnetic nature of these nanoparticles. The charge
accumulation has been enhanced at grain-boundaries, which causes the reduction of flow of
charge carriers. This band spread of Z' (£} versus Z"(€) with the addition of MnFe204
n;anopanicles clearly indicate that the dielectric response of the material has been improved.
We found that by increasing temperature from 78 K to 253 K, the total resistance of
(MnFe204)/CuTI-1223 matrix were decreased from 2.0 x 10% to 1.6 x 10%, 5.4 x 10* 10 3.7 x
10% and 9.7 x 10° to 6.0 x 10 for x =0, 1.0, and 2.0 wt.% respectively, which is probably due
to release of space charges at grain-boundaries by increasing temperatures. It means that by
increasing temperatures from superconducting state to normal state the total resistance has been

decreased for all the samples.

31



Chapter 4 Results and Discussion

0.0

]
UMY A OOEIU FANKTV TUSRTY LAVE I raeniv soava ]l

Z()

-24x10

-10x10

-1.8x10

«

""‘-N A 3xi0
-3.0x10
4.0x10

Q.
UY  9.0x100 18I0 Z7NIN AEXIU  somw oy’

Zoy

-4 5x1¢* v v v v =

3610’

-2.7x10

Z'y

-1.Bx10

-9.0x10

oL

5
v P ST a.yxiu v.UKIU LUK Y a1l

Z@)

FIG. 4.4(a-c): The Nyquist plot of impedance between real part (Z”) and imaginary part (Z') for
(MnFe;04),/CuTI-1223 with (a) x =0at T=T8K 10 253 K, (b)x=1.0wt% ;m T=7T8 K to 253 K, (c}x=2.0
wt%at T=T8 K to 253 K.
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4.4.2 Activation Energy Calculation
The activation energy of grains and grain-boundaries were calculated by applying small

polaron hopping model (SPH);

Ee

= AT

(1)

Where A, is constant, R and T are resistance and temperature, E. is activation energy of
conduction and & is the Boltzmann constant. From the slopes of fitted straight lines, the
calculated activation energies of grains and grain-boundaries for (MnFez04)x/CuTl-1223
composites with x = 0 and 2 wt.% are shown in Fig. 4.5 (a, b). The calculated activation energy
for conduction on grains was found to be 0.215 meV, 0.2158 meV and 0.216 meV, and for
grains-boundaries was 0.207 eV, 5.18 ¢V and 10.6 ¢V for x =0, 1.0 and 2 wt.%, respectively.
The higher value of activation energy at grain-boundaries clearly shows that the resistive
property is more prominent at grain-boundaries than grains [46] We found the activation energy
of grain-boundaries for (MnFe204),/CuTl-1223 nanoparticle-superconductor composite with x
=0, 1.0 and 2.0 wt. % is about 0.207 eV, 5.i8¢V and 10.6 ¢V respectively, which is a linear
trend in increase of activation energy against added nanoparticles wt. %. The increase in
activation energy can be explained in term of cooper pair’s breakdown, which may be attributed
to spin-charge reflection and trapping of charge carriers due to presence of magnetic
nanoparticles at grain-boundaries of CuTI-1223 phase. These magnetic impurities tend to
localize onsite charges and suppress the tunneling of carriers between grain and grain-
boundaries which result in insulating behavior. High tendency of oxygen vacancies may also
cause such increase in activation energy [47]. High tendency of oxygen vacancies may also

cause such increase in activation energy.
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Fig. 4.5(a, b): (a). The plots of R/T versus 1000/T for x =0, 1.0 and 2.0 wt%. (b). The plots of Ryw/T versus
1000/T for 1.0 wt. %. and x = 2.0 wi.%. [n the inset of (b) for x =0 %.
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4.4.3 Real Part of Impedance

To understand the conduction mechanism and dynamic of mobility, we plotted
frequency dependent real part of impedance Z’ at various temperatures from 78 K to 253 K as
shown in Fig. 4.6 (a-c). The variation of Z’ versus operating temperatures T (K) at 40 Hz
frequency indicating the gradual decrease in Z' with increasing the value of temperature are
shown in the insets of Fig. 4.6 (a-c). The maximum value of Z' at frequency of 40 Hz and at
low temperature (78 K) were found to be 2.07 x 10°, 5.4 x 104, 9.8 x 10%, for the samples with
x =0, 1.0 and 2.0 wt. %, respectively. At low frequencies the value of Z'(€2) jump to high
value, this is because at low frequency, the charges at interface trap can easily follow the
applied ac electric field and yield an excess capacitance, which depends on the frequency and
time constant of interface states [47]. It is observed that the magnitude of Z'(£2) is more
pronounced after the inclusion of MnFe;O4 nanoparticles in CuT]-1223 phase, which is due to
the magnetic nature of these nanoparticles. The nanoparticles were settled at grain-boundaries
and enhance the interface polarization mechanism which result the decrease in ac-conductivity
of composite. The maximum value of Z' at frequency of 40 Hz varied from 2.07 x 10° to 1.6 x
10°, 5.4 x 10° 10 3.8 x 10%, 9.8 x 10*t0 6.0x 10" at 78 to 253 K for the samples with x =0, 1.0
and 2.0 wt. %, respectively. Initially, the value of Z’ decreases with frequency and temperature
for all the samples, this may be due to the slow dynamic of mobility. At higher frequency Z'
merge regardless of temperature, this is due to the release of space charges at grain-boundaries
as a result of reduction in the barrier properties of material with the increase of temperature

[48-50).

35



Chapter 4

Results and Discussion

w Ll w

1.0x10"

8.0x10°

6.0x10*

Zo

4.0x10’

2.0x10"

0.0

10’

100 100

Fig. 4.6 (a-c): Variation of impedance real part (Z'’) versus frequency (40 Hz- 10 MHz) for (MnFezQ4)/CuTl-
1223 for x =0, 1.0 and 2.0 wt.% with temperatures from78 K to 253 K and the variation of Z' versus T from (78
K to 253 K) at frequency of 40Hz are shown in the insets.
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4.4.4 Imaginary Part of Impedance

To understand the relaxation process within crystallite grains and grain-boundaries, we
plotted graphs between imaginary part (Z") and test frequency from 40 Hz to 10 MHz for
various temperatures from 78 K to 253 K as shown in Fig. 4.7 (a-c). The curves indicate that
Z" reaches at peak (Z" max) for all temperatures and the maximum values of Z" max were found
to be -9.1%x10% -2.5x10*-4.3x10% at low temperature (78 K) for x = 0, 1.0 and 2.0 wt. %
samples, respectively. In the inset of Fig. 4.7(a-c), there shown a variation of Z' max versus
temperature, which indicated that the value of Z” nax decreases by the increase of temperature.
This is due to the release of space charges present at grain-boundaries. This decrease in Z" max
with temperature is a factor responsible for the increase of conductivity of material. With the
increase in concentration of added these MnFe204 nanoparticles in host CuTI-1223 phase, the
magnitude of Z'"max were increased, due to the magnetic nature of these nanoparticles
interaction with mobile carriers at grain-boundaries [51]. The maximum value of Z* nax varied
from -9.1x 10% to -7.3 x 102, -2.5 x 10*t0 -1.8 x 10%, -4.3x 10*to -2.5% 10* at temperatures
from 78 to 253 K with x =0, 1.0 and 2.0 wt. % samples, respectively. The curves indicate that
by adding these MnFe204 nanoparticles in bulk CuTl-1223 matrix, the peak positions of Z*'may
shifted towards lower frequency. This is because the nanoparticles are settled at grain-
boundaries, which enhance the charge accumulation at grain-boundaries and suppress the
tunneling of electrons between grain and grain-boundaries. Now the grain-boundaries offered
more resistance ‘Rgy” and capacitance ‘Cgp’. The shifting of peak positions of Z" max towards
lower frequency can be understand by this increase of ‘Ryy’ and capacitance ‘Cyb’ according

td;
1

(2)

1
=2rf =-=
w f T CapRgb

By increasing ‘Rgp’ and ‘Cyp’, the relaxation time (1) increases, this causes the shifted of peaks
to lower frequency. The shifting of these peaks towards the lower frequency arises losses in
the materials wimessed the decrease in ac-conductivity by increasing concentration of

MnFe»04 nanoparticles.
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4.4.5 Non-Debye type relaxation phenomenon
The dielectric relaxation time is an important: parameter to understand the conduction

mechanism in materials. In Debye relaxation process all dipoles in the system relax with the
same relaxation time (single relaxation time approximation). Ideal Debye relaxation has no
practical application except in liquids and perfect crystal. But real materials usually exhibit
broad relaxation time distribution and can be characterized by a pre-exponential factor. The

non-Debye type relaxation phenomenon can be understood by following relation;

8 =e @’ with 0<p<i 3)
Where @(t) is the time evolution of an electric field within the composites, T is the relaxation
time and f# is Kohlrausch parameter, which can be calculated by the relation § = 1.14/FWHM,
We plotted an impedance master curves at various temperatures for (MnFe204)«/CuTI-1223
composites with x =0, 1.0 and 2.0 wt.% between normalized parameters Z''/ Z" nax and f/fimax
to confirm, weather the distribution of relaxation time is temperature dependent or not, as
shown in Fig. 4.8(a-c). The coincidence of all curves into one master curves at operating
temperatures indicate that the distribution of dynamic process (relaxation time) is almost
temperature independent and non-exponential type of conduction process. The value of full
width at half maximum abrivated as (FWHM) for x = 0, 1.0 and 2.0 wt. % are found to be
greater than 1.14 decades (ideal Debye characteristics £ = 1), causes the smaller value of §,
which is found to be less than one for all the samples. This is the confirmation of deviation
from Debye-type relaxation. These outcomes suggest that the ions migration takes place

through hopping mechanism [53-54].
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4.4.6 ac-conductivity (oac)
The ac-conductivity (0a) of (MnFe;04),/CuTI-1223 (x = 0, 1, and 2 wt.%)

nanoparticles-superconductor composites at various temperatures from 78 K to 253 K by
varying applied frequency are shown in Fig. 4.9 (a-c). The value of o« at lower frequency of
40 Hz were found around 6.6 x 10, 2.04x 107, 1.05 x 10”7 at 78 K temperature for x =, 1.0,
and 2.0 wt. % samples, respectively. This decrease in 0s with increasing concentration of
added these MnFe204 nanoparticles, clearly the result formation of space charges by magnetic
interaction of these MnFe;O4 nanoparticles with charge carriers at grain-boundaries as mention
above. In the insets of Fig. 4.9 (a-c}, the variation of G« versus operating temperatures at low
frequency of 40 Hz is shown. The value of ox at lower frequency of 40 Hz varied from 6.7 x
10 to 8.67 x 10%,2.04 x 107 t0 3.3 x 107 and 1.05 x 107 o0 1.7 x 107 at temperatures 78 K
t6 253 K for x = 0, 1.0 and 2.0 wt. % samples, respectively. This is attributed to the gradual
increase in oa; with increasing value of operating temperatures, which enhances hopping rate

of mobile charge carriers [55-56].
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Conclusion

CuTl-1223 superconducting phase has been prepared by solid state reaction method.
To tuned the conduction mechanism and electrical properties we add the concentration of
MnFe;O4 nanoparticles with x = 0, 1.0 and 2.0 wt.% in this phase. No phase alteration was
observed in XRD spectra by adding MnFe>O4 nanoparticles. Empty spaces and pores are
improved is confirmed by SEM micrographs. Superconducting phase (T¢) were decreased with
the increase of MnFexO4 nanoparticles content in CuTl-1223 matrix due to pair breaking
mechanism as a result of spin-charge reflection due to presence of these nanoparticles at grain-
boundaries of CuTl-1223 phase. Temperature and frequency dependence of complex
impedance has shown the non-Debye type relaxation in this material. The broadness of Nyquist
plot of Z' versus Z” with the addition of MnFe204 nanoparticles is due to the enhancement of
the interface polarization mechanism. Complex impedance plots revealed that the grain-
boundaries are more resistive than grains. The MnFe2Q4 nanoparticles suppress the tunneling
of electrons between grain and grain-boundaries which result in increasing activation energy.
The impedance master curves indicated that the distribution of relaxation time (dynamic
process) was nearly temperature independent. The decrease in ac-conductivity with increasing
contents of these nanoparticles indicated the enhancement of space charges at grain-

boundaries.
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