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ABSTRACT

The upsurge in energy usage in the field of electronics and
communication has increased dependency on storage of energy from
renewable as well as nonrenewable sources. Consequently, the major need
of the world is to prepare efficient materials capable of storing and
providing environment friendly sustainable and clean energy. Different
research groups have put strenuous efforts for the preparation of advanced
electronic materials as cheaper and alternative for energy storage elements
in which batteries have up surged but the main focus is on the fabrication of
dielectric materials with remarkable charging and discharging capacities and
thermal stability. In context of energy storage devices, ceramics are found to
exhibit outstanding electrical properties, prominent stability, and high
rigidity under severe environmental conditions. The electrical energy storage
application requires that these materials exhibit strong and large spontaneous
polarization (Ps) as well as low remnant polarization. The dielectrics and
ferroelectrics exhibit strong energy storage property and are subsequently
desired in modern electrics and pulsed capacitors for power electronic
system. Dielectric materials display excellent power density and strong
discharge capability. In this context, oxide-based systems have inspired to
show good results in these applications. In recent years, various types of
lead-free ceramic materials based on titanate are extensively investigated

because of their important applications in energy storage devices.

The probing of multifunctional materials with energy storage

property is essential for technological advancements. Among these
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materials, there exist unique magnetoelectric (ME) materials, which display
controlling attribute of manipulation of ferroelectric ordering by applied
magnetic field or ferromagnetic ordering by applied electric field. The first
artificial ME material was an eutectic composite of BaTiOz and CoFezOa4,
which was formed by mixing the ferroelectric and ferromagnetic
constituents. The implemented magnetic field and the voltage generated do
not vary linearly as in the case of single-phased compounds due to the
complexity of ME coupling amongst these phases. The research on ME

coupling of composite materials has been thoroughly investigated.

An enormous effort has been focused on materials with large ME
effect in the field of physics and material science for building new types of
multistate memory devices. There are two classes of ME materials: Single
phase magnetoelectrics and two-phase magnetoelectrics. Single phase ME
materials show the coupling in a single phase material where the coupling
arises out of two or more ferroic orders. Further, two phase magnetoelectrics
or composite ME exhibit large magnitudes of the ME voltage and are
therefore preferred over single phase magnetoelectrics. Usually, a ME
composite consists of ferroelectric and ferromagnetic for piezoelectricity
and magnetostriction to exhibit multiferroism. The composite ME materials
exhibit tensorial product property as a consequence of mutually connected
electric and magnetic phases resulting in indirect mechanical strain transfer

at the interface of two phases and enhanced ME coupling.

Motivated by the above-mentioned facts, different magnetic material

based - BaTiOs composites have been synthesized by solid state reaction

viii



route by varying the composition to explore the magnetoelectric properties
comprehensively. Dielectric, ferroelectric and energy storage properties
have also been discussed in detail. Based on the extensive characterization
and measured physical properties, the outcome of the research work has
been organized into eight chapters and the chapter wise summary of the

same is as follows:

Chapter 1 begins with a brief introduction, origin of problem,
motivation for the research work and an overview of the current work. This
chapter includes origin of magnetoelectricity and multiferroics.
Subsequently, the types of magnetoelectric materials and importance of the
composite materials have been discussed in detail. The following section
describes about the structure of perovskite and spinel materials. The
electrical and magnetic properties of materials have been discussed briefly.
A short description on importance of BaTiOs and ferrimagnetic (CoFe204 and
CoosNiosFe204), ferromagnetic (Bio.ssLao.isFeOs) and  antiferromagnetic
(NdMnOs) materials have also been discussed in this chapter. Finally, the
objectives of the thesis based on the review of the literature have been

incorporated.

Chapter 2 describes the synthesis procedure and characterization
techniques used in the current thesis. The solid state reaction method has
been used to synthesize desired perovskite BaTiOs, magnetic constituents
(CoFe20s, CoosNiosFe20s, BiossLaoisFeOs and NdMnOsz) and their
composites. The stoichiometry in these composites has been varied to

enhance the obtained magnetoelectric coupling and energy storage



properties. This chapter elaborates the utility of many sophisticated
experimental techniques such as x-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy, dielectric LCR meter and Impedance analyzer,
vibrating sample magnetometer (VSM) and P-E ferroelectric hysteresis loop
tracer in order to study the wvarious properties such as structural,
morphological, dielectric, magnetic, ferroelectric, magnetoelectric and

energy storage properties, respectively.

Chapter 3 presents the comprehensive study on the composites of
BaTiOs-CoFe;O4 (BT-CFO) for energy storage and magnetoelectric
applications. This chapter focuses on the basic ferroelectric BaTiOsz (BT)
and the effect of ferrite composition on magnetoelectric and energy storage
properties of BT. The structural and morphological optimization of BT-CFO
was systematically studied to obtain bi-phasic ferroelectric-ferrite system.
The dielectric studies revealed Maxwell-Wagner polarization and thermal
activated non-Debye type relaxation process in BT-CFO composites with
0.95BT - 0.05CFO composite exhibiting low dielectric loss = 0.3 in
frequency range of 100 Hz - 1 MHz and promised for industrial application.
The maximum value of magneto-dielectric coupling achieved was 1.2 % at 7
kOe for 0.95BT - 0.05CFO composite. The impedance and conduction
studies revealed high resistive nature in the composites and dominant
polaron tunneling conduction mechanism. The ferroelectric P-E loop
measurement confirmed the ferroelectric nature in BT-CFO composites. The
maximum energy storage density and efficiency achieved for 0.95BT -

0.05CFO composite were 8.33 mJ/cm® and 59.7 % respectively. The
X



magnetoelectric coupling coefficient (o) was estimated by studying the
effect of magnetic field on ferroelectric hysteresis loop measurements. The
value of a was the highest for 0.95BT - 0.05CFO composite and was 13.33
mV/cm/Oe. The enhanced dielectric, ferroelectric, magnetoelectric
characteristics suggest the scope of BT-CFO composites in energy storage
applications. (The results of this chapter have been published in Journal of
Mater Sci: Mater Electron 29 (2018) 18352-18357 (IF: 2.22) and

Materials Chemistry and Physics 234 (2019) 110-121 (IF: 3.408)).

Chapter 4 describes the multiferroic and magnetoelectric properties
of CoFe20s-BaTiOz (CFO-BT) for energy storage and magnetoelectric
applications. This chapter focuses on basic ferromagnetic CFO and the
effect of ferroelectric BT concentration on magnetoelectric and energy
storage properties of CFO. The composites of CFO-BT exhibited interplay
of magnetism, ferroelectricity and display strong magnetoelectric behavior
arising out of charge disordering. The structural analysis from the
combination of XRD, Raman, and FT-IR measurements of CFO-BT
composites established the co-existence of cubic and tetragonal phases. The
dielectric measurements confirmed non-Debye type Maxwell-Wagner
polarization and temperature-dependent relaxation in CFO-BT composites
with 0.7CFO - 0.3BT composite showing an unexpected low dielectric loss
~ 0.5 above 1 kHz and exhibited potential for device applications. The
magnetic measurements revealed an enormous increase in the coercivity of
0.7CFO - 0.3BT composite, which was identified in terms of movement of
ferromagnetic domains arising due to inclusion of trapping centers of BT in

CFO. The impedance spectroscopy and conductivity measurements
Xi



confirmed high impedance behavior and crossover from barrier hopping to
polaron conduction in CFO-BT composites. The addition of BT in CFO
initiated the structural modification and resulted in conductivity cross-over
with improved conductivity. The ferroelectric properties displayed a low
leakage charge density of 0.0031 mC/cm? and prevalent asymmetry arising
due to spatial disordering of charge distribution. The maximum energy
storage density and efficiency achieved for 0.7CFO - 0.3BT composite were
3.009 mJ/cm? and 27.3 % respectively. The highest value of o obtained was
22 mV/cm/Oe at a field of 5000 Gauss for 0.9CFO - 0.1BT composite.
These results were useful for exploring energy storage devices based on
magnetoelectric CFO-BT composites. (The results of this chapter have been
published in Journal of Alloys and Compounds 779 (2019) 918-925 (IF:

4.65) and Journal of Electronic Materials 49 (2020) 472-484 (IF: 1.774)).

Chapter 5 deals with magnetoelectric bulk composites of
CoosNiosFe204-BaTiOz (CNFO-BT). The structural studies of CNFO-BT
composites confirmed lattice distortion and enlarged strain owing to
increasing BT in CNFO. The dielectric and impedance measurement
exhibited conventional Maxwell-Wagner polarization and confirmed the
existence of grain dominated non-Debye relaxations phenomena in CNFO-
BT composites. The magnetic hysteresis curves revealed strong
ferromagnetic behavior in all composites. The maximum energy storage
density and efficiency achieved for 0.8BCNFO - 0.2BT composite were 4.25
mJd/cm® and 31.6 % respectively. The highest value of magnetoelectric
coupling obtained was 5 mV/cm/Qe at a field of 4000 Oersted for 0.8CNFO

- 0.2BT composite. These results revealed lattice distortion, interfacial
Xii



charge polarization and restricted ferromagnetic domain wall rotation arising
from substitution of BT in CNFO and indicate that CNFO-BT composites
have potential for energy storage applications. (The results of this chapter

have been communicated to Journal of Electroceramics (IF: 2.58)).

Chapter 6 focused on the comprehensive study of BiggsLao.1sFeOs-
BaTiOs (BLFO-BT) for magnetoelectric and energy storage applications.
The structural analysis revealed phase purity in BLFO and a structural
transformation from rhombohedral to cubic phase with increasing content of
BT confirming the co-existence of composite phase with lattice
compression. The dielectric measurements displayed peak broadening in
temperature—permittivity plot and confirm relaxor behavior in BLFO-BT
composite ceramics. The magnetic measurements confirmed the existence of
weak  ferromagnetism in  BLFO-BT  composites and  novel
superparamagnetism in 0.9BLFO - 0.1BT composite ceramic. The
ferroelectric hysteresis P-E loop measurements produced unsaturated oval-
shaped loops with high leakage and displayed a lossy dielectric nature. The
0.9BLFO - 0.1BT composite displayed an improved recoverable energy
storage density of 16 mJ/cm?® with an improved efficiency of 60 %. The
highest value of magnetoelectric coupling obtained was 16 mV/cm/Oe at a
field of 3000 Oersted for 0.9BLFO - 0.1BT composite. The
superparamagnetic behavior and magnetic field-dependent energy storage
capacity of BLFO-BT composite ceramics made them potential candidate
for magnetoelectric devices. (The results of this chapter have been published
in Journal of Mater Sci: Mater Electron 31 (2020) 12226-12237 (IF:

2.22)).
xiii



Chapter 7 is focused on the multiferroic magnetoelectric composites
of NdMnOs3-BaTiOs (NMO - BT). The structural investigations revealed the
evolution and co-existence of orthorhombic structure of NMO and
tetragonal structure of BT in NMO-BT composites and confirm lattice
stabilization in terms of symmetry. The dielectric measurements revealed
step-like decrease in frequency dependent dielectric constant which
confirmed improved conduction nature in NMO-BT composites. The
addition of BT phase in NMO improved the remnant magnetization and
saturated ferroelectric polarization owing from lattice stability establishing
multiferroism in NMO-BT system. The impedance and conductivity
measurements confirmed non-Debye type thermally activated conduction
behavior and hopping assisted mechanism dominating in NMO-BT
composites. The 0.8NMO - 0.2BT composite displayed an enhanced energy
storage density of 1.544 mJ/cm? with an improved efficiency of 50.4 %. The
highest value of magnetoelectric coupling obtained was 22 mV/cm/QOe at a
field of 5000 Oersted for 0.8NMO-0.2BT composite. The enhancement in
energy storage efficiency of 0.8NMO-0.2BT composite and improved
magnetoelectric coupling validates its potential for energy storage devices.
(The results of this chapter have been communicated to Journal of Alloys

and Compounds (IF: 4.65)).

Chapter 8 includes summary of the research work described in the
previous chapters for optimization of efficient lead free ferroelectric BaTiO3
based magnetoelectric composites for energy storage applications and

outlines the future scope of this work.
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Chapter - 1

Intweduction and COuverview

In the past decade, magnetic field driven electric polarization has been believed
as the potential ability in composite materials to be used in energy storage systems.
Magnetoelectric materials exhibit coupling of electric and magnetic orderings. The
magnetoelectric composites additionally offer the product property, which significantly
improves the coupling. This chapter is focused on the fundamentals of magnetoelectric
materials, magnetoelectric coupling mechanism, composites and their properties. This
chapter also provides a concise account of perovskite and spinel structures. Further, this
chapter contains significance of BaTiOs - based magnetoelectric composites for the
energy storage applications along with objectives of the present work.



1.1. Introduction

A vast increase in energy consumption for electronic and
communication technology has the augmented need for storing energy of renewable
and nonrenewable sources. Accordingly, the necessity for development of functional
devices for storing and delivering sustainable and clean energy has grown tremendously
[1,2]. Researchers around the globe consistently endeavored to develop advanced
electronic systems as a substitute for energy storage component. Amongst such energy
storage devices, the focus on lead based batteries have grown steadfastly. However,
larger attention is given to prepare lead-free novel materials with outstanding charging
and discharging capacities and thermal stability [2-8]. In this perspective, ceramic
materials are preferred for their known excellent electrical properties, outstanding
stability, and high rigidity under severe environmental conditions [1]. The requirements
for electrical energy storage devices are robust and large spontaneous polarization (Ps)
along with low remnant polarization [9]. Dielectric and ferroelectric materials strongly
fulfill the requirements of energy storage devices and are, therefore, preferred in
modern electronics and pulsed capacitors for power electronic systems [10,11]. In
addition to dielectrics and ferroelectrics, few advanced materials such as oxides display
excellent dielectric properties, power density and strong discharge capability along with
magnetic or elastic or optical properties [3,4,19-21,5,12-18]. Among these oxides,
lead-free titanate based systems are extensively investigated because of their important

applications in the energy storage devices [22,23].

1.2. Basics of Multiferroics and Magnetoelectricity

The exploration of new materials and preparation of advanced materials
including composites has become necessary from futuristic perspective of energy
storage, sensing and other field of electronics. Advanced materials are advantageous
over primary materials because of the improved properties like high dielectric,
ferroelectric, magnetic, optical, thermal stability and mechanical strength. In addition,
they offer novelty of sensing the variations in the ambient environmental conditions.
These materials display versatility and can be used for next generation sensing as well
as data storage and energy storage devices. Among these advanced materials, there

exists unique magnetoelectrics which feature the manipulation of ferroelectric ordering



by applied magnetic field or ferromagnetic ordering by applied electric field as depicted
in Fig. 1.1 [24].

The interaction between electricity and magnetism has strong and relevant
significance for applications in devices with attractive tunability over the century. The
coupling between electric and magnetic fields have existed from Oersted experiment
for discovering the magnetic field by deflecting needle in the proximity of an electric
field till the integration of unified electromagnetic theory by Faraday and Maxwell. The
Maxwell’s equations stand matched with the definition of magnetoelectric materials
that inter-twin the electric and magnetic orderings. Magnetism appears in materials
which have partially filled inner shells, whereas, electric order parameter originates
from the atomic shifts which break inversion symmetry in a crystal. Thus, the existence
of magnetoelectricity in single phase materials is critical as magnetic moment and
electric dipole moment are inharmonious to each other. This inharmonicity is because

the electric charges relate to the electric effects, while spin of electron decides the

magnetism.
M P
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Figure 1.1.  The four hysteresis loops, each characterizing ferroic orderings and categorized as
(a) ferromagnetism, (b) ferroelectricity and (c-d) magnetoelectricity via cross-

manipulation.

Magnetoelectrics have some relevance to the term multiferroic, which means
the co-existence of two or more than two of ferroic orderings: ferroelectric,
ferromagnetic and ferroelastic as shown in Fig. 1.2 [12-14]. Electrically polarizable
materials consist of paraelectrics, ferroelectrics and antiferroelectrics whereas
magnetically polarizable materials include paramagnets, ferromagnets and

antiferromagnets. The purple and orange ellipses represent electrically polarizable and



magnetically polarizable materials, respectively. The green and orange circles represent
ferroelectric and ferromagnetic materials respectively. The intersections of the two
ferroelectric and ferromagnetic circles represent multiferroic materials and the smallest
yellow circle represents magnetoelectric (ME) materials. These days, the term ferroic
includes ferrotoroidicity along with the existing properties [25]. In addition to this, the
definition of multiferroics has also been extended to include antiferromagnetic
orderings. These multiferroics are rare due to the different chemistry of ferroelectricity
and ferromagnetism [12]. ME materials, exhibit ME coupling and encompass

Multiferroic
materials

Ferroelectric
materials

Ferromagnetic
materials

Magnetically
polarizable
materials

Electrically
polarizable
materials

Magnetoelectric o
Charge fn:-)tterialst spln

Figure 1.2. A schematic description of multiferroic and magnetoelectric

materials based on their origins.

plethora of materials other than ferroic materials. So, one can say that ME materials are
a broad class of materials, which include [24]:

Q) Magnetically polarizable and electrically polarizable materials,
(i) Heterostructures of ferromagnets and ferroelectrics and
(iii) Heterostructures of non-multiferroics materials.

Initially the multiferroics materials were made as single phase and were
investigated for ME properties. The small magnetization generated low ME coupling
in single phase systems, consequently, the discovery of unique multiferroics was
established with broken inversion symmetry and a finite polarization [26-28]. The
current development towards for miniaturizing devices has stimulated uniting magnetic

and electrical orderings in the composite materials. The ME coupling in these systems



would lay the basis for novel devices capable of exhibiting electric field controlled

magnetic memory data storage.

1.3. Magnetoelectric Coupling

B.D.H. Tellegen established the methodology of producing composite medium
that demonstrated ME coupling [29]. The process was to allow mixing of macroscopic
particles which possess electric as well as magnetic orderings and was otherwise not
possible to be realized because of inharmonicity [30]. The first artificial ME material
was an eutectic composite of BaTiOz and CoFe>O4 which was synthesized by mixing
the electric and magnetic constituents [12—16]. The implemented magnetic field and
the voltage generated in this composite did not vary linearly like in case of single-
phased compounds due to complexity of the magnetoelectric coupling amongst
constituent phases [14-16,31,32]. Following this idea of composite, the research of ME
coupling of different composite materials (like BaTiO3-CoFe2O4, metal-polymer
matrix, LSMO-PZT and LSMO-BT) and laminates have been thoroughly investigated
[33,34,43-50,35-42].

ME coupling in composites can be accomplished by union of electric and
magnetic orderings, and also via strain. The ME coupling achieved through strain-
mediation is found to be more prominent in composites, where ferroelectric and
magnetic ordering appears as individually isolated phases and exhibit strong relation
between them. The ME coupling in single phase materials and composites is quantified
from Landau’s Free energy expression in terms of electric fields as well as magnetic
fields in the form [14]:

FEL = Fo — PxEy — MxHy — %2(e0 exyExEy) — Y2(Mo PxyHxHy) — axyExHy

— Y5(BxyzExHyHz) — Ya(yxyzHxEyEz) — -+ (1.1)

The first order derivative provides ferroelectric polarization and magnetization as:
Polarization (Px(E,H)) = —(0F/0Ex) 1.2)
= Post €0 exyEy + axyHy + 2(BxyzHyHz) + yxyzHxEy — -+ (1.3)
Magnetization (Mx(E,H)) = —(6F/0Hx) (1.4)
= Most Ho PxyHy + oxyEy + BxyzExHy + Va(yxyzEyEz) — - (1.5)

where variables E, H, Pos, Mos, €, M, a, B and y represent usual notations. For the
presently studied materials, we assume that only linear ME interaction persists and

thereby ignore higher orders and express coupling coefficient as ame =E/H or ame =



dE/6H, where ane stands for linear ME coupling coefficient (o) = eoerae. In case of
binary systems, the enormity of interaction amongst the coupling components is
connectivity and orientation dependent, and is computed by studying the behavior with
changing electric as well as magnetic field [36]. The benefit of using two component
system aims to strengthen the magnitude of coupling through interfacial strain. The
physical electrostriction of ferroelectric phase mediates a strain in the magnetic
component which in turn induces orientation dependent magnetic anisotropy. The
enrichment in ME interaction originates from the multiplicative product of

magnetostriction and electrostriction in binary systems.

1.3.1. Types of Magnetoelectric Coupling

On the basis of quantum mechanical approach, magnetoelectric materials are
classified in two groups namely:
Q) Single phase magnetoelectrics

(i) Two phase or bi-phase magnetoelectrics

1.3.1.1. Single Phase Magnetoelectrics

These materials show the coupling in a single-phase system where the
coupling arises out of two or more ferroic orders. The origin of such type of coupling
can be categorized as [24] :
(@) Spin - orbit coupling
(b) Spin - lattice coupling
(c) Multiferroics

(@) Spin orbit coupling: This kind of coupling is described on the basis of thermo-
dynamics for explaining weak ferromagnetism. The coupling is postulated on the
basis of an asymmetric exchange interaction. For e.g. in case of perovskite ABOs
like BiFeOg, distortion occurs due to the disparity between A and B ions, which
tilt the Os octahedra. The exchange interaction is characterized by Dzyaloshinskii-

Moriya interaction given by

H=D-(5xS;) (1.6)



(b)

(©)

where H is applied magnetic field, Dis Dzyaloshinskii-Moriya (DM) vector and
Si and Sj are spin vectors. The cross product of spins represents the effective

magnetic spin arising from bending of B-O-B bond [24].

Spin or lattice coupling: This type of interaction occurs via symmetry exchange

mechanism which arises from shrinking or elongation of distance amongst
neighboring parallel / antiparallel spin pairs and results in magnetically induced
ferroelectric polarization. Based on the Ising model, the Hamiltonian (H) can be

expressed in terms of the exchange coefficient J for nearest-neighbor sites as
k 2 aJ
H=Ys []ijai,-(s,- +8;) + 5 (xij — xo) ] = Yn=ai [4a| 5+ 2k62] (1.7
Xo

where X, Xo and k denote bond length, original length and coordination number
respectively, Jo is the exchange at xo, and 6 = x — xo. For the parallel and anti-
parallel pairs of spin, the charge at i and i+1 site is not same and consequently,
ferroelectric polarization is generated. Such an interaction is observed in
compounds like CasCoMnOg and is useful for applications in the high frequency
region [24].

Multiferroics: Few materials like BiMnOg ferroelectricity permits alteration of

ferroelectric domains offering electrically tunable magnetism via spin lattice
interaction. Such materials are included in class of multiferroics. These materials
provide room temperature magnetoelectric devices and magnetically controlled

electro-optical response [24].

1.3.1.2. Two Phase or Bi-phase Magnetoelectrics and Heterostructures

Along with study on single phase magnetoelectric materials, the fabrication of

unique magnetoelectric heterostructures from existing metallic compounds have also

attracted lot of attention [24]. The interface effect present in these functional oxides is

special because of its captivating physics which is not present in the individual

components and have promising potential for applications. The origin of such coupling

can be categorized as

(a) Strain - mediated magnetoelectricity

(b) Carrier mediated interfacial magnetoelectricity

(c) Hybrid improper ferroelectricity in superlattices

7



(a) Strain-mediated magnetoelectricity: This type of coupling involves quantum
phenomena such as generation of strain in ferroelectric-ferromagnetic composites
via piezoelectricity and piezomagnetism because of interface formation between
constituent phases. This strain originates from preparation condition as observed
in BaTiOz, BaMnOz and LaAlOs, strain drives ferromagnetism and ferroelectricity
due to multivalency like in EuTiOs and lattice distortion drives magnetic

anisotropy as observed in CoFe204[24].

(b) Carrier-mediated interfacial magnetoelectricity: The surfaces / interfaces that are
involved in breaking the time-reversal symmetry enhance the magnetoelectric
coupling. Such an interaction is achieved by carrier mediation via spin-dependent
screening, bonding - oxidization like in PbZro2Tio.gO3/ Lao.sSro2MnQOs, Fe/BaTiOs
/ Pt and Fe / PbTiOz/ Pt superlattices or electrical tuning of magnetocrystalline
anisotropy like in BaTiOs / Fes multilayers or ferroelectric control of magnetic
phases like in CaRuOs / CaMnOs and LaSrMnOsz or ferroelectric-magnetic
tunneling junctions like in BaTiO3z/ Lao.e7Sr0.33sMn0Os [24].

(c) Hybrid improper ferroelectricity in superlattices: Improper ferroelectricity arises
on an account of mixing of non-polar distortion modes in hexagonal RMnQOs,
RFeOs, CasMn;07, and CasTi2O7. This is achieved is by creating artificial
superlattices such that two sites have different local symmetry like observed in
CazMn,07 [24].

1.4. Composite Materials

Composites are a class of materials, which provide scope of tailoring properties
that are not possible amongst its constituents. Primarily, a composite exhibits traditional
accumulative properties like density and stiffness, and the compositions are described
by mass fraction or weight fraction. In addition, composites have tensorial product
property discovered by Van Suchtelen, which is usually not present in its constituents
[51].

One of the important applications of product property is exhibited as the ME
coupling in composites which arise because of mutually connected electric and

magnetic phases. The origin of ME coupling in binary composites can be described in



terms of piezostriction and piezomagnetism. The implementation of magnetic field
generates a deformation in piezomagnetic materials. This produces mechanical strain
manipulates piezoelectric phases and generates a polarization. The opposite effect of
generating magnetism in piezomagnetic phase is equally plausible. The overall
consequence of product property i.e., ME coupling in all cases is tensorial in nature.
The ME coupling property especially in composites is decided by orientation
amongst constituent ferroic orderings. There are different connectivity schemes
possible in the bulk composites. Usually, the connectivity is described as (A-B), where
A denotes ferromagnetic phase and B denotes ferroelectric phase in the matrix; and
both A and B can take integer values between 0 and 3 [52,53]. Few examples of these
connectivity structures are (0-3), (3-0) particulate composites, (2-2) laminate
composites and (1-3) multi-layered composites. In Fig. 1.3., the connectivity scheme of
these composites is shown [33]. Among these, the (0-3) and (3-0) composite are
advantageous because of low cost and easy synthesis methods [54]. In addition, the
manipulation of volume fractions of ferroelectric and ferromagnetic constituents is
easily accessible in (0-3) composite structures [54,55]. The composite with (0-3)
orientation is more resistive than (3-0) composite and offers strong polling of dipoles
and generates enhanced magnetoelectric coupling. The composites with (3-0)
connectivity is well studied in contrast to the sparsely studied composites with (0-3)
connectivity, where ferroelectric phase is incorporated into ferromagnetic phase in spite

of possessing higher conductivity.
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Figure 1.3.  The connectivity scheme of (a) (3-0) and (0-3) composites, (b) (2-2)

laminate composites and (c) (1-3) multi-layered composites.



1.4.1. Types of Composite Materials

Composites can be categorized based on the microstructure of the reinforcing
components or in general of the composite, or the particle size (dimensions) of the
reinforcing component. Composite materials can be grouped into three categories as
[34] :

(i) Particle reinforced composites: This kind of composites consist of particles like
minerals, metal or amorphous type and are employed for making strengthened
reinforced composites like ceramics and glasses.

(i) Structural composites: These types of composites are comprised of homogeneous
as well as composites and provide additional features of tunable properties which
depend on its constituent and orientation of structural elements.

(iii) Fiber reinforced composites: This kind of composites are used for preparing
metals, ceramics, glasses or polymers from converted graphite and are also called

carbon fibers.

1.5. ABOs3 Perovskites

Perovskites acquire their nomenclature from Russian Scientist named Perovski
for discovering calcium titanium oxide (CaTiO3z) in 1839 [56]. Generally, the
perovskites are denoted by the chemical formula ABX3, where A and B denote cations
of dissimilar sizes and X is an anion binding these cations. The most common anion X
is oxygen. The perovskite structure exists as
(i) ABOs3- Perovskite
(i) A2BOg4- Layered Perovskite
(iii) A2BB’Os - Double Perovskite

Perovskite materials are flexible to chemical substitutions at one or both of the
cationic sites (A and B) as they retain their parental structure. Perovskites materials are
a vastly studied class of materials in the field of condensed matter physics and it
comprises of many metallic ions in the periodic table for different set of anions. This
feature of perovskite, provides the chemical tailoring of materials and modifies the
structural, microstructural, electrical and magnetic properties. These materials find their
applications in various field of physics and chemistry. The most common perovskite

with cubic structure is called an ideal perovskite. This class has great potential for
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various applications, because of their basic structure and distinctive electrical

properties.

1.5.1. Structure of Perovskite

Perovskite structures are denoted by chemical formula ABO3, with A and B as
cation and O is the anion. The ionic radii of cation at A site is bigger than the cation at
B site. The cations A and B have 12-fold and 6-fold co-ordination number, respectively.
The basic unit cell of ABOs perovskite is shown in Fig 1.4.

Figure 1.4. Crystal structure of ABO3 type perovskite.

The divalent A cation occupies the corner position (0, 0, 0) of the cube. The B
cations are positioned at the body center position (%2, %, %) and at the center of BOe
octahedra. The oxygen anions are positioned at center of face in cubic lattice at (*2, %2,
0). This unit cell is generally viewed as the three dimensional system of BOg octahedra
connected at corners with B-O-B angles forming linear pair [57]. The formation of
perovskite structure can be predicted by estimating the tolerance factor (y) expressed as
[58] :

ra+1o

y= V2(rg+1o)
where r; denote ionic radius of atoms i = A, B and O respectively (in Angstroms). When

(1.9)

v < 1 produces tilting in BOg octahedra and when y > 1 it shows shifting of B cation
from center. The off-centering mainly occurs because of large variation between ionic
radii of A and B ion leading to BOs octahedra contraction. The tolerance factor for ideal

perovskite is unity and has space group Pm3m [59].
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1.5.2. Classification of Perovskites

ABOs perovskite crystal structures are flexible owing to their ability of
accommodating extensive choice of cations with altered oxidation states and cationic /
anionic vacancies, which consequently provide pathway for a range of modified /
substituted perovskites with diversified physical properties. The detailed classification
of ABOs type perovskites is displayed in Fig. 1.5. The perovskite structures are

categorized in two groups based on oxidation states as the

Perovskite Structure

|
)

Ternary ABO, ’ Complex Perovskites

! ! !
‘A“BS‘”O3 HA“B‘“O3 ‘ ‘A3*B3*O3‘ oxygen/cation
deficient

AB'6/B"03303 HABIO.33B”0.67O3 ‘ ’AB’O.SBHO.SO?; ‘ ’ABIXB"yO}z

Figure 1.5. Detailed classification of ABOj3 perovskite

ternary ABO3 type and the mixed complex perovskites A(B'xB"y)Os where B' and B"

are two distinct ions of distinct oxidation states such that x +y =1.

(i) The ternary oxides are classified as per the oxidation states with formulae A*B>*Os,
AZB*03, A**B%* 03 and ion deficient compounds [60,61]. The best examples are
A*B% 03 -AgTa0s, A>'B* 03 - BaTiOs, A¥*B*'03 - BiMnOs and ion deficient
compound - CaMnOz.5.

(if) The mixed complex perovskite type compounds, A(B'xB"y)Oz can be classified into
those which contain 2/3™ and 1/3™ amounts of B' and B" elements as
A(B'0.67B"0.33)0s, which consists of 1/3 and 2/3 amounts of B' and B" elements
as A(B'0.33B"0.67)O3, which consists of B' and B" elements in equal quantities,
A(B'05B"05)O3 and oxygen deficient compounds A(Bx'By")Oz... The best examples
are A(B'0.67B"0.33)O3 - Ba(Ndo.67Wo.33)O3, A(B'0.33B"0.67)O3 - Ba(Cao.33Nbo.67)O3 and
A(B'05B"05)03- Ba(BiosTaos)Os.
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1.5.3. Properties of Perovskites

Perovskites possess multifunctional properties owing to their cationic / anionic
non-stoichiometry, cationic configuration disarrangement, and the mixed valency
including the deficiency of oxygen. The sharing of BOg octahedra at the corner provides
additional flexible feature in ferroelectric perovskite. This octahedral is subjected to the
distortion exhibiting off-center shifting of cations, when modified by small B cations.
The possible distortions based on cation movements along vertex, face and edge are
tetragonal, rhombohedral and orthorhombic, respectively.

The off-centering of cations generate electric dipoles which align at adjacent
unit cells via rotation and tilting of BOe octahedra and make the crystal produce
electrical polarization. These ferroelectrics have spontaneous polarization. The
polarization in the crystal disappears and becomes paraelectric, when the perovskite
reaches a transition temperature. The perovskite displays giant dielectric constant.
Below this transition temperature, the polarization can be reversed with hysteresis
curve. These perovskite oxides displaying ferroelectricity and paraelectricity are found
suitable for switching, actuating, transducive and capacitative applications. The
ferroelectric perovskites due to non-zero hysteresis are useful in memory storage
devices and tuning circuitry. These perovskites form an essential part of novel
multiferroics and are fascinating to study due to their unique feature of electrical

addressing of magnetic memory.

1.6. AB:0; Spinel Ferrites

The spinel AB:O4 ferrites have attracted researchers due to their giant
magnetostriction, modest saturation magnetization, chemical stability and notable
mechanical hardness [62]. These ferrites are even treated as dielectrics because of
higher conductivity owing from oxygen mediated electron exchange between Fe*/
Fe?* ions [63,64].

1.6.1. Structure of Spinel Ferrites

The spinel structure is derived from close-packed lattices. The spinels are
formulated as AB2X4, where A and B cations possess tetrahedral and octahedral
coordination numbers, and X denotes an anion. The spinels have obtained its name from

the mineral magnesium aluminate
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MgAl204. The usual chemical formula for oxide spinel is AB204 [65,66].

The typical spinel ferrite consists of cubic close-packed arrangement of oxygen
ions. The A-site cations occupy 1/8" of the tetrahedral voids and the B-site cations
occupy half of the octahedral voids as shown in Fig. 1.6 [65,66]. On the contrary, the

inverse spinels have an

@

) Owygen
® B (octahedral)
© A (telrahedral)

Figure 1.6. Structure of spinel ferrite.

akin d-structure consisting of the identical unit cell such that both the A-site and B-site
cations exchange places. Therefore, the inverse spinels are denoted as B(AB)O4, where
the AB ions in closed brackets occupy octahedral voids and the remaining B cations
occupy tetrahedral voids. In addition, there exists another class of spinels namely mixed
spinels whose structure lies midway between the normal and inverse spinels. The best
fit example of spinel ferrite is FesOs and inverse spinel is CoFe2O4 [65,66]. The
preference of desired normal or inverse spinel structure is determined mainly by crystal

field stabilization energy [65,66].

+ 4 34

+44+ I f 44

octahedral tetrahedral octahedral

Figure 1.7. Superexchange mechanism in ferrites.
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1.6.2. Properties of Spinel Ferrites

Spinel ferrites are very attractive from technological point of view owing to
their distinct magnetic ordering, type of metal ions and either ferromagnetic for spinel
ferrites or antiferromagnetic for inverse spinels. The inverse spinels Fe3Os, CoFe204,
and NiFe.O4 are ferromagnetic in nature. Among these, CoFe2O4 is used in magnetic
recording media and NiFe2O; is used as deflection magnets.

The magnetism existing in ferrites can be explained by taking into consideration
the coupling of unpaired spins of ions present in metal oxides. If the oxygen is
connected with two metal ions, then their spins are coupled by
superexchange interaction as shown at rightmost position of Fig. 1.7 [65,66]. The
coupling of spins based on filling and symmetry of orbitals could be antiferromagnetic
or ferromagnetic. The Goodenough-Kanamori rules predict the local magnetism arising
from coupling of the electron spins in transition metal compounds resulting from
superexchange interaction [65]. In case of ferrites, the coupling is very strong amongst
ions of adjacent tetrahedral and cd3rddaoctahedral voids, and the antiferromagnetism
type local magnetism is displayed among these voids. These voids / sites are coupled
identically both in spinels and inverse spinels, and therefore ions in the preferred
orientation viz., spin down have on the tetrahedral sites and the other opposite
orientation viz., spin up on octahedral sites respectively. If the number of spins on the
tetrahedral as well as octahedral voids are equal, such a ferrite is antiferromagnetic. In
case of number of unequal spins like in Fe3O4, CoFe204, and NiFe204, then ferrite is
ferrimagnetic. This distribution is explained for FesOs4 in Fig. 1.8 [65,66].

FesO4 systems distributed as (Fe?*Fe®")O4 consist of Fe* and Fe?*

B
SRS A

octahedral tetrahedral

Figure 1.8. Distribution of spins in Fe3O..

t

ions. The former possesses large spin d° electrons and zero crystal field stabilization
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energy indicating non-preference of occupancy at octahedral or tetrahedral sites,
whereas the latter has large spin d® electrons with positive stabilization energy which
dominates the positioning of Fe?* ions at octahedral site rather than tetrahedral site. The
spins on the Fe3*in tetrahedral and octahedral voids are equal and opposite and
consequently cancel. Conversely, due to the presence of free electrons on the Fe?* ions

aligned along the crystal directions makes FesO4 ferrimagnetic [65,66].

1.7. Electrical Properties of Materials
1.7.1. Ferroelectricity

Materials which undergo a phase transition from ordered symmetry
(paraelectric) to a disordered symmetry (ferroelectric) from high to low temperature is
known as ferroelectric material and has spontaneous macroscopic electric polarization.
The electrical polarization is non-volatile and can be reversed with external electric
field. The polarization change in ferroelectrics occurs with phase change at temperature
known as Curie temperature (T¢). Spontaneously polarized ferroelectric materials show
a hysteresis effect after applying the electric field (Fig. 1.1(b)) [67]. This effect is
induced in the ferroelectric materials due to the presence of permanent dipole moment.
The enhancements in dipole alignment i.e., increase in polarization is achieved after an
increase of electric field. When the intensity of applied electric field is sufficiently high,
then the dipoles align sharply along the applied field and saturate the polarization (Ps).
As the electric field decreases to zero, the polarization is lowered to minimum. This
non-zero polarization is called the remnant polarization (Py). Electric field is reversed
in negative direction to make this remnant polarization zero. The reversed electric field
at which the electric polarization decreases to zero is known as coercive field (Ec). Extra
negative field will provide saturation polarization (Ps) in the negative direction and
hysteresis loop closes after reversal of the field.

The ferroelectricity in any material is established by the concept of electric
polarization. Ferroelectric materials possess large dielectric constant and are suitable
for the fabrication of electronic devices and energy storage materials. Nowadays, ABO3
perovskite-structured oxides are most extensively studied and used as ferroelectrics. At
higher temperatures, they exhibit typical cubic structure. The cubic ABO3 perovskite
structure consists of oxygen anions O, cation B of small size at oxygen octahedra and

cation A of large size at the corner of unit cell. The spontaneous polarization in
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ferroelectrics arises due to the non-centric shift of cation B during the phase transition

from paraelectric to ferroelectric phase. There are different mechanisms which cause

ferroelectricity in ABOs type materials:

(i) The non-centric shift of the cation B gives origin for ferroelectric nature. This
transition metal ion and oxygen atoms are connected via covalent bonding of empty
d orbitals, e.g. BaTiOs unit cell is shown in Fig. 1.9 and shifting Ti** and O% ions
from face center can be viewed [68].

(i) Stereo chemically active lone pair cations are another cause of ferroelectricity, e.g.
Bi* in BiFeOs (Fig. 1.10) [69].
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Figure 1.9. Isometric projection of BaTiOs3 unit cell.

o

Figure 1.10. Polarization in BiFeOs.

1.7.2. Dielectrics

Dielectrics are a class of electrical insulator, which possess only bound charges
and does not contain free charges. It shows or can be made to show a polar state on the
implementation of electric field. With the applied field, the chare centers of positive as
well as negative charges are dislodged from their equilibrium position. Thus, a local
electric dipole and local electric field in turn are generated. This phenomenon of
creating electric dipoles from uncharged atoms and molecules is termed as electric

polarization.

17



The polarization in an ideal dielectric material does not depend on temperature
irrespective of its behavior in applied electric field. Therefore, when field is removed,
the polarization becomes null. There are four important mechanisms (electronic, ionic,
dipolar and space charge) for inducing polarization inside a dielectric material (Fig.
1.11) [70,71].

(a) Atomic or Electronic polarization: When the application of electric field separates
the centers of electron cloud and nucleus in opposite directions in a dielectric,
electric polarization occurs. The field applied alters electron cloud of an atom such
that a dipole pointing against the field is created [70].

(b) lonic polarization: This type of polarization appears in materials having crystal
lattice with immobile anions and cations. In the absence of any field, there is null
polarization due to the cancellation of dipole moments owing from crystal
symmetry. On the application of electric field, an effective dipole moment or
polarization is induced due to the small relative shift in the position of ions from
equilibrium positions [70].

(c) Dipolar or orientational polarization: The dipolar polarization occurs only in
materials which possess permanent dipole moment. The electric dipole moment
exists even when no field is applied due to the orientation / geometry of molecules.
The dipoles existing in dielectric materials are randomized because of thermal
agitation and are mobile in contrast to ionic polarization. Nevertheless, when
electric field is implemented, the alignment of permanent dipoles of molecules
present in the material results in appearance of dipolar polarization [70].

(d) Interface or space charge polarization: The pilling of opposite charges at grain
boundaries or at the interface of electrode and material or both are the main causes
of interfacial polarization. When an external field is implemented, these charges

behaving as dipoles which tend to align due to fractional movement of charges [70].

The contribution of different polarization mechanisms can be understood by the
plot of dielectric constant versus frequency of electric field as shown in Fig. 1.11. The
polarization increases quantitatively in size from electronic to ionic to orientational
polarization. It is obvious that particularly heavier entity will take more time to shift
their place. The accumulated charges acting as dipoles and defects are involved in this

kind of interface or space charge polarization. These entities are incapable to pursue the
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oscillations of implemented electric field and thus space charge polarization appears

for low frequencies up to 100 Hz.

POLARIZATION VS. FREQUENCY
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Figure 1.11. Systematic representation of possible four type of polarization processes.

The moments of molecular dipoles occur below 10° Hz in case of orientational
polarization. On the other hand, ionic polarization is more rapid and usually occurs in
the frequency range of 10° - 10'® Hz because of ionic contribution. Electronic
polarization is the quickest and usually appears in the frequency range of 10*3- 10'° Hz
due to the contribution of lighter electrons. The induction of polarization inside a
material on the implementation of external electric field is referred to as dielectric
behavior. When a dielectric material is inserted in between the parallel plates of a
capacitor, the materials get polarized and increase the charge storage capacities. They
are highly interesting for potential applications ranging from as transducers,
condensers, and gear-switching, voltage rectifiers, frequency resonators, power
amplifiers to electronic communication. These are also employed as memory storage

devices for information in modern computers.

1.7.3. Impedance

Impedance spectroscopy is a new and interesting tool to extract the
contributions of grains and/or grain-boundaries and / or electrode interface in the
dielectric materials. To sort out the resistive and capacitive contributions, the sample is

represented by the series combination of one or more parallel R-C circuits. Each of R-
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C circuit elements relates to the respective contributions of grains and/or grain-
boundaries and/or electrode interface. In the complex plane, the complex impedance
can be expressed as Z*= Z'- jZ", where Z' and Z" denote real and imaginary parts of
total complex impedance (Z*). In impedance analysis, the imaginary part is plotted
against the real part Z' in the measured frequency range and such a plot is called Cole-
Cole plot. Every R-C circuit generates one or more semicircles with each maxima
corresponding to distinct single valued relaxation time (t) expressed as t = 1/®, where

o denotes the angular frequency at maxima in Cole-Cole plot [72].

1.8. Magnetic Properties of Materials
1.8.1. Orderings of Magnetic Materials

On the basis of the collective interaction of atomic magnetic moments, the
magnetic materials are classified in five major groups namely
(1) Diamagnetism
(i) Paramagnetism
(iii) Ferromagnetism
(iv) Ferrimagnetism
(v) Antiferromagnetism

Diamagnetic material consists of atoms having no net magnetic moment when
no magnetic field is applied. On the application of external magnetic field (H), the
precession of revolving electrons creates a magnetic moment opposite to applied field.
Every material is usually diamagnetic in nature; however, the diamagnetic effect is
screened by stronger paramagnetism or ferromagnetism. The susceptibility for
diamagnets is independent of temperature [73].

Langevin describes paramagnetism as applicable for the systems containing
non-interactive immobile electrons and the magnetic moment of every atom is
presumed to be randomized due to thermal agitation. In the presence of magnetic field,
the moments align and generate small net magnetization along the implemented field.
With the increase in temperature, an increase in thermal agitation takes place and
magnetic moments find it difficult to align due to decreased susceptibility. Such a
decrease in magnetic susceptibility with temperature is termed as Curie law and is

represented as

X=7 (1.10)
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where C denotes Curie constant. The best example of a paramagnetic material is
CuS04-5H20 [73]. According to Pauli, the paramagnetic behavior is observed in
materials consisting of mobile electrons and available to structure conduction band.
When an external field is implemented, the mobile electrons used for conduction lose
their balance with electrons of opposite spin due to alignment resulting in creation of
small magnetic moment along the implemented field. As per Pauli model, susceptibility
doesn’t change with temperature; however, the alteration of band structures may be a
cause for susceptibility change [69]. Due to incomplete d or f shells, some materials
show ferromagnetic nature from paramagnetic nature, when they experience
temperature change from high value to low value. Such a phase transition takes place
below a unique temperature is known as Curie temperature (Tc). Magnetic order in these
materials is achieved by exchange interactions between localized moments. The typical
paramagnetic configuration is shown in Fig. 1.12(a) [74].

Often Curie law is considered as sub-kind of generalized Curie-Weiss law

consisting expressed as
Cc

X=:= (1.12)
where 0 is Weiss constant. This generalized law is derived on the basis of Weiss theory
for ferromagnetic materials where exchange order among magnetic moments is
permitted. The parameter 6 can be zero, positive or negative. In case of 6 = 0, Curie-
Weiss law reduces to Curie law of paramagnetism. Whenever 6 # 0, the neighboring
magnetic moments display an interaction, and the material exhibits paramagnetic
beyond transition temperature. Whenever 6 is more than zero, it represents Curie
temperature (Tc) below which the material exhibits ferromagnetism. If 0 is negative,
then it represents Néel temperature (Tn) below which the material exhibits
antiferromagnetism and sometimes ferrimagnetism. This Curie-Weiss law holds true
only for the materials exhibiting paramagnetism and does not hold good for multi-metal
compounds or alloys due to virtue of unlocalized electrons generating the magnetic
moment. Nevertheless this equation holds good in case of rare-earth based metals or
compounds consisting of tightly bound 4f electrons [73].

When a ferromagnet is placed in an external magnetic field, it becomes
magnetized and shows a characteristic loop called hysteresis loop as shown in Fig.
1.12(b) [74]. Such a ferromagnet gets magnetized in one particular direction with

increasing the value of magnetic field, a saturated magnetization (Ms) is attained at
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Figure 1.12  Configurations of (a) paramagnetic (b) ferromagnetic (c) ferrimagnetic

(d) antiferromagnetic and (e) superparamagnetic materials.

which magnetization is maximum. On the removal of the field, the magnetization does
not become zero and there is requirement of an extra magnetic field to relax the
magnetization in negative direction. This type of non-zero magnetization at zero
applied magnetic field is known as remnant magnetization (M) and the reverse
magnetic field applied to make the magnetization zero is known as coercive field (Hc).
The magnetization will sketch a hysteresis loop, if a cyclic field is used. The formation
of ferromagnetic hysteresis loop in any magnetic material is because of magnetic
domains present in the ferromagnet. The materials, which have comparatively high area
in the magnetic hysteresis are termed hard magnets and exhibit more loss in the
material, whereas the materials with less area in the magnetic hysteresis are termed
known soft magnets and exhibit low loss. Ferromagnetic materials have long-range
ordering which is the alignment of electron spins in the form of domains over longer
lengths (Figure. 1.12(b)) [74]. The magnetic domains are oriented in different directions
so that the ferromagnetic samples often have no macroscopic magnetization. There are
two theories of ferromagnetism which explain numerous properties of ferromagnetic
materials: Curie-Weiss for localization of magnetic moments and the Stoner band
theory. In the Weiss’s theory, electrons are localized and occupying certain energy
levels. The electron energy depends on its angular momentum. The magnetic moments
of electrons align parallel to each other due to the internal molecular field. The quantum

mechanical exchange energy originates from this molecular field. According to the
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Stoner theory, electrons can freely move in a periodic potential. The exchange energy
of electrons will be minimized in the periodic potential if all the electrons have the same
spin [69].

There exist some materials in which the magnetic moments are oriented anti
parallel direction to one another. These materials are called ferrimagnetic materials.
The strength of magnetic moment is different in both the directions as can be found in
Fig. 1.12(c) [74]. Consequently, even when no magnetic field is implemented still a net
magnetization exists in these materials. These materials are found to obey Curie-Weiss
law for negative 0. An ideal example of ferrimagnet is spinel ferrite.

Now, if the antiferromagnetism is considered, the spins of electrons give no
overall macroscopic magnetization in antiferromagnetic materials as shown in Fig.
1.12(d) [74]. This type of materials undergoes a transition from antiferromagnetic to
paramagnetic state at higher temperatures. There are multiple states with different
energies in antiferromagnetic interactions. The antiferromagnetic ordering is found in
the transition metal compounds. There are at most three possible kinds of
antiferromagnetic ordering inside a lattice, depending on the coupling in the plane and
in between the planes couplings as shown in Fig. 1.13 [75]:

(a) A-antiferromagnet: The ferromagnetic ordering exists in the planes and antiferro-
magnetic coupling exists between the planes.

(b) C-antiferromagnet: The antiferromagnetic ordering exists in the planes and
ferromagnetic coupling exists between the planes.

(c) G-antiferromagnet: The antiferromagnetic ordering exists both in the planes and
between the planes. The ideal example is perovskite ABOs with cubic structure
where each ‘B’ magnetic atom has six-fold coordination number formed by

antiferromagnetic atoms.

A-AF C-AF G-AF

Figure 1.13. Types of antiferromagnetism.
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There exists another unique class of magnetism namely superparamagnetism
observed in materials containing small nanosized ferromagnetic particles. The size
varies between 1-30 nm for different materials. The material exhibits very large
saturation magnetization and very low coercivity. The large magnetization is presumed
to be originating from a big dipole containing constituent magnetic moments of all
existing nanoparticles. The sufficient increase in temperature assists in randomized
flipping of dipoles. A typical configuration of superparamagnetism is shown in Figure
1.12(e) [74].

1.9. Materials and their Applications
1.9.1. Materials for Magnetoelectric Composites

Among the existing ABOz perovskites, Barium titanate (BaTiOz) is a
conventional ceramic with excellent ferroelectric and dielectric properties [76]. BaTiO3
(BT) is widely used in electronic devices such as photoelectrodes, layered capacitors
and sensors [76]. It is one of the best suitable material employed as dielectric in
electronic devices and exhibits excellent piezoelectricity and ferroelectricity [77]. In
addition, BT exhibits temperature dependent polymorphic i.e., structure changes from
Rhombohedral to cubic when the temperature changes from -90 °C to 120 °C. The
cubic structure follows ABOs structure of perovskite with Pm3m space group [78]. The
ferroelectric and dielectric properties can be tuned as desired based on preparation
methods [78]. Through the substitution of specific dopants, the TiOs octahedra in BT
can be distorted and is proved beneficial for achieving broadening of transition
temperature (T¢) with improved dielectric and ferroelectric properties [78]. The shape
and size of grains in BT control the physical parameters like crystal structure, T and
optical properties [79]. These features make BT an ideal constituent for tunable energy
storage devices [77].

Among the spinel AB204 ferrites, cobalt ferrite (CoFe204) is one of the most
interesting spinel ferrite exhibiting spectacular physical properties like electric,
magnetic, thermal, mechanical and optical properties [80,81]. CoFe2O4 (CFO) displays
a special kind of ferrimagnetism i.e., superparamagnetism and is strongly attractive for
sensor applications. In spite of such unique properties, CFO possesses lossy nature
which makes it less useful for electrical device applications. This lossy behavior can

be modified by the addition of strong ferroelectric material like lead free BT. The co-
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existence of ferromagnetism as well as ferroelectricity is a fascinating concept for
magnetoelectric devices and can be realized in composites of CoFe2O4 - BaTiOz (as
CFO-BT or BT-CFO) due to different origins of respective ferroic orderings. The extent
of coupling can be understood either qualitatively via directly measuring the change in
ferroic order due to other or quantitatively via indirect measurements [82]. The
quantification of direct measurements of magnetoelectricity for different order of
coupling coefficients has been well established [12,27]. On the other hand, the indirect
measurements reveal qualitatively the existence of coupling from the thermal
dependence of dielectric parameter constant and magnetic parameters respectively
[82,83]. However, these indirect studies reveal only the evidences of magnetoelectric
coupling present in the system. In this work, we are interested in the preparation and
optimization of CFO - BT and BT - CFO composites through mole ratio for superior
magnetoelectricity employable in sensor devices. The composites of CoFe204- BaTiOs
with (3-0) connectivity scheme is expected to exhibit strong magnetoelectricity owing
from individual phase contributions and product property. It is also pertinent to add that
there have been commendably significant studies of BaTiOz - CoFe.O4 composites for
investigating dielectric properties [84-86]. The BT based composite system usually
suffers from tangent losses in microwave frequency regime. This BT-CFO composite
with (0-3) connectivity scheme would be useful in improving the performance of BT in
electronic devices. It would, therefore, be interesting to explore the effect of volume
fraction on the magnetoelectricity in BaTiO3z based composites as BaTiOz - CoFe204
and CoFe>04 - BaTiO3 system with (0-3) and (3-0) scheme, respectively.

The substitution of Ni?* in the cubic structure of CFO is exciting due to
improved resistive and magnetoelectric properties [43]. The recent studies on
ferromagnetic CoosNiosFe20s (CNFO) have revealed that strong magnetostatic
interactions arising from different magneto-crystalline anisotropy are countered by
increased coercivity and decreased magnetic saturation [47,87,88]. There have been
investigations on CNFO based composites for existence of magnetoelectric properties
[49,54,89]. Furthermore, CNFO-BT system has showed some promising results in the
magnetic properties [43-46]. Nevertheless, the origin of magnetodielectric, impedance
and ferroelectric properties in CNFO-BT composites are not explored thoroughly. The
CoosNiosFe.04 - BaTiOs composites would be important from the viewpoint of

stabilization of magnetodielectric effect, impedance and magnetoelectric coupling.
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Another magnetic material of interest is the bismuth ferrite (BiFeO3s) which
exhibits antiferromagnetism and is an excellent multiferroic [38,90-93]. BFO possesses
ABO3 type perovskite structure with distorted rhombohedral arrangement. BFO
transforms its G-type antiferromagnetic nature to paramagnetic nature above Tn~ 365
°C and ferroelectric - paraelectric phase transition above T. =~ 825 °C. The
antiferromagnetic orderings are due to the modulation of cycloid spin arising from
super-exchange and spin-orbit interactions of metal-oxygen-metal owing to canting of
sub-lattice formed by Fe®" ions. On the contrary, the ferroelectricity arises from the
non-centrosymmetric ordering along the principal diagonal axis [111] originating from
stereochemical activity of 6s lone pair of electrons hybridized between 6p empty orbital
of Bi*"ions and filled 2p orbitals of O% ions. But there are some processing issues and
as a result of which, there are some impurities like Bi2Fe4Os, BizsFeOzg etc. present in
the material which shows unsaturated electrical hysteresis loop. The impurities of BFO
are removed by doping at the Bi site with Gd**, La* and Sm®" [94-97]. Partial
modification at Bi site by lanthanum denoted by BiixLaxFeOz evades the possibility of
formation of unwanted phases during synthesis and enhances the electrical and
magnetic properties [3,93,98,99]. This La ion substitution is promising as its ionic
radius is similar to that of Bi** which consequently stabilizes the structural owing to
increased bond length, suppresses oxygen vacancies and enhanced magnetic
anisotropy. The investigations on BixLaixFeOs reveal that up to 12.5% mole ratio of
La atoms, the rhombohedral R3c structure remains unmodified and with 20% more ratio
the cycloidal spin disappears [3,93,98,99]. Bio.gsLao.15FeO3s ceramics show such distinct
properties owing from structural modification which improvises the resistive nature and
electrical remnant polarization, and make them suitable candidates for multiferroic
applications [3,93,98-100]. The frequency dependent electrical properties of
lanthanum-substituted BFO ceramics display a decreasing trend in dielectric properties
with frequency attributing to a conventional dielectric relaxation process and
temperature dependent broad dispersion in dielectric permittivity arising from
modifications in the sample preparation methodology. This temperature dependent
dispersion of dielectric permittivity and dielectric loss is usually detected to appear near
to antiferromagnetic Neel temperature. Unexpectedly, the temperature dependence of
conductivity has been studied thoroughly to understand the electrical properties
[3,93,98,99]. Therefore, combining single phase multiferroic BiggsLao.1sFeO3z with

ferroelectric BT as Bio.gsLao.1sFeOs - BaTiOs composites is expected to bring a number
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of important improvements in the physical properties like antiferromagnetic to
ferromagnetic change, low coercive and countable maximum polarization of electric
hysteresis loops for loss analysis.

Rare-earth manganites (RMnQ3) are fascinating materials due to their unusual
strong coupling among charge, spin, and lattice dynamics and have extensively created
enormous interest in research. These materials possess a striking feature of
simultaneous occurrence of ferro to paramagnetic and metal to insulator transitions
[101-103]. RMnO3 finds their application in information storage devices owing from
their broad antiferromagnetism Neel temperature range of 620-740 K [104]. These
manganites possess distinctive fascinating electronic configuration due to the
hybridization of 3d and 2p orbital of Mn and oxygen, respectively. In the category of
RMnOs perovskites, NdMnOs is a unique rare-earth manganite possessing
orthorhombic type structure and display antiferromagnetism [105,106]. NdMnOs3
(NMO) is considered novel due to inherent structural disordering arising from cognitive
rotation of MnOs octahedra. This rotation decreases the Mn-O-Mn bond angles and
supports in exhibiting a magnetic transition from A-type to E-type antiferromagnetism
via partial incommensurate ordering and additionally causes multiferroism [102,107].
The prominent cause of magnetism in NMO is the superexchange mechanism of Mn**-
O-Mn®* causing the antiferromagnetic ordering in Mn, whereas the Nd ions retain their
paramagnetism. The co-existence of electrical and magnetic ordering and the evidence
of colossal magnetoresistance observed in Nd-manganite is on the basis of double
exchange mechanism [108,109] which is explained in terms of correlation of Mn-O
bond angle, charge-lattice behavior, Mn® / Mn?* charge transfer mechanism,
superexchange mechanism of tog spins and intersite interaction [110]. In recent years,
the study of NMO based system has gained immense interest for the exploration of
dielectric, magnetic and magnetoelectric properties [101,102,108,111-113]. The
investigation of electric properties of NMO based composites has not been reported in
the literature. The bulk composites of NdMnOs - BaTiO3 will be an interesting work as
it will involve the multiferroic magnetoelectric nature of NMO combined to the strong

ferroelectric nature of BT.
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Figure 1.14.  Applications of magnetoelectric materials on the basis of the origin

of coupling and control mechanism.

The magnetoelectric materials especially composites possess various surprising
features which enable them for potential applications like memory stage, gyration,
sensing, filtering and resonating devices. The chief uniqueness in magnetoelectric
materials is the control of one ferroic ordering by another which is the foundation for
novel magnetoelectric based random access memory (MRAM). This MRAM would
reform the existing technology with enormous speed, low cost and update computers,
mobiles and all solid-state devices. Depending on the type of magnetoelectric coupling
and control mechanism employed, the possible applications of magnetoelectric

materials have been displayed in Fig. 1.14.

1.9.2. Materials for Energy Storage

Energy storage is a primordial subject of interest which emphasizes on the
performance parameters of myriad class of materials and devices [114]. Dielectric
materials display excellent power density and strong discharge capability needed for
energy storage devices. In comparison to polymer based and electrolyte based
capacitors, the dielectric capacitors generally have higher value of dielectric constants
and small discharging time (ns) which makes them potential candidates for energy
storage devices [115,116]. With the increase in miniaturization in recent years, high
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energy density capacitors find applications in the fields of electric vehicles and mobile

electronic communication [117].

M\

O/E<-

Figure 1.15. P-E loop of ferroelectric material.

A usual P-E loop of ferroelectric material is shown in Fig. 1.15. The yellow
region represent energy lost and green region represents useful recoverable energy. The
useful electrical energy storage density in any system is calculated by evaluating the
integral area of the P—E hysteresis loop (charge and discharge curve are represented by
lower and upper branch of P-E curve respectively) with the y-axis and is represented

as

wy = [," " EdP (1.12)

here E and P denote implemented electric field and generated polarization, respectively.
The discharge and charge energy density are often referred as useful and total energy
density (including energy stored and energy lost) per cycle. The energy conversion

efficiency

—_Wy
77 =
Wr+Wy

(1.13)

here WL represent energy lost [118]. This efficiency is beneficial for understanding the
storage mechanisms in various dielectrics [118]. Higher the conversion efficiency,
higher will be the useful energy density and dielectric constant. This effect implies that
materials with high conversion efficiency will offer fast movement of charge carriers
and will be prospective contenders for longstanding and durable energy source.
Consequently, the materials having large polarization (Pmax) and low remnant
polarization (P;) are preferred as suitable choice in high energy-storage capacitors
[115,117]. Thus the antiferroelectric and relaxor ferroelectric materials based on

BaTiOz and PbTiOs are found more appropriate for investigations [115,117,119]. These
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systems have exhibited energy densities of upto =~ 0.94 J/cm®and energy storage density
of upto = 72 % at room temperature [120,121]. Keeping in mind the environmental

concerns of PbTiOg, the studies on lead-free systems have gained more attention [122].

1.10. Objectives of the Thesis

The single phase magnetoelectrics are observed to have weaker coupling and
are therefore not so useful for device applications as compared to two phase materials.
So, in the present work attempts are made to fabricate two phase magnetoelectric
composites of BaTiOs. In addition, the present work aims to optimize such composites
with high energy storage density so as to make them as an alternative for lead - free
energy storage devices. It is subsequently desired to choose materials with strong
magnetic properties. Amongst the existing magnetic materials, the ones that exhibit
explicit multiferroism and magnetoelectricity are ferrimagnetic (CoFe2Os),
ferromagnetic (Bio.gsLao.1sFeO3) and antiferromagnetic (NdMnOs). Therefore, based on
literature, it is decided to prepare BaTiOs based bulk ceramic composites with these
magnetic materials by varying the composition. The main focus would be given to
enhancement and optimization of magnetoelectric properties and energy storage
densities of BaTiO3 based composites through stoichiometry. Furthermore structural,
morphological, ferroelectric, dielectric, impedance and magnetic properties of BaTiOs
based composites would be investigated. Thus, the discussion made in the previous
sections and motivated by the above facts, the short-term specific objectives of the
thesis are as follows:

(i) To synthesize bulk composites of BaTiOs - CoFeO4, CoFe2Os - BaTiOs,
CoosNiosFe204 - BaTiOs, BiogsLaoisFeOsz - BaTiOs and NdMnOs - BaTiOsz by
using solid state reaction method to achieve required optimum structure and phase.

(if) To study phase formation, surface morphology by using XRD, SEM-EDAX,
Raman, FT-IR techniques for better understanding of the properties in these
composites.

(i) To investigate the dielectric, impedance, magnetic and ferroelectric properties of
the synthesized BaTiOs based composites and its correlation with their structure in
order to understand the fundamental physics.
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(iv) To reveal the quantification of magnetoelectric coupling coefficient in the
synthesized BaTiO3 based composites by studying the ferroelectric hysteresis (P-E)
variation and the dielectric constant variation in the presence of magnetic field.

(v) To optimize the energy storage density and efficiency of the synthesized BaTiOs
based composites by analyzing the ferroelectric hysteresis (P-E).

(vi) Finally, to develop efficient lead-free ferroelectric BaTiOs based composites for

practical energy storage devices utilizing magnetoelectric properties.
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Chapter - 2

Capevimental : Cemposite Synthesis
and Characterization Jechniques

The synthesis of pure phase composites demands suitable understanding of

different synthesis methods along with the appropriate characterization tools. The aim
of the chapter is to describe several aspects of the experimental methods for the
preparation of composites. The details of different characterization tools namely X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive absorption
X-ray spectroscopy (EDAX), Fourier transform infra-red spectroscopy (FT-IR), Raman
spectroscopy, vibrating sample magnetometer (VSM), ferroelectric loop tracer,
dielectric measurements using LCR meter and impedance analyzer have been discussed

along with their working principles.
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2.1. Experimental

The primordial step in experimental research is the synthesis and
characterization. This chapter is focused on the synthesis techniques and
characterization techniques needed for validating the utilization of magnetoelectric
composites for energy storage devices. Over the past decades, different researchers
described numerous synthesis techniques for magnetic materials, ferroelectrics and
magnetoelectric materials. These methods can be categorized as dry solid state ceramic
route or wet methods like sol-gel and co-precipitation [123-126]. The dry solid state
method has been discussed explicitly. The characterization tools such as X-ray
diffractometer (XRD), Scanning electron microscopy (SEM), Fourier transform infra-
red spectroscopy (FT-IR), Raman spectroscopy, Vibrating sample magnetometer
(VSM), Ferroelectric loop tracer and Dielectric measurements using LCR meter as well
as impedance spectrometer are exploited to understand the structure, morphology,
electrical, magnetoelectric and energy storage properties of the synthesized composites.

The extent of magnetoelectricity in the composites depends on the
orientation amongst constituent phases. To synthesize magnetoelectric composites,
several aspects are to be addressed carefully such as choice of magnetic phase,
ferroelectric phase, desired phase purity of starting materials, calcination and sintering
temperatures and sintering duration [127]. The solid state reaction route is usually
chosen over other methods because of easy preparation and cost effectiveness. In
addition to this, solid state route offers manipulation of mole ratio of constituents as
well as temperature variation for sintering [127]. The basic underlying properties such
as electrical and magnetic properties of the composite materials can be enhanced by
modifying the chemical constitution, structure, size, orientation and morphology. The
preparation of these composites plays a crucial role in achieving phase purity, unique
electrical and magnetic properties. In other words, tuning of different parameters like
sintering temperature and duration can assist in improving the quality of the composites
[128]. The prepared composites and their modified morphology provide enrichment in

dielectric and magnetoelectric properties owing to their product property [128].
2.2. Chemicals used

The preparation of various magnetoelectric composites requires individual

magnetic and ferroelectric phase. The different chemicals used for synthesizing these
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phases investigated in this thesis are mentioned below:

Table 2.1. List of chemicals used to prepare various magnetoelectric composites to carry out
present thesis work.

S.No. Name of the chemicals Chemical Purity (%) Supplier

Formula

1 Cobalt Oxide C0304 99.90 Fisher Scientific

2 Iron Oxide Fe,03 99.90 Fisher Scientific

3 Barium Carbonate BaCO; 99.80 Fisher Scientific

4 Titanium Dioxide TiO; 98.00 CDH

5 Nickel Oxide NiO 99.00 Fisher Scientific

6 Bismuth oxide Bi203 99.00 CDH

7 Lanthanum Oxide La,0s 99.99 Fisher Scientific

8 Neodymium Oxide Nd203 99.99 CDH

9 Manganese Dioxide MnO; 92.00 CDH

2.3.  Composite Synthesis

The commonly employed procedure for synthesis of composites is the solid
state reaction method or dry media reaction method or mechano-chemical method. This
technique is beneficial in producing large quantity of material with lower cost and
within less time. Generally, in this technique, the starting materials of high purity in
powder form are weighed stoichiometrically and are ground consistently with the help
of agate mortar and pestle in water or acetone media. The mixture is pre-sintered or
calcined for several hours in muffle furnace followed by pressing and sintering for
assisting chemical reaction between the oxides and formation of the final product.

The composites are synthesis with the following steps:

(i) Preparation of materials to form an “intimate mixture” of constituent A and
constituent B so as to maintain the appropriate proportions of metal ions in the final
product.

(i1) The process of pre-sintering or calcinations involves heating the primary mixture
of raw materials. This heating decomposes carbonates and higher oxides and

removes the gaseous components in the sintering stage.
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Figure 2.1.  Schematic flow chart for the preparation of ferroelectric / ferrite constituent and

composites.

(iii) The calcined powder of constituents of A and B are ground to promote mixing
unreacted oxides. The calcined power of constituent A is mixed with
stoichiometrically with calcined powder of constituent B to prepare desired
composites. The resultant powder of each composite is pressed into cylindrical
pellets by using hydraulic press.

(iv) The prepared composite pellets are sintered along with composite powder for
obtaining good quality of composite pellets. The flow chart for synthesizing

ferroelectric / ferrite constituent and composites is shown in Fig. 2.1.
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2.4. Characterization Tools and Working Principle
2.4.1. X-Ray Diffraction (XRD)

X-ray diffraction is a non-destructive adaptable tool for identifying crystallite
phase and analyzing structure of the synthesized composites [129]. This method
provides the following information:

(i) Constituent phases of composites
(ii) Strain present in composites
(iii) Crystallite size

For the present work, we have employed Bruker D8 X-ray diffractometer.
This diffractometer consists of automatic tools and in-built software for ease of use.
The radiation source of XRD had a wavelength of 1.5418 A at a scanning rate of 0.4
sec/step.

The X-ray diffraction technique involves the observation of intensity variation
of scattered X-ray beam incident on a sample with incident and scattering angle. In this
technique, a monochromatic X-ray beam is implemented on a specimen sample
consisting of randomly oriented particles. The scattered X-rays interfere constructively
and produce diffraction pattern which are recorded using detectors or photographic
films. The crystal planes of specimen sample satisfying Bragg’s law allow certain
diffraction to occur corresponding to specific inter-planar spacing of the crystal.

In the crystal structure, atoms are arranged in regular order. Fig. 2.2. shows set
of lattice planes with inter-planar spacing ‘d” [130]. When X-rays are incident on the
crystal, these rays interact with the electrons present in the atoms and produce waves
with spherical wave front in all directions. The waves scattering in all directions
produce constructive and destructive patterns. The constructive interference is on the
basis of Bragg’s law which is expressed as [131]:

nA = 2dsinf (2.1)
where the parameters n, A, d and 0 denote integral values, wavelength of incident X-ray

radiation, inter-planar spacing, and glancing angle, respectively.
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Figure 2.2. Bragg reflection from lattice planes.

In X-ray diffractometer, the position of detector is fixed with respect to
specimen sample, which is usually achieved by either fixing detector and rotating the
sample or rotating both specimen and detector with fixing position of incident X-rays.
Only those crystal planes which are or nearly parallel to sample surface contribute to
diffraction patterns. However, in the powder method, a number of combinations of inter

planar spacings and the glancing angles satisfies the Bragg law. The image of X-ray

diffractometer is shown in Fig. 2.3.
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Figure 2.3. X-ray diffractometer setup.
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The X-ray diffraction studies can help in estimating the following parameters

[85,131,132] :

(a) Lattice parameter: In case of cubic lattice, the inter-planar distance (d) is related to
lattice constant (a) and Miller indices (hkl) by the expression.

a
N (22)

(b) Average crystallite size: The average crystallite size in the composites can be

estimated using Debye Scherrer's equation

kA
- BCosO

(2.3)

where k = 0.89 (assuming the particles are spherical in shape), A is the wavelength
of X-ray, B is full width at half maximum (FWHM) of the diffraction peak and 0 is
angle of diffraction. The crystal lattice strain and average crystallite size were
calculated using Williamson-Hall equation

BCos6 1 | nCosO

o . 7 (2.4)

where & and 1 denotes effective crystallite size and effective strain and the

remaining terms have their usual meanings.

2.4.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) is a device used for imaging the surface
morphology of any sample using secondary electrons [133]. A high-quality stream of
electrons produced from electron gun is incident on sample surface which create
secondary and back scattered electrons. The former ones are those which are removed
from the surface due to excitation of incident primary electrons and latter ones are part
of primary electrons backscattered by the sample. The electron beam is fully scanned
over the specimen surface and images a map of surface based on the detected signals at
different positions of beam. Depending on the types of electron beam signals, one can
have backscattered electron imaging and secondary electron imaging. This device is
capable of producing high-resolution mapped image of specimen surface. These images
provide large depth of field beneficial for comprehending surface structure of sample.
SEM imaging is also used for elemental analysis of the sample. For the present work,
we have employed JEOL JSM 6610LV SEM 500 Instrument for obtaining SEM
imaging with resolution 1.1 nm at 1 kV. The SEM Setup is shown in Fig. 2.4. The
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electron emission is based on thermal field emission. The accelerating voltage and
magnification vary in the range of 0.3 kV - 30 kV and 5x - 300000 x respectively.

Figure 2.4. JEOL Scanning electron microscope.

The picture of scanning electron microscope is shown in Fig. 2.5 [134]. The
basic structure of SEM constitutes of an electron gun fitted to tungsten cathode. The
electrons produced are accelerated with energy of 1 - 50 keV from anode. The
accelerated electrons are focused with the help of a pair of condenser lens. The magnetic
field of scanning coils deflects the beam along x and y axes for scanning the surface
with the help of scanning circuit. The beam highly focused by objective lens scans the
specimen surface in the raster pattern. The electron beam on interaction with the
specimen tends to lose energy via random scattering and absorption within specimen
resulting in the production of reflected energized electrons due to elastic scattering,
secondary electrons due to inelastic scattering and the emission of electromagnetic
radiation. Each of the electron beam generated can be detected by specific detectors.
Electronic circuits are used to amplify the signals from beam current. The secondary
electrons are using for mapping the surface image and backscattered electrons are used
for providing contrast information about regions with different compositions. The
magnification of SEM is very high as compared to optical microscope because of lower
wavelength of electron beam with respect to optical microscope. This helps in achieving
a resolution of about 1-20 nm. SEM technique is useful only for surface images and

compositions up to a certain extent.
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2.4.3. Energy Dispersive Absorption X-Ray Spectroscopy (EDAX)

Many times, SEM is furnished along with energy dispersive absorption X-ray
spectroscopy (EDAX) for gathering information about element composition in the
composites. EDAX is a non-destructive technique which provides information related
to material specifics, impurity content, and the relative ratio of chemical composition
of specimen. The X-rays produced from the sample are placed under electron beam to
lose excess energy. The X-rays are characteristic in nature i.e., their peak position or
energies correspond to specific atoms in spectrum and height of peak corresponds to
amount of element present. The information about compositions in sample can be

obtained by X-ray mapping and line profiling.

2.4.4. Fourier Transform Infra-Red Spectroscopy (FT-IR)

This is a crucial technique which offers identification of functional groups
present in a molecule / specimen. The peaks in IR spectra correspond to constituent of
organic or inorganic specimen. The fundamental working principle of FT-IR technique
is the characteristic feature of molecular bonds vibrating at specific frequencies

corresponding to constituent of elements and their bonding structure. The molecular
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vibrational energy lies in the IR range so when the specimen is made to incident with
IR beam, it excites the molecule to attain high vibrational energy level. The FT-IR
spectrometer consists of an IR source, interferometer, IR-detector and screen. The IR
beam produced from IR source is modulated with the help of interferometer and
incident on the specimen. The detector detects and records the transmitted radiation or
reflected radiation with various wavelengths of IR beam and such a spectrum is termed
interferogram. This interferogram can be converted to single beam IR spectrum by
employing Fourier transform technique. The plot of FT-IR is a graph displaying
percentage intensity of transmittance / absorbance of radiation from specimen with
wave number. In the present work, the FT-IR spectra were recorded using Perkin Elmer
RX1 FT-IR instrument operating in the wave number range of 400-4000 cm™ and is
shown in Fig. 2.6.

Figure 2.6. Perkin Elmer FT-IR Setup.

2.4.5. Raman Spectroscopy

Raman spectroscopy is a distinctive spectroscopic method which exploits the
light-matter interaction and provides useful information regarding specimen
characteristics. In this technique, electromagnetic radiation is made to interact with
specimen resulting in Raman scattering with additional frequencies on either side of
incident radiation as characteristic of specimen. This technique provides understanding
of intra-molecular and inter-molecular vibration level present in the specimen. Along
the advancement of laser sources, Raman
spectroscopy has emerged as sensitive technique for the complex systems.

The fundamental working principle of Raman spectrometer is that when light
strikes on liquid or solid, the incident photons are elastically scattered with same

frequency and are termed as Rayleigh scattering. However, few photons are
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inelastically scattered at frequencies other than incident frequency termed as Raman
scattering. The change in frequency is related to change in molecular polarizability. The
incident photon can often result in the deformation of electron cloud of molecule which
causes change in polarizability. The vibrational energy of molecules corresponds to
specific transitional levels linking to polarizability change and consequently only some

Raman active modes are observed.

Figure 2.7. Renishaw Raman Microscope.

The essential components of Raman spectrometer are radiation source,
mounting device, and detector. The laser light is focused at the sample with 1/3™ of
incident intensity onto the sample placed at mounting device. The beam scattered from
the sample is collected by the detector which produces signal at certain frequencies.
The intensity of scattered light varies as the fourth power of its frequency, intensity of
incident radiation, scattering cross section and specimen quantity. For the present work,
Renishaw Raman Microscope with laser excitation wavelength of 785 nm has been
used and is shown in Fig. 2.7. The specimens discussed in this work were dissolved in

chloroform.

2.4.6. Vibrating Sample Magnetometer (VSM)

The magnetic property viz., magnetization of any specimen is usually measured
with the help of vibrating sample magnetometer (VSM). The VSM setup used in the
present work is VSM Microsense EV9 as shown in Fig. 2.8. The fundamental working
principle is based on the Faraday’s Law of electromagnetic induction where a change

in magnetic field generates an
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electric field. Such an electric field is measurable and provides details of causal

magnetic field.

Figure 2.8. Vibrating Sample Magnetometer (VSM) setup.

The VSM instrument measures magnetic content in the specimen. The specimen
of interest is kept in a constant magnetic field. In case of magnetic specimen, the
implemented field magnetizes the sample by forcing the domains to align along the
field direction. Higher field would create stronger magnetization. This creates a
magnetic field, often referred as stray field, around the specimen. When the sample
begins to vibrate up and down, the stray field varies with time and creates an electric
field following Faraday’s Law. This electric field is detected by a set of pick-up coils
and the magnitude of current depends on the strength of magnetization in the specimen.
This current is converted to voltage with the help of transimpedance amplifier and is
amplified with the help of lock-in amplifier using computer interface. This device
provides information about magnetic property content and extent of magnetization in
the specimen.
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2.4.7. Ferroelectric Loop Tracer

The ferroelectric property of any material is measured on the basis of electric
polarization. The ferroelectricity is typically displayed as a hysteresis loop of
polarization developed versus electric field applied at a particular frequency. The
hysteresis loop recording is based on an electric circuit employed by Sawyer and Tower
which displayed phenomenal results on Rochelle salt. A modified Sawyer-Tower
circuit used in all P-E hysteresis loop measurement along with the experimental setup
is shown in Fig. 2.9 [135]. The sinusoidal electric signal of typically 50 Hz frequency
implemented on the specimen is divided by potential divider circuit and consequently,
current is stored in the form of charge in the capacitors. These voltages are thereby

connected to oscilloscope which produce P-E hysteresis loop.

Oscilloscope
Ao Csample

- Cshunt

Figure 2.9. P-E loop tracer system with Sawyer-Tower circuit.

2.4.8. Dielectric Measurements: LCR Meter and Impedance Analyzer

The electrical properties like Inductance (L), Capacitance (C) and Resistance
(R) of a specimen is measured using LCR meter. The working principle of LCR Meter
is based on Wheatstone bridge. The schematic representation of Wheatstone bridge
along with Wayne Kerr 6500P LCR meter is shown in Fig. 2.10. The value of unknown
sample with impedance Zx can be obtained using the relation expressed in Fig. 2.10.,
when the bridge is balanced i.e., the current through the galvanometer is zero. All these
parameters are calculated by measuring Impedance of the specimen. These LCR
circuits are unique because of characteristic current / voltage / impedance at resonance
frequency. Consequently, such circuits are termed as tuning circuits because of

attainment of maximum / minimum at certain chosen / rejected frequencies.
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]

Figure 2.11. Novo Control Broadband Dielectric / Impedance Spectrometer setup.

The series LCR circuit consists of component L, C, R in series and of parallel
LCR circuit consists of parallel arrangement of L and C component with R in series
with L. The LCR meter measures capacitance (C) and dielectric loss (tan 8). The

following relations are used to obtain real (¢') and imaginary (&'’) parts of dielectric
constant [136,137]
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e = (2.5)

tand = % (2.6)
where C, t and A denotes capacitance (in pico-farads), thickness (in cm) and, cross
sectional area of sample pellet, respectively. For the present work, the composite
specimens were hard pressed into circular shape with silver coating on opposite sides
for making the specimen pellet better dielectric. The impedance and conductivity

parameters were obtained from dielectric parameters using the following relation.

e =¢ —j&' (2.7
o o1
2'=7'=j2" == (2.8)
M*(w)=M +jM =2 = jwC,Z* (2.9)
s*
Oge = WE €, tan d (2.10)

The dielectric, impedance and conductivity of different composites discussed in this
work were measured using Wayne Kerr 6500 P high-frequency LCR meter and

Impedance Analyzer (Novo Control) as shown in Figs. 2.10 and 2.11, respectively.
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Chapter - 3

Cflect of Co¥e:04 on Stuwctural,
Twpe/ttiw aﬁ PBaTi(03-CaFea0y

Campaosites

This chapter focusses on the comprehensive studies of ferroelectric - ferrite
composites of BaTiOs - CoFe20s (BT-CFO) synthesized via solid state reaction
method. XRD, FT-IR, SEM-EDAX and Raman studies confirm the pure phase of BT
and BT-CFO composite formation. The dielectric measurements reveal the Maxwell-
Wagner polarization and thermal activated relaxation process arising from movement
of defects and ions in BT and BT-CFO composites. Particularly BT-5CFO composite
exhibited a surprising low dielectric loss (= 0.3) over the frequency range of 100 Hz -
1 MHz and promises industrial application. The thermal variation of Impedance and
modulus parameters revealed resistive nature of the composites and the presence of two
thermally activated non-Debye type relaxation mechanism present in BT and BT-CFO
composites. The conductivity measurements confirm polaron tunneling conduction
mechanism in the composites. The P-E loop measurements confirmed the ferroelectric
nature in BT-CFO composites with maximum energy storage of 8.33 mJ/cm?® and
efficiency of 59.7 % achieved for 0.95BT-0.05CFO composite. The Polarization (P)
versus magnetic field (H) analysis confirmed the highest magneto-electric coefficient
of 13.33 mV/cm/Oe for 0.95BT-0.05CFO composite. These results reveal
magnetoelectric nature in BaTiO3z - CoFe204 composites and could be beneficial in

enhancing the properties of BT-CFO based energy storage systems.
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3.1. Introduction

The weak coupling in single phase multiferroics owing due to atomic diffusion
and undesirable chemical reactions [34] and their scarcity has motivated the research
of composite materials [138]. ME composites with large magnitudes of the ME voltage
coefficient have turned out to be better alternatives. These composites exploit the
product property of piezomagnetic and piezoelectric phases or individual
magnetostrictive and piezoelectric phases of the materials.

Usually, a magnetoelectric composite consists of ferroelectric and
ferromagnetic for piezoelectricity and magnetostriction to exhibit multiferroism. The
coupling in these magnetoelectrics arises due to the indirect mechanical strain transfer
at the interface of two phases. The composites based on BaTiOz show greater
enhancement in multiple properties such as dielectric constant, impedance, M-E
coupling and energy storage by exploiting the distortions and orientations of cationic
positions and are useful from technological point of view. Recently, many scientists
reported even the electrical, impedance, dielectric modulus, ferroelectric, optical,
multiferroic properties of lead titanate, and barium titanate based materials [20,139-
142]. Perovskite BT is a good functional ceramic exhibiting polymorphic structure with
interesting ferroelectric and optical properties. BT has found its applications in
multilayer ceramic capacitors (MLCC), transducers, actuators, energy storage
ferroelectric random access memories [77]. BT based materials are the basis for
magnetoelectric devices and additionally provide the tunability in the tetragonal-cubic
phase transition by adjusting the constituent contributions or doping which substituting
at the Ba or Ti sites or both or composite formation. CoFe,O4 (CFO), a spinel ferrite, is
well known for its remarkable electrical, optical, and magnetic properties, especially at
nanometer scale [143]. The composites of BaTiOs-CoFe;Os has exciting
magnetoelectric properties due to the contribution of their individual phases limited to
a certain extent [86,144]. Though the magnetoelectric coupling observed in these

materials was very low due to the undesirable phases of CFO and microstructural
distortion in the composites. One of the efforts to improve the performance in electronic

devices based on barium titanate, is the BT - metal ferrite composites
[84,85,151,86,143,145-150] by exploring the percolation threshold. A modest
improvement in the permittivity has been detected at low levels on addition of the
conducting ferrite phase [152]. However, the studies of addition of CFO in low
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concentration to BT is not completely explored to observe the origin of coupling in BT-
CFO composites. Furthermore, an intense study on electrical and dielectric properties
of BT-CFO composites is essential for their scientific and technological advancements.
In this regard, this chapter describes the synthesis of BaTiOs-CoFe2Os (BT-CFO)
composite to study the effect of low stoichiometry of CFO on the structural, dielectric,
conductivity, ferroelectric P-E and

impedance, magneto-dielectric coupling,

magnetoelectric properties of BT.

3.2.  Sample Preparation

The (1-x)BT-xCFO (x = 0, 0.01 and 0.05) composites were prepared by solid
state reaction route as discussed in section 2.3 and as represented in Fig. 2.1. The AR
grade of chemicals BaCOs, TiO2, Co304 and Fe>O3 were used as initial ingredients in
stoichiometric ratio. The synthesis conditions have been tabulated in Table 3.1. The
composites are named as BT (BaTiOs3), BT-1CFO (0.99BaTiO3z — 0.01CoFe204) and
BT-5CFO (0.95BaTiOz— 0.05CoFe204).

Table 3.1. Synthesis conditions of BaTiOs;, CoFe;O4and BaTiO3 - CoFe.04 composites.
Composition Calcination Duration (h) Sintering Duration (h)
temperature (°C) temperature (°C)
BaTiOs; 1000 10 1100 12
CoFe04 900 8
BT-1CFO 750 10
BT-5CFO 750 10

3.3.  Results and Discussion
3.3.1. Structural and Morphological Measurements

The phase purity and content for different compositions are shown in Fig. 3.1.
The diffraction patterns were matched and indexed with JCPDS # 05-0626 for BT phase
[6]. The tetragonality of BT is confirmed from the splitting of diffraction peaks at 260
diffraction angles: 31° 45°, 56 °, 66 ° and 75 ° with miller indices (101), (002), (112),
(202) and (103) for all the composites. The intensity of BT peaks didn’t decrease

significantly on increasing the concentration of cobalt ferrite. However, the small peaks
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Figure 3.1. XRD patterns of BaTiO3 and BaTiO3; — CoFe,0Q4 composites.

due to cubic spinel cobalt ferrite matched with JCPDS # 22-1086 are observed in BT-

5CFO sample (denoted by #). This confirms the co-existence of ferroelectric and

ferromagnetic phases.

EHT = 10.00kV
Mag = 2000KX

Signal A= SE1

Photo No. = 638
WO = 85mm

NPL New Dei

(b) BT-5CFO

EHT =10.00 kv
Mag = 2000KX

ol A= SE1
Photo No. = 631 %o
WD = 95mm

NPL New Delhi

Figure 3.2. SEM micrographs of (a) BT and (b) BT-CFO composites.

The presence of CFO and

verified by the scanning electron

formation of composite of BT-CFO have been

microscopy (SEM) and energy-dispersive X-ray

absorption spectroscopy (EDAX). The SEM images of BT and BT-5CFO are shown in
Fig. 3.2. The agglomeration at few places as corresponds to CFO and small white grain

corresponds to BT of SEM images confirm the presence of two different domains of
BT and CFO respectively in the BT-5CFO composite. The EDAX analysis confirms
the presence of CFO in BT-5CFO sample due to clear percentage amount of CFO as
seen in Fig. 3.3 and the strength of the peaks enhanced after the CFO addition in to BT.
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Figure 3.3. EDAX patterns of BT and BT-CFO composites.

High strength of the peaks of BT-5CFO comparative to pure BT is due to the magnetic
nature of the CFO and also further confirms the composite formation [52,153-155].
The FT-IR spectra of BT and BT-CFO composites are presented in Fig. 3.4. The
characteristic absorption band at 3486 cm™ is assigned to the O-H stretching vibration
in water and confirms that the existence of the water in the BT and BT-CFO composites.
The presence of the band located at 542 cm™ is specific to the vibration mode of the Ti-

O bond in the TiOg octahedra [156]. In cobalt ferrite ceramic, the FT-IR spectrum has
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Figure 3.4. FT-IR spectra of BT and BT-CFO composites.

peaks near 600 and 450 cm™ represent the characteristic peaks of C0,03 [157]. The
bands at these wavenumbers represent tetrahedral and octahedral clusters and also

confirm the presence of Fe-O stretching vibration in cobalt ferrite. The shifting of peak
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at 690 cm™ and sharpening of peak at 458 cm™ as in Fig. 3.4 are observed. The anomaly
at bands near 600 and 400 cm™ confirms the formation of BT-1CFO and BT-5CFO
composites.

The optical vibrations in cubic perovskite structure are exhibited as triply
degenerate F1,and F2y modes. The Fy, is Raman inactive because of lack of asymmetry
in the cubic phase. In tetragonal phase Fiy and F2y modes split into A, E and B modes
respectively as 4E + 3A + B. These modes exist as transverse and longitudinal modes
due to electrostatic forces spread over long ranges. The Raman spectra of pure BT, BT-
1CFO and BT-5CFO composites is displayed in Fig. 3.5. The BT, BT-1CFO and BT-
5CFO composites exhibit optical modes at 181, 241, 306, 512, 716 cm™ and confirm
tetragonal P4mm crystal symmetry [158]. The transverse mode At at 179 cm
correlates to the non-symmetric metal-oxygen vibration of phonons. The broad
spectrum observed around 200 — 275 cm™ is caused by lattice disorder in BT-1CFO
and BT-5CFO composites due to the addition of CFO in BT [159]. The presence of
longitudinal (EL) and transverse (Et) mode at 306 cm™ and symmetric stretching A at
716 cm™ resembles ferroelectric phase of tetragonal BaTiOs. The transverse At mode
at 512 cm™* corresponds to the symmetric stretching at TiOs octahedra [160]. The
intensity of peaks reduces relatively in BT-CFO composites and is more dominant in
BT-5CFO composite. The confirmation of composite is ensured from the appearance
of peak near 680 cm™. The origin of high frequency peak at 680 cm™ denote the
symmetry mode vibration relating to the metal-oxygen movement at the tetrahedral
sites in CoFe204[161,162].
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Figure 3.5. Raman spectra of BT and BT-CFO composites.
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3.3.2. Dielectric and Magnetodielectric Measurements

The variation of real part of the dielectric constant (¢') with frequency for BT,
BT-1CFO and BT-5CFO composites in the temperature range 50 °C - 450 °C are shown
in Fig. 3.6. All the composites display large dielectric dispersion and exhibit the general
Maxwell-Wagner polarization. It is interesting to note that &' for BT drastically
decreases with increase in temperature from 50 °C to 150 °C as shown in Fig. 3.6 ().
This decrease can be related to the ferroelectric-paraelectric phase transition at Tc~ 130
°C [4]. A BT like behavior is also observed in BT-1CFO composite as shown in Fig.
3.6 (b). However, in case of BT-5CFO composite as shown in Fig. 3.6 (c) such a change
in dielectric constant owing to ferroelectric-paraelectric transition is not observed. This
is due to the lattice disorder in BT-CFO composite, as verified by Raman studies,
arising from volumetric and piezoelectric strains generated in the BaTiO3z phase with
incorporation of CFO. The decrement in dielectric constant in the remaining
temperature range (150 °C - 450 °C) is due to the space charge polarization arising from

movement of defects and ions in the composite.
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Figure 3.6. Frequency dependence of real part of dielectric constant (¢') for (a) BT,

(b) BT-1CFO and (c) BT-5CFO composites.
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The frequency dependence of dielectric loss (tan 8) for BT, BT-1CFO and BT-
5CFO composites are shown in Fig. 3.7. The loss decreases with increase in frequency
for all the compositions. It is exciting to note that the loss remarkably decreases from
4.2 (Fig. 3.7 (a)) to 0.3 (Fig. 3.7 (c)) for BT to BT-5CFO composite at 100 Hz. The
value of tan 6 remains the same over the frequency range 100 Hz - 1 MHz for BT-5CFO
composite at 50 °C and 100 °C making them suitable for device application over higher
frequencies even at higher temperatures. The dielectric loss for BT, BT-1CFO and BT-
5CFO composites shows temperature dependence like the dielectric constant behavior
suggesting a thermally activated relaxation process. At 450 °C, the loss is enormous
due to change in valency of Ti / Fe ions with different oxidation states creating oxygen

vacancies and resulting in a high electrical leakage [163].
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Figure. 3.7.  Frequency dependence of dielectric loss (tan &) for (a) BT, (b) BT-1CFO and
(c) BT-5CFO composites.

In order to understand the impact of incorporation of CFO in BT, the magneto-
dielectric coupling effect (% MD) which is quantified as the change in the value of

dielectric constant (¢') in the presence of external magnetic field measured at fixed
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frequency of 10 kHz for BT-1CFO and BT-5CFO composites are shown in Fig. 3.8.
The MD is defined as:

%MD = [¢ (H)-¢ (0)]/e (H)x100 (3.1)
where €'(0) is the dielectric constant at zero magnetic field and &'(H) is the dielectric
constant in the presence of magnetic field. Fig. 3.8 displays an increasing trend in the
value of % MD with increasing magnetic field and gives an impeccable existence of
magneto-dielectric coupling in BT-1CFO and BT-5CFO composites. The maximum
value of % MD obtained are 0.3 and 1.2 for BT-1CFO and BT-5CFO composites,
respectively. This coupling behavior could be attributed to the strain mediated coupling
between the constituent phases. As the amount of CFO is increased the coupling

between the phases increases and thus % MD is enhanced for BT-5CFO composite than
BT-1CFO composite.
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Figure 3.8.  Percentage change in dielectric constant of BT-1CFO and BT-5CFO composites as

a function of magnetic field at 10 kHz.

3.3.3. Impedance and Modulus Measurements

The impedance analysis helps to sort out the contributions from grains and grain
boundaries by depicting the electrical behavior in Nyquist plot as semicircles which
represent the individual contributions [164]. To understand the relaxation mechanism,
the real and imaginary parts of impedance are plotted versus each other and the resulting
Nyquist plots for BT-CFO composites are shown in Fig. 3.9. The Nyquist plots for BT,
BT-1CFO and BT-5CFO composites distinctively depict a semicircle which begins
from origin with intercept on the Z' axis. It can also be observed that plots of all the
BT-CFO composites exhibit single circular arc and suggesting grain effect alone for all

temperatures. The Nyquist plots of BT-CFO also give information regarding the grain
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Figure 3.9. Nyquist plot for BT-CFO composites measured at different temperatures.
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Figure 3.10. Combined Nyquist plots of BT-CFO composites at different temperatures and

their equivalent circuit measured.
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Table 3.2. Fitted parameters for Cole—Cole plots of BT-CFO composites

Temp (°C) Rq () CPEq Ng
BT

250 2.1x10° 8.9 x101t 0.92

350 7 x108 3x108 0.79

450 6 x106 2 x10°7 0.72
BT-1CFO

250 2.5 x108 9 x10° 0.83

350 1.22 x107 3x10° 0.83

450 1.98 x10° 3x10°8 0.81
BT-5CFO

250 1.9 x108 8 x10°10 0.85

350 1.38 x10’ 8 x10°° 0.81

450 3 x108 3 x107 0.78

resistance behavior. As the temperature is increased, there is a decrease in the radius of
the semicircles suggesting a decrease in the resistivity. This thermal decrement of grain
resistance suggested temperature dependent conduction mechanism present in BT-CFO
composites. The grain resistance estimated from the non-zero intercept of the Nyquist
plot on Z' axis is tabulated in Table 3.2. Furthermore, all the semi circles have their
centers lie beneath the Z' axis. This low depression is owing to the presence of
distributed relaxation times. This kind of curvature depression in semicircles is an
evidential confirmation of statistically distributed relaxation times and confirms the
non-Debye type relaxation in BT-CFO composites [165,166]. Factors like grain-grain
boundaries distribution and vacancies / defects could be responsible for such non-ideal
behavior in BT-CFO composites.

The modeling of deviation from Debye type relaxations in BT-CFO composites
can be done using the modified brick layer model consisting of parallel combinations
of resistance, capacitance and constant phase element (CPE) respectively [167-169].
The equivalent circuit contains a combination of two or more circuits representing the
grains, grain boundaries and interface contributions where the individual sub-circuits
contain resistor, CPE and / or capacitor connected in parallel. In case of BT-CFO
composites, only one equivalent circuit consisting of R and constant phase element
(CPE) is sufficient for fitting the Nyquist plots. Fig. 3.10 shows the correlation between
the Nyquist (black circle symbols) plots and fitted data (solid red line). The values of
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R and CPE obtained from fitting are tabulated in Table 3.2. It can be observed that the
experimental data and fitted spectra are in good agreement with each other. Moreover,
the non-Debye behavior present in BT-CFO composites is justified from the presence
of CPE in the equivalent circuit which is related to the impedance by the equation Zcre
=1/(jo)" CPE.

The variation of real part of impedance Z' with frequency at different
temperatures for the BT, BT-1CFO and BT-5CFO composites is shown in Fig. 3.11.
respectively. It can be observed that, for all the compositions, Z' is high in the lower
frequency region displaying frequency dispersion and declines constantly with
frequency up to 100 kHz at all the temperatures and merges at 1 MHz. This suggests
that space charge effect is dominant in the low frequency region and a possible release

of space charge in the high frequency region. This sharp decrease in Z' over the
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Figure 3.11. Frequency dependence of real part of impedance (Z') for BT and BT-CFO composites.

frequencies 100 Hz - 1 MHz confirm the resistive property in all the compositions. In
addition to this, the increase in amount of CFO in BT reduces the impedance (Z') value
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from 60 M Q in BT to 1 M Q in BT-5CFO composite at 100 Hz. It is also relevant to
observe that Z' decreases with the increase in temperature confirming the temperature
dependent behavior of the dispersion in the conductivity. This is mainly due to decrease
in the grain and grain boundaries resistance [170].

The frequency dependence of complex part of impedance Z" for BT, BT-1CFO
and BT-5CFO composites are shown in Fig. 3.12. The plot of Z" is crucial in inspecting
the behavior of most resistive phase in the composites. It can be observed that the
spectrum contains two peaks associated with two different relaxation times and are
indicated by circles. This suggests the presence of more than one relaxation process

present in BT-CFO composites. The lower frequency peaks correspond to the

a) b)
o BT ~i-50°C 1E7 4 BT-1CFO
—@-150°C e N
=h-250 °C T —-50°C
~ag=350 °C 1000000 I ~@-150°C
1000000 - | =@=450°C| | od —e-250°C

g v 350 °C
N S —@-450°C

100000 - 75N

Q)

100000 -

10000 - 10000 -

N

T T T 7
100 1000 10000 100000 1000000 490 1000 10000 100000 1000000

Freq (Hz) Freq (Hz)

c)

BT-5CFO

1E7 o

1000000 -

Z'(Q)

100000

10000 -

T T T
100 1000 10000 100000 1000000

Freq (Hz)

Figure 3.12  Frequency dependence of complex part of impedance (Z") for BT and BT-CFO
composites.

relaxation mechanism associated with grain boundaries and the other peaks attribute to
the grain contributions. As the temperature is increased, the peaks tend to shift towards
high frequency regime confirming the temperature dependent movement of charge

carriers in both grains and grain boundaries [170]. On increasing the content of CFO in
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BT, the second relaxation peak at high frequency diminishes suggesting the dominance
of hopping mechanism for the charge carriers in BT-5CFO composite.

The modulus spectroscopy helps in differentiating the contribution of electrode
polarization and grain boundaries to the conduction process. The complex electric

modulus is related to complex impedance by Equation (2.9). Fig. 3.13 shows the
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Figure 3.13. Variation of M" with respect to frequency of BT-CFO composites.

variation in real part of modulus (M") with frequency at the fixed different temperatures
for BT-CFO composites. It can be seen from the Fig. 3.13 that M' starts from a very
low near zero value in the low frequency regime and saturates to high value in higher
frequency regime confirming the short-range conduction of charge carriers. On
increasing the content of CFO in BT the saturation value decreases due to the
localization of polarons. Fig. 3.14 shows the variation in the complex part of modulus
(M") as a function of frequency. It is observed from the graph that all the BT-CFO

composites exhibit a peak at all the measured temperatures which shift with the rise in
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Figure 3.14. Variation of M" with respect to frequency of BT-CFO composites.

temperature. All the peaks observed display an asymmetric broadening confirming the

statistically distributed relaxation times and the non-Debye type behavior of BT-CFO
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composites. In addition to this, at higher temperatures, the maxima shift towards higher
frequency confirming the thermally activated conduction mechanism present in BT-

CFO composites.

3.3.4. Conductivity Measurements

The variation of real part of conductivity (¢') with frequency at fixed different
temperature for BT, BT-1CFO and BT-5CFO composites is represented in Fig. 3.15.
The conductivity at low frequencies at 50 °C is nearly constant and represents the dc
conductivity. This behavior is attributed to the charge carrier’s movement across the
insulating grain boundaries. Contrarily, in the high frequency regime, the conductivity
sharply increases with frequency and display a strong frequency dispersion. This
dispersion is attributed to enlarged mobility of charge carriers. In addition, at high

frequencies, pronounced conduction mechanism could be generated between the Fe®*/
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Figure 3.15. Plot of conductivity (c') as function of frequency measured at different

temperatures for BT and BT-CFO composites.
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Fe?* and Ti**/ Ti* ions. The conductivity (¢") decreases with increasing temperature in
case of all the composites confirming thermally activated conduction mechanism. To
explore the conduction mechanism in BT, BT-1CFO and BT-5CFO composites, the
conductivity (') is expressed as [171]:
0' = 6dc + Cac = Gdc + A®" (3.2

where the constants A and n are temperature dependent. In order to obtain the dc and
ac components of conductivity, the total conductivity for BT-5CFO composite was
fitted as power function of the frequency.

The variation in the dc-conductivity (oq4c) with temperature is used to estimate
the activation energy (Ea) of the BT, BT-1CFO and BT-5CFO composites by
employing the Arrhenius relation

04.=0,¢ Fo/kBT (3.3)

where oo, kg, T denote the pre-exponential factor, Boltzmann constant and absolute
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Figure 3.16 Plot of dc conductivity as a function of temperature (10%T) for BT, BT-1CFO and
BT-5CFO composites.

temperature, respectively. The plot of odc With temperature is shown in Fig. 3.16. Based

on the temperature range, different slopes and activation energies have been estimated.
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The activation energy estimated is tabulated in Table 3.3 for BT, BT-1CFO and BT-
5CFO composites. It can be observed from Table 3.3 that the activation energy (Ea) for
all the compositions obtained is much less than 1 eV, confirming the dominance of
singly ionized oxygen in governing the thermal activated conduction process [172—
174]. The oxygen vacancies are generated by the thermal excitations of electrons
resulting in the reduction of Ti*" to Ti** as given by Kroger-Vink equation of defects:
O} — 30,V +e (3.4)
where V" is the ionized metal. These defects generated during synthesis modify the

interfacial resistance at grain / grain-boundary.

Table 3.3. Values of activation energy (E.) in (eV) obtained from fitting of dc
conductivity with 1000/T (K1).
Temp (°C) BT (eV) BT-1CFO (eV) BT-5CFO (eV)
50-150 0.266 0.261 0.034
250-450 0.041 0.063 0.062

In order to realize the conduction behavior dominant in BT-CFO system, the
temperature dependence of exponent n is shown in Fig. 3.17. As per Jonscher’s power
law, the ac-conductivity term Aw" determines the kind of conductivity phenomena
prevailing in the material. Depending on the change in the value of exponent n it is

decided whether the mechanism is governed by QMT (quantum mechanical tunneling)
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Figure 3.17.  Variation of exponent n as a function of temperature for BT, BT-1CFO and BT-5CFO

composites.
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or CBH (correlated barrier hopping) or OLPT (overlapping large-polaron tunneling).
If the exponent n remains almost equal to 0.8 and increases slightly with temperature
or does not change with temperature then such a conduction phenomenon is related to
QMT behavior through localized sites separated by the barriers. In QMT, the exponent
n is temperature independent and frequency dependent. However, a temperature
dependent frequency independent exponent n is expected in light of QMT by presuming
that the charge carriers form non-overlapping small polarons and propagate via non-
overlapping small polaron tunneling (NSPT). The NSPT model allows exponent n to
be temperature dependent with increasing behavior. On the contrary, if the exponent n
shows a decreasing trend with temperature, then the conduction is related to the CBH
phenomenon concerning the same barrier. In OLPT, the exponent n displays both
frequency and temperature dependence and reaches a minimum with increasing
temperature. and increases with temperature beyond the minimum value [175]. From
Fig. 3.17, it is observed that the exponent n shows a dispersive behavior with
temperature confirming the presence of more than one type of conduction process
present in BT and BT-CFO composites. The conductivity behavior for bulk BT follows
OLPT model most suitably with exponent n reaching a minimum at 150 °C. Below T <
150 °C, the conduction phenomena for BT-1CFO composite strongly agrees with NSPT
model. Also, for BT-5CFO composite, the conductivity behavior more or less follows
NSPT model. The crossover in the conductivity from OLPT having delocalized
polarons in BT to NSPT having localized polarons in BT-CFO composites could be due
to the decreasing of electrical conductivity as a result of CFO addition in BT. For T >
150 °C, whereas both BT-1CFO and BT-5CFO follow CBH model and confirming that
the hopping of electrons from one barrier site to another site takes place via thermal
activation [164,176]. It is also important to observe that the exponent n remains less
than 1 over the studied temperature range suggesting that the presence of translational

motion.

3.3.5. Ferroelectric and magnetoelectric measurements

Polarization vs Electric field (P-E) hysteresis loops measured at fixed frequency
of 50 Hz for BT, BT-1CFO and BT-5CFO composites are plotted in Fig. 3.18. These
samples show the extensive ferroelectric nature at an applied field of 25 kV/cm. There
is an observed decrease in maximum polarization of the samples with the increase in

Cobalt ferrite content indicating the suppression of ferroelectric ordering [177]. The P-
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E loops did not display any saturation, which could possibly be due to low value of

electric field.

P(uClcm?)

——BT-5CFO
-——BT-1CFO
—BT

E(kV/cm)
Figure 3.18. P-E hysteresis loops of BaTiO3; and BaTiO3; — CoFe,0O4 composites.

The P-E loops have been exploited for estimation of energy storage density and
discharge efficiency of BT-5CFO sample. The energy storage density and energy
conversion efficiency of BT-5CFO composite are calculated using Equations (1.12) and
(1.13), respectively. The unloaded sample of BT-5CFO displayed the energy density of
8.33 mJ/cm®and an efficiency of 59.7 %. The efficiency can be increased by studying
the sample under mechanical stress and which is currently under investigation. The
variation in P-E loop due to the field-induced structural transformation is an indicative
of volumetric and piezoelectric strains in the BaTiOs phase.

In order to establish the magnetoelectric effect in the composites at room
temperature, proving the ferroelectricity of the piezoelectric phase of barium titanate is
essential. The hysteresis P-E loop of BT-5CFO composite exhibits a substantial
variation with external magnetic field upto 4200 Oe as shown in Fig. 3.19. The remnant
polarization is found to decrease and the coercive field do not change with increase in
magnetic field. This display the tilting of P-E loops confirming the evidence of
magneto-electricity due to increase in the content of CoFe2O4in BaTiO3[83,178]. There
was no variation in the P-E loop with magnetic field for BT-1CFO. This could be
possibly due to less ferrite grains concentration in the composite which is incapable of
generating magnetostriction in BaTiOsz. The magnetoelectric coupling quantified by
ME coefficient (a) is characterized by the appearance of an electric polarization (P) on

applying magnetic field (H) as
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Figure 3.19. Variation of P-E hysteresis loop with magnetic field (upto 4200 Oe) of BT-5CFO composite.

a = 6E/6H (3.5)
Fig. 3.20 shows the ME induced polarization as a function of the applied external
magnetic field (dc). The slope of the curves is used for the estimation of the direct
magnetoelectric coefficient. Considering only the linear effects, the polarization can be
expressed as
P(E,H)= Ps+ (dP/dH)-H (3.6)
where Ps denotes the spontaneous polarization at constant field. The values obtained

from straight line fitting of P-H graph are Ps = 0.78366 pC/cm? and slope
dP/dH =-0.11801 puC/cm?/Qe. It can be seen that the coefficient is negative and low.
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Figure 3.20.  Plot of maximum polarization with magnetic field and straight line fit of BT-5CFO

composite.
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This decrease in induced polarization in biphasic composites could be explained by the
effect of demagnetization arising from local strain. As the amount of magnetic phase is
increased in BT, the polar domains of BT get surrounded by the magnetic CFO phase
and hinder the domain wall rotation. On the application of magnetic field, a local
magnetic field is generated around the BT domains resulting in an effective strain
mediated magneto-electric coupling [49]. The M-E coupling coefficient for BT-5CFO
composite is found to be 13.33 mV/cm/Oe which is relatively higher than reported
values of 10 mV/cm/Oe and 12 mV/cm/Oe for 0.8BaTiOs - 0.2CoFe;O4 and
0.7BaTiOs3- 0.3CoFe204 respectively [7].
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Chapter - 4

Influence of BaTiUs en Stuctural,
Electwical  and  Magnetoelectric
Characteristics of CoFesOy - BaTiCs
Compasites

This chapter describes the extensive investigations of biphasic composites of

CoFe;04—BaTiO3 (CFO-BT) prepared using solid state reaction method. The structural
analysis from the combination of XRD, Raman, and FT-IR measurements of CFO-BT
composites established the co-existence of cubic and tetragonal phases. The dielectric
and impedance measurements confirmed non-Debye type Maxwell-Wagner
polarization in CFO-BT composites with 0.7CFO-0.3BT composite showing an
unexpected low dielectric loss (= 0.5) above 1 kHz and exhibited potential for device
applications. The conductivity measurements confirmed improved conductivity with
BT and crossover from barrier hopping to polaron conduction in CFO-BT composites.
The magnetic measurements revealed an enormous increase in the coercivity of
0.7CFO-0.3BT composite due to the movement of ferromagnetic domains. The
ferroelectric properties displayed a low leakage charge density of 0.0031 mC/cm? and
asymmetric nature of P-E loop was due to spatial disordering of charge distribution.
The optimum energy storage density and efficiency were 3.009 mJ/cm?® and 27.3 %,
respectively for 0.7CFO-0.3BT composite. The maximum magnetoelectric coupling of
22 mV/cm/Oe was achieved for 0.9CFO-0.1BT composite. These results were useful

for exploring energy storage devices based on magnetoelectric CFO-BT composites.

71



4.1. Introduction

The ME composites have limitations which create obstacles in the path of
achieving high ME coupling in composites. Firstly, it is very difficult to prepare the
highly insulating samples to stop the leakage current problem, which decline the
measurement of ferroelectric polarization loops [179,180] and the second problem is to
prepare single domain states, if the domains are present in the material [180,181]. The
optimization of the sample preparation is, therefore, an important solution of such type
of problems. In addition, the extent of coupling can be modified by tuning the
connectivity and orientations between these phases and thereby rendering ME materials
useful for scientific and technological devices [36].

It can be recalled from section 1.4. that for getting improved resistivity in the
bulk composite, (0-3) connectivity is an important factor as it provides good electric
polling process as well as better magnetoelectric coupling in the samples [52,53]. The
previous chapter comprehensively discussed about BaTiOs - CoFe>O4 composites with
(0-3) connectivity scheme. The composites displayed maximum ME coupling of 13.33
mV/cm/Oe with energy density of 8.33 mJ/cm®. These results suggest a scope of
improvement in ME coupling of composites via modifying connectivity and constituent
contribution. In this context, the (3-0) connectivity (ferroelectric phase in to
ferromagnetic phase) is an important scheme due to its larger conductivity and has not
been studied more till now. There are plethora of applications possible in this (3-0)
scheme like control on electric polarization i.e. switching or modulation by a magnetic
field, materials with magnetically tunable dielectric permittivity, or microwave
absorbing materials [182,183].

The choice of typically strong magnetic phase with appropriate point group
symmetry is important for the magnetoelectric behavior of a material since the ME
coefficients acquire the symmetry of the material [26,184,185]. CoFe2O4 (CFO) is one
of the most interesting spinel ferrite, which shows outstanding physical properties viz
electrical, dielectric, optical, mechanical, thermal and magnetic properties due to their
cationic distribution amongst the two interstitial octahedral and tetrahedral sites
[80,81]. In order to examine the enhanced multiferroic, magnetoelectric coupling and
to induce the electric nature inside the magnetic spinel ferrite CFO, there is a need of
some modifications. Significant efforts for improving the properties of CFO have been

focused on partially substituting the Fe** ions [186,187], composites with ferroelectric

72



| piezoelectric materials [188], nanoparticles [132] and core / shell structures [189].
Among these heterostructure systems, CFO based composites combining the
ferromagnetic CFO with ferroelectric phase stand out distinctively because of their
outstanding ME coupling. In the light of these modification the composites of CFO and
barium titanate (BaTiOz3) are observed to give promising results for magnetoelectricity
in both bulk and nano systems [166,190,191]. The incorporation of perovskite BaTiOs
in spinel CFO is observed to bring structural modification and lattice disorder [167],
which may affect the electrical behavior and impedance properties in CFO-BT
composites. There is a good advantage to combine the BT with CFO as CFO-BT
composite has the spinodal decomposition of this binary system and as a result of
which, it puts off the reaction between constituents throughout the high temperature
processing. Moreover, bulk composites will have enlarged mechanical strength based
on the volume fractions of the two phases. This chapter describes the synthesis of
CoFez04 - BaTiOz (CFO-BT) composites under (3-0) connectivity scheme to examine
the influence of BT in CFO on multiferroic properties, magnetoelectric coupling,
dielectric, conductivity, impedance and ferroelectric properties for the use in various

electronic device applications.

4.2. Sample Preparation

The (1-x)CFO-xBT (x = 0, 0.1 and 0.3) were prepared by solid state reaction
route as discussed in section 2.3 and as represented in Fig. 2.1. The AR grade of
chemicals Co0304, Fe;Os, BaCOsz and TiO,, were used as initial ingredients in
stoichiometric ratio. The synthesis conditions have been tabulated in Table 4.1. The
composites are named as CFO (CoFe204), CFO-10BT (0.9CoFe204 — 0.1BaTiOs3) and
CFO-30BT (0.7CoFe204 — 0.3BaTiOs).

Table 4.1. Synthesis conditions of BaTiOs, CoFe.O,and CoFe,04- BaTiO3; composites.
Composition Calcination Duration | Sintering temperature | Duration
temperature (°C) (h) (°C) (h)
BaTiO3 1100 10
CoFez04 1000 12 1200 10
CFO-10BT - - 1300 10
CFO-30BT - - 1300 10
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4.3. Results and Discussion
4.3.1. Structural and Morphological Measurements

The structure as well as phase analysis of the samples were confirmed from the
powder XRD spectra. Fig. 4.1 shows the powder XRD patterns of CFO and CFO-BT
composites. The XRD patterns show that the sample CFO is in single phase and no
trace of other impurities have been found. All the peaks have been indexed using the
standard JCPDS # 22-1086 for single phase cubic spinel structure with space group
Fd3m of cobalt ferrite. The indexing of BT with tetragonal structure in CFO-BT
composites is indexed using standard JCPDS # 05-0626 [183]. The evolution of BT
peaks in CFO-BT is indicated by ‘#’. XRD patterns of CFO-10BT and CFO-
30BTcomposites clearly show the hkl values of both the phases and confirm the
composite formation without any impurity phase, indicating negligible inter-diffusion

among the phases indicating the ferroelectric state in all CFO-BT composites.
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Figure 4.1. XRD patterns of CoFe,O. and CoFe;0, — BaTiOz composites.

The magnetic moment of the ferrites is determined by the distribution of cations
at the lattice. The cationic distribution in the cubic spinel structure appears at (220) and
(400) planes on the tetrahedral and octahedral sites [192,193]. There is a shift and
splitting in the (311) major peak position to higher 2 theta side of XRD spectra with the
increase of BT constituent in CFO as shown in the Fig. 4.1. The possible reason behind

the shifting and splitting may be due to the increase of the distortion in the lattice of
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pure cubic structure [194] and the distortion is due to the different ionic radii of Co?*
(0.78 A) and Ba®* (1.35 A) which distort the interstices of the ferrite lattice. Thus, it is
possible that some amount of different ionic radii may enter in to interstices and distort
the structure and rest amount form the composite (cubic-perovskite composite). The
different stoichiometry formation of CFO confirms the shifting and splitting of (311)
peak position by 0.13°. The lattice parameters of CFO and CFO-BT composites are
calculated from the powder XRD spectra (hkl) and found to decrease from 10.7 A to
8.5 A. The lattice parameter of the unit cell of cobalt ferrite phase has in good
conformity with the values reported in the literature [195].

Fig. 4.2 (a-c) shows the SEM images of CFO, CFO-10BT and CFO-30BT
composites respectively. The SEM images display uniform, homogenously dispersed
structure with more or less narrow grain size distribution. In addition, some amount of
coagulation can be observed in the SEM pictures due to strong magnetism in CFO. It
can also be observed from the SEM images, that all the composites are tightly bound

with low porosity and has average grain size of (5+1) um.
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Figure 4.2. SEM micrographs of CFO and CFO-BT composites.

The phase contribution, cation distribution and the state of strain is explored
using the Raman spectroscopy. The Raman spectra for CFO and CFO-30BT composites
are shown in Fig. 4.3 in the frequency range of 200 - 1000 cm™. The peaks in CFO-
30BT composite has slightly shifted as compared to CFO which could be due to
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decrease in particle size in the composite. The spectrum consists of five Raman active
modes namely Eq+A1g4+3T2g representing the motion of ‘O’ ions and both octahedral
and tetrahedral sites ions in CoFe204 spinel structure [161]. The spectrum consists of
broad peaks centered at 294, 470, 672 cm™ and 294, 470, 560, 610, 672 cm™ for CFO
and CFO-30BT composites, respectively. The low frequency mode at 294 cm™ and at
560 cm™ are assigned to T2g and Eq modes reflecting the stretching in tetrahedral sites
[162]. The peak at frequency of 470 cm™ denotes the Tog mode and indicates oxygen
motion at the Fe-O and Co-O lattice sites. The high frequency peak at 672 cm™ denotes
the Aig (to Aigy and Aigz)) Symmetry mode and is attributed to the metal-oxygen
motion in the tetrahedral sites. The splitting of peak at 610 and 672 cm™ is caused by
the partial cationic distribution and can be ascribed to Aig (Fe3*- O) and Aq sub-band
(Co?*- O) respectively. The relative increase in the peaks at 610 and 672 cm™ in CFO-
BT as compared to CFO is due to the content of BT in CFO [196].

At
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Figure 4.3. Raman spectra of CFO and CFO-BT composite.

The FT-IR spectra of CFO, CFO-10BT and CFO-30BT are recorded in the
range of 4000 to 500 cm™ as shown in Fig. 4.4. The bands present near the 564 cm™
and 686 cm™ indicate that a spinel structure of CFO is crystallized [197]. In case of
CFO, the peaks at 564 and 686 cm™ corresponds to Fe in the tetrahedral sites and
stretching vibration mode associated with the metal-oxygen absorption band
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respectively. The bands at 654 cm™ and 686 cm™ wavenumbers also correspond to
tetrahedral and octahedral clusters and also authenticate the presence of Fe-O stretching
vibration in CFO. A broad band at 3415 cm™ correspond to O-H group in free and
absorbed water and band at 1593 cm™ corresponds to the symmetric C-H stretching.
The peaks at 1027, 1282 and 2344 cm™ are due to C-O bending vibrations [198]. The
peaks observed between the wavenumber of 500 to 700 cm™ in case of CFO and became
a single sharp peak near 686 cm™ in case of CFO-BT. The band at 686 cm™ in CFO-
BT corresponds to typically Ti-O vibrations and confirm the presence of BT in CFO-
BT composites [199].
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Figure 4.4. FT-IR spectra of CFO and CFO-BT composites.

4.3.2. Dielectric Measurements

The variation of dielectric constant (¢') with frequency for CFO, CFO-10BT and
CFO-30BT composites at fixed different temperatures is shown in Fig. 4.5 (a-c),
respectively. The composites of CFO-BT display a decrease in dielectric permittivity
with frequency arising from the presence of conventional dielectric relaxation process
and following Maxwell-Wagner polarization. The decrease is mainly caused by
inability of electric dipoles to cope up with the change in frequency of applied electric
field [93]. It can be observed from Fig. 4.5 that the permittivity increases with
temperature and BT content in CFO. The dispersion in permittivity at low frequencies
as well as at high frequency region confirms the presence of space charge polarization
[93]. The composites of CFO-BT display higher permittivity than pure CFO. The
dielectric constant increases from 450 to 700 at 100 Hz and 100 °C for CFO and
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Figure 4.5. Frequency dependence of real part of dielectric constant (&) for (a) CFO, (b) CFO-
10BT and (c) CFO-30BT composites.

CFO-30BT composite. Fig. 4.6 (a-c) displays change of loss (tan &) with frequency for
CFO, CFO-10BT and CFO-30BT composites, respectively. The high dielectric loss in
CFO is attributed to hopping of divalent charge carrier Fe?*/ Fe3* ions. This prominent
feature decides the dielectric parameters in CFO-BT composites despite the strong
dielectric nature of BT [189]. It is surprising to find that the dielectric loss declines
prominently from 10 to less than unity for CFO and CFO-30BT composite,
respectively. The minimum loss obtained is 0.5 for CFO-30BT composite at 1000 Hz

which remains more or less constant over the experimentally studied frequency range.
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Figure 4.6. Frequency dependence of dielectric loss (tan d) for (a) CFO, (b) CFO-10BT

and (c) CFO-30BT composites.

4.3.3. Impedance and Modulus Measurements

Complex impedance spectroscopy is a useful technique to understand electrical
behavior and electrical relaxation processes by dividing the grain-grain boundary
contributions and other sources. The Nyquist plot or Cole-Cole plots of CFO, CFO-
10BT and CFO-30BT composites are displayed in Fig. 4.7. All Nyquist plots start from
origin at 100 °C suggesting the dominant grains contributions. The increase in the
temperature from 100 °C to 200 °C sets in significant contributions of grains and grain
boundaries in all the compositions. As the temperature reaches 400 °C, the samples
CFO and CFO-BT composites tend to exhibit dominant contributions from the grain
boundaries along with a small extension in the low frequency region. The radius of the
semicircle increases on addition of BT in CFO upto 10% due to the dielectric nature of
BT. However, the CFO-30BT composite display a relative decrease in Nyquist
semicircle radius as compared to CFO-10BT composite which could be possibly due to
extensive hopping of Fe ions. Furthermore the radius of the semicircles in Nyquist plots
decrease invariably with temperature for CFO and CFO-BT composites owing to
presence of statistically distributed relaxation processes [165,166].

The centers of semicircles in Nyquist plots for CFO and CFO-BT composites
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lie below the Z' axis and suggest a typical non - Debye behavior in CFO based materials
[188]. Moreover, based on the assumption that the semicircle of Nyquist plot is
composed of combinations of RC circuits connected in parallel and using the frequency
equation f = 1/2aRC, the relaxation time (t) can be estimated as the reciprocal of
frequency in the maxima of Nyquist plots [191].

The non-Debye behavior and grains/grain boundary contributions present in
CFO and CFO-BT composites can be assessed by modeling the Nyquist plots as R-C
equivalent circuits respectively employing altered brick layer model [167-169]. The
equivalent electric circuit may consist of an arrangement of more than one circuit,
comprising of resistor, and/or CPE and/or capacitor connected in parallel, representing
the contributions arising from grains, grain boundaries and interfaces. The Nyquist
plots of CFO and CFO-BT composites are fitted using Zview software and two
equivalent circuits containing resistance and constant phase element are found suitable
in following the plots. Fig. 4.8 (a-i) shows correspondence between the Nyquist plots
and fitted data indicated by black circle and solid red line respectively for CFO and
CFO-BT composites. The parameters obtained from fitting of Nyquist plots are
tabularized in Table 4.2. The experimental results and fitted graphs as seen in Fig. 4.8
are in consonance with each other. The occurrence of CPE combinational electric
circuit governed by equation Zcpe=1/(jo)"CPE confirms the non-Debye behavior
exhibited by CFO and CFO-BT composites.

The change in impedance Z' with frequency for CFO, CFO-10BT and CFO-
30BT composites at fixed temperatures is shown in Fig. 4.9 (a-c). The plots in Fig. 4.9
show that Z' is large at low frequencies region and reduces continually with frequency
for the studied temperature range. It can be observed that Z' in CFO and CFO-BT
composites coincides at higher temperatures as well as at higher frequencies due to
reduction in hopping potential barrier and subsequent release of space charge. With the
increase in BT content and temperature, Z' decreases confirming the thermal
dependence in dispersion of conductivity existing in CFO-BT composites. This is
dominantly attributed to the reduction in resistance of grain/grain boundaries [200].
Fig. 4.9 also shows the variation in complex part of impedance Z" with frequency for
CFO, CFO-10BT and CFO-30BT composites respectively. Variation of complex Z" are
essential in examining presence of impedance phase in composites. From Fig. 4.9, it

can be observed that Z" attain peaks at all measured temperatures for all the
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Figure 4.7. Nyquist plot of CFO and CFO-BT composites measured at different temperatures.
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Figure 4.8. Combined Nyquist plots of (a-c) CFO, (d-f) CFO-10BT and (g-i) CFO-30BT
composites at different temperatures and their equivalent circuit measured.

Table 4.2. Fitted parameters for Cole—Cole plots of CFO-BT composites

Temp (°C) Rg () CPEq Ng Rgb (€2) CPEgb Ngb
CFO

100 3200000 1.3x10® 0.79 100000 2x10° 0.86

200 86600 6.9 x 10° 0.87 1500 9x 1010 0.90

300 17660 7.5x10° 0.87 800 6 x 107 0.40
CFO-10BT

100 3000000 2x10° 0.90 800000 2x 1038 0.70

200 9500 2x10%8 0.70 43500 2x 1038 0.80

300 80 8 x10° 0.70 1435 2x10° 0.84
CFO-30BT

100 480000 3x10° 0.70 1300 2 x 107 0.90

200 13500 2x10° 0.72 13 2x10° 0.50

300 4050 4 x10° 0.70 13 2x10° 0.99

compositions. The maxima of Z" (Z"max) drifts to high frequency regime indicating the

existence of thermally activated relaxation processes in CFO and CFO- BT composites

arising from thermal agitation of charges present in grains and at the grain boundaries
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[200]. The Z" peak exhibit thermal decrement with broadening which confirms the
thermal activated relaxation mechanism related to the existence of static charges and

defects/vacancies at low and high temperatures.
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Figure 4.9. Variation of Z' and Z" with respect to the frequency of (a) CFO, (b) CFO-10BT
and (c) CFO-30BT composites.

The electrical response can be analyzed using the modulus spectroscopy
analysis. Fig. 4.10 (a-c) depicts the frequency dependency of real part of modulus (M")
for CFO, CFO-10BT and CFO-30BT composites respectively. Fig. 4.10 shows that M’
is negligible at low frequencies and becomes saturated at high frequencies owing from
the movement of short-range charge carriers. As the amount of BT is increased in CFO,
a decrease in the saturated value is observed due to the localization of charge carriers.
The variation of complex modulus (M") with frequency is also shown in Fig. 4.10. It
can be seen that all the samples display maxima at 100 °C, which broadens and shift to
high frequency with rise in temperature and confirms the presence of temperature
dependent conductivity behavior in CFO and CFO-BT composites. All the peaks are
asymmetric in nature owing to the presence of multi-relaxation process and usual non-

Debye nature of CFO based samples.
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Figure 4.10.  Variation of M' and M" with respect to the frequency of (a) CFO, (b) CFO-10BT and
(c) CFO-30BT composites.

4.3.4. Conductivity Measurements

The variation of real part of conductivity (¢') for CFO, CFO-10BT and CFO-
30BT composites with temperature as well as frequency is shown in Fig. 4.11 (a-c). At
low frequencies up to 1 kHz, the conductivity spectra show negligible variation and are
frequency independent. This contribution originates from the dc conductivity and is
accredited to the movement of charge around grain boundaries. The data shows
dispersion at higher frequencies for CFO and CFO - BT composites, suggesting the
onset of ac conductivity. This dispersion is aroused from increased mobility in charges.
For temperatures except 100 °C, the spectra tend to merge at high frequency regime
which is an indicative of structural disordering. At higher temperatures, the frequency
dispersion reduces radically due to dominant dc conductivity part. It can also be
observed from the data that conductivity increases with BT content as a result of
increase in conduction path due to structural distortion in CFO-BT composites.
Moreover, all the composites display thermally activated conduction mechanism. It can
be assumed that whenever the conductivity increases and saturates at high frequencies
then a single particle is hopping to and fro in a double well with infinite barriers
[201,202].
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Figure 4.11.  Plot of conductivity (o) as function of frequency measured at different temperature (a)

CFO, (b) CFO-10BT and (c) CFO-30BT composites.

The conductivity behavior in CFO, CFO-10BT and CFO-30BT can be understood by
separating the dc and ac conductivity from the real part of conductivity (c") as presented
in Equation (3.2). The thermal variation of c4c — dc conductivity can be exploited to
determine the activation energy (Ea) in CFO and CFO-BT composites and is governed
by Equation (3.3). The thermal dependence of cqc and its linear fit is represented in Fig.
4.12. On the studied temperatures, separate slope values and activation energies have
been obtained for CFO, CFO-10BT and CFO-30BT composites respectively and are
tabulated in Table 4.3. The activation energies (Ea) obtained are found to be less than
one in case of CFO and CFO-BT composites which affirms that thermal activated
conductivity is controlled by singly ionized oxygen [172—-174]. These oxygen ions /
defect vacancies are produced during the synthesis at high temperatures which reduce
the Ti** ions to Ti®* ions following the Kroger-Vink defect Equation (3.4). These

defects produced affect the inter-granular impedance.
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Fig. 4.12: Plot of dc conductivity as a function of temperature (10%T) for CFO and CFO-BT
composites.
Table 4.3. Values of activation energy (Ea) in (€V) obtained from
fitting of dc conductivity with 1000/T (K™)
Activation Energy CFO CFO-10BT CFO-30BT
Ea(eV) 0.250 0.298 0.298

The ac conductivity term usually follows the Jonscher’s power law of frequency as
given by

Ogc =A™ (4.1)
where A and n vary with temperature. However, in case of CFO and CFO-BT
composites Jonscher’s law alone did not yield complete positive fit for ac conductivity.
To supersede this condition, the modified Jonscher’s law consisting of multiple
relaxations was used:

Ogc = A0 + Bwl? 4.2)
where the constants A, B, nl and n2 are temperature dependent. These terms
o1 (= o/m1) and w2 (= w/w2) denote the low and high hopping frequencies. The
exponents nl and n2 represent restricted ion hopping and two level systems.[203] The
modified Jonscher’s law yielded satisfactory fit. The obtained values of nl and n2 are
plotted in Fig. 4.13. The conductivity phenomena present in CFO-BT composites can

be understood by observing the frequency and temperature dependence of exponent n1.
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The temperature-independent nature upto oz is due to the diffusive nature of charge
carriers in uniform potentials which gets sub-diffusive above ®1 and below w. It can
be realized that that the vacancies accumulated at interfaces become conducting by
recovering the oxygen vacancies from interfacial traps. The Jonscher’s law for
conductivity describes that the variation in exponent n (in present case for nl) is used
for understanding the conduction behavior present in samples. Usually there are three
kinds of conductivity phenomena which exist viz., quantum mechanical tunneling
(QMT), correlated barrier hopping (CBH) and overlapping large-polaron tunneling
(OLPT) depending on exponent n variation. In case when the value of exponent n is
nearly 0.8, or n remains constant with temperature, and changes with frequency alone,
then QMT behavior occurring via barrier localized sites is present. The thermal
dependence of exponent n can be explained on the basis of QMT by assuming that the

charge carriers form and move by means of non-overlapping small polaron tunneling
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Figure 4.13. Variation of exponent n as a function of temperature for CFO and CFO-BT composites.

(NSPT). As per this theory, n increases with temperature. However, a decreasing
variation in exponent n with temperature implied the CBH conduction existing in the
sample. Lastly, whenever the exponent n exhibits frequency as well as thermal variation
by obtaining a minima on increasing the temperature and increases thereafter implies
an OLPT dominated conduction behavior [204].

It is seen from Fig. 4.13 that exponent nl display thermally dominated
dispersion and confirms the existence of two or more different conductivity phenomena
in CFO-BT composites. The conduction phenomena for CFO and CFO-10BT
composite display the usual CBH of charges between barriers [164,176]. Interestingly,
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in case of CFO-30BT composite, a crossover from CBH to OLPT in the conductivity
behavior is observed arising from structural distortion [205]. Most importantly, the

values of exponent nl is below 1 and confirms the dominant translational motion.

4.3.5. Magnetic Measurements

The magnetization (M) with respect to applied magnetic field intensity (H)
hysteresis (M-H) loops of CFO-BT composites are measured at room temperature and
an applied field of 15000 Oe, as shown in the Fig. 4.14. It can be observed from Fig.
4.14 that the magnetization of the CFO-BT composites increases rapidly at low field
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Figure 4.14. Room temperature magnetization curves (M vs H) for CFO, CFO-10 BT and CFO-30 BT
composites. Inset shows the enlarged view of CFO, CFO-10 BT and CFO-30BT.

(up to 5000 Oe) and tends to saturate at higher fields (5000-15000 Oe). The saturation
magnetization (Ms) decreases after the increase of ferroelectric phase in to CFO as
shown in the Table 4.4 and follow the trend as reported in literature for CoFe2Os—
Bao.sSro2TiO3 composite system [206]. The magnetization in CFO-BT composite
system is mainly due to the magnetic phase of CFO only because of the individual CFO
grains acts as centers of magnetization. The incorporation of strong ferroelectric phase
of BT breaks the magnetic circuit of CFO and the magnetic properties decreases with
the increase of electric nature of the CFO-BT composite system.

The interesting part of the M-H hysteresis loops is remnant magnetization,
which remains same for CFO and CFO-10BT and enhances with the increase of BT
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concentration in to CFO (for CFO-30BT) as shown in the Table 4.4 and can be clearly
seen from the enlarged view of the M-H hysteresis loops (inset of Fig. 4.14). Remnant

magnetization is the good indicator for memory applications and CFO-30BT composite

is therefore an ideal choice for memory devices.

Table 4.4. Variation of Saturation magnetization (Ms), Remnant magnetization (M) and
Coercivity (Hc) for CFO, CFO-10 BT and CFO-30 BT composites.
Composition Saturation Remnant Coercivity (Hc)
Magnetization (Ms) Magnetization (Mr) (Oe)
(emu/gm) (emu/gm)

CFO 36.88 9.00 190
CFO-10BT 30.02 9.00 190
CFO-30BT 28.80 11.3 600
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Figure 4.15. Variation of dM/dH with respect to applied magnetic field for CFO and CFO-10BT for the

confirmation of Coercivity. Inset shows the enlarged view of CFO-30BT composite.

The coercivity (Hc) values of the CFO-BT composites are shown in the enlarged
view of the M-H hysteresis loops (inset of Fig. 4.14) and also verified from the butterfly
nature of dM/dH curve in Fig. 4.15 and inset of Fig. 4.15. The coercivity values
obtained from M-H hysteresis loops are exactly same as obtained from the dM/dH
curve. The coercivity values remain almost same up to CFO-10BT and increases nearly

three times in case of CFO-30BT composite. It should be pointed out that the coercivity
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value changes after the addition of high amount of BT in to CFO (i.e. CFO-30BT) but
remains same in case of low amount of non-magnetic phase of BT (i.e. CFO-10BT). As
per the fact available in the literature for the magnetic materials [206,207], the
movement of ferromagnetic domains of CFO remains close to each other in CFO-10BT
due to which the cooperation between the domains remain unchanged. So that the
coercivity does not change for low concentration of BT. But in case of high
concentration of BT in CFO-30BT in to CFO, the situation becomes opposite and the
ferromagnetic domain walls move far away from each other and also the cations present
at octahedral and tetrahedral shift negligibly but countable part to each other owing to
their different ionic radii. As per the matter of these facts, the cooperation between the
CFO domains become started and the countable replacement of cations at the
tetrahedral and octahedral sites distort the structure, and as a result of these facts
coercivity increases. So, it may be pointed out that the low amount of BT does not affect
the intrinsic property of the CFO but high amount of BT changes the intrinsic property
of CFO.

Another magnetic parameter, magnetic moment per unit (ny) in Bohr magneton

can be calculated as follows [208]:
_ MXxM;g
M = S5es

where, M is the molecular weight of particular composition and M:s is the saturation

(4.3)

magnetization (emu / gm). It has been observed that n, decreases at room temperature
as BT concentration increases from CFO-10BT to CFO-30BT. The increase in the value
of magnetic moment may be due to the fact that when the non-magnetic phase of BT

increases in CFO, the molecular weight and saturation magnetization decreases.

4.3.6. Ferroelectric and Magnetoelectric Measurements

Sawyer-Tower technique is used for the study of ferroelectric properties of
materials for polarization switching [209]. The measured Polarization vs Electric field
P-E loops for pure CFO, CFO-10BT and CFO-30BT at room temperature and
frequency of 50 Hz are shown in Fig. 4.16. The modification in the structure through
the addition of BT in to CFO is an interesting part of the material preparation, which
may radically affect the polarization as well as the loss in case of CFO-BT composites.
The mixing of the cations i.e Fe3* with Ti** at the octahedral site and Ba®* with Co?* at

tetrahedral site of the cubic spinel structure and significant replacement of one to other
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due to their different ionic radii lead to structural distortion and induces strain. As a
result of induced strain, the polarization increases as well as the area under the PE loop

decreases after the increase of BT percentage in to CFO as shown in the Fig. 4.16 [210].
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Figure 4.16. P-E hysteresis loops of (a) CFO and CFO-10 BT and (¢) CFO-30BT composites at
frequency of 50 Hz.

CFO is a semiconducting / superparamagnetic material and leakage current is
mainly connected to the CoFe,O4 medium. The CFO particles are collective in nature
with each other due to the strong magnetization of them and consequently create spatial
channels of magnetic particles. The loop of CFO and CFO-10BT indicate high leakage
and loop of CFO-30BT indicate relatively weak ferroelectricity and unusually low loss.
The reason behind such type of lossy hysteresis loops in CFO may be due to high
amount of magnetic phase in the composite and such high leakage current reduces after
increase of the BT content. Though, the leakage current can stalwartly influence the
measurements in case of such conducting materials. For the measurement of leakage
current of CFO-30BT, the total charge of the composite materials (Qotal) IS measured

by Sawyer—Tower technique and expressed as [52,83]:

Grotar = P(E@®) x A+ [}V dtirear(t) (44)
where P is the polarization, E is the electric field, A is the sample electrode area, ijea IS
the leakage current, and t is time. The estimation of leakage current is done by dividing
the applied voltage v(t) by the earlier calculated resistance (riea) of the CFO-30BT
sample. This resistance is supposed to be independent of time. After the calculation

from the Equation (4.4), the polarization due to the leakage in CFO-30BT is found to
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be very low ¢0.0031 pC/cm?). Such a low leakage current is very useful to achieve high
magnetoelectric coupling and use in spintronics and sensing device applications.

An anomalous asymmetry in the P-E hysteresis loops is also the prominent
observation of the present study, which is clearly observed in case of CFO-30BT
composite. The charge distribution at the interfaces of the material is an interesting
parameter to decide the symmetry / asymmetry in the ferroelectric P-E hysteresis loops,
which can be relevant in various applications like rational design of memory, sensors
and photonic devices [211]. Fig. 4.16 clearly shows the asymmetry in the P-E hysteresis
loop of CFO-30BT in terms of different coercivity values (AE.=E} —E; =
positive value) and gets the positive coercivity (Ef = + 0.5627 pC/cm) and negative
coerecivity (E; = -0.2749 uc/cm). It is seen from the coercivity calculation of CFO-
30BT that Eis almost half of the EF, which is the good indication for the use of the
material in device applications. It is possible that the value of AE. may change for
different spatial regions of the sample i.e. the position of the sample interface with
respect to the electrode interface. It is because of the different space charge densities
present at different parts of the sample [44]. The charge distributions (also the charge
density) at interfaces which decay exponentially towards the interior of the material are
resulted as the induced asymmetric potentials in the material. As a result of such
induced asymmetric potentials, local electric field is generated that may be the cause of
asymmetric P-E hysteresis loop in the CFO-30BT composite. T. Putzeys et.al. assumed
and provided an additional mechanism of electron trapping in the interface through
negative electrode, as a result of which coulomb trap takes place which is not present
in positive electrode and provide the weaker response of the polarization in comparison
to the negative electrode. So the pronounced asymmetry is experiential between the
positive and negative electrode interfaces of the CFO-30BT composite [212].

The estimation of energy storage density and discharge efficiency of CFO-30BT
composite have been done from the P-E hysteresis loop. The energy storage density
and the efficiency of a ferroelectric material are calculated as discussed in the section
1.9.2. The composite of CFO-30BT exhibited an enhanced energy density of 3.009
mJ/cm? as compared to 0.5 mJ/cm?® for CFO. An improved efficiency of 27.3 % for
CFO-30BT was observed as compared to 10 % for CFO. The improvement in the
efficiency of energy storage in CFO-30BT is a clear indication of its usefulness in the

energy storage devices.
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The quantification of ME coupling coefficient (a) is studied by variation of
P-E hysteresis loops in the presence of external magnetic fields for all the CFO-BT

composites as shown in the Fig. 4.17. The variation of maximum polarization with
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Figure 4.17. Plot of maximum polarization with magnetic field and best fit for (a) CFO-10BT and
(b) CFO-30BT composites.

external magnetic field for CFO-10BT composite is shown in the Fig. 4.17(a). It can be
seen that the polarization remains constant upto a field of 4 kOe. The variation in Pmax
with H is fitted numerically with Gaussian fit to estimate the magnetoelectric coupling

coefficient in the following relation with adjusted R-square value = 0.87641.

P = Poaxo + (s el 2 (5 @5)

Wxy/TT/2

where Pmax o, He, A and W represent the initial maximum polarization (H=0), critical
field and constants.

The M-E coupling coefficient a is estimated as a = dPmax/dH, which can be expressed

as.
_ dPpmax _ [—4A(H-H() _2*(H;VHC)2
o = 2 = (L) ol ) (4.6)

Fig. 4.17(b) shows the variation of Pmax With external magnetic field for CFO-30BT
composite. The polarization decreases continuously with magnetic field. The variation
in Pmax With H is fitted numerically with Lorentzian fit to estimate the magneto-electric

coupling coefficient in the following relation with adjusted R - square value = 0.91197

Pnax = Pmaxo + (Z;A) * (MIH:VW) (4.7)

The M-E coupling coefficient o is estimated as a=dPmax/dH, which can be expressed

as:
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Figure 4.18. Variation of magnetoelectric coefficient (o) with respect to magnetic field for

the CFO and CFO-BT composites.

(4.8)

The M-E coupling coefficient (o) obtained from the above analysis is plotted in

Fig. 4.18. It can be seen that a decreases with increase in magnetic field. It is very

important to note that the effect of BT in CFO. The value of a is more in CFO-10BT as
compared to CFO and with further addition of BT, a decreases in CFO-30BT. The
maximum value of magnetoelectric coefficient (a = 17.04 mV/cm/Oe) was reported in

the case of 0.5CoFe204 + 0.5BaTiO3 composite [213]. The highest a in the present
study is achieved for CFO-10BT as 22 mV/cm/Oe at a field of 5000 Oe, which is higher

than the reported values for CFO-BT systems [214,215].
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Chapter - 5

Magnetodielectric Effect, Impedance
and  Magnetoelectric Coupling in
Mubtifevic CogsNipsFerOs-BaTiOs
Bubh Composites

This chapter is focused on the magnetoelectric bulk composites of

CoosNiosFe204-BaTiOz (CNFO-BT) prepared employing solid state reaction method.
The structural properties of CNFO-BT composites discussed by X-ray diffraction
method, which confirms the lattice distortion and enlarged strain owing to BT
substitution in CNFO. The dielectric and impedance measurement exhibit conventional
Maxwell-Wagner polarization and confirm the existence of grain dominated non-
Debye relaxations phenomena in CNFO-BT composites. The magnetodielectric change
and variation of ferroelectric polarization with magnetic field reveal lattice distortion,
interfacial charge polarization and restricted ferromagnetic domain wall rotation arising
from substitution of BT in CNFO. The magnetic hysteresis curves reveal strong
ferromagnetic behavior in all composites. The maximum energy storage density and an
efficiency achieved for 0.8CNFO-0.2BT are 4.25 mJ/cm3and 31.6 %, respectively. The
P vs H analysis confirmed the highest magneto-electric coefficient of 5 mV/cm/Oe for
0.8CNFO-0.2BT composite.
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5.1. Introduction

The magnetoelectric composites are engineered artificially by mixing separately
the ferroelectric and ferromagnetic phases for enhancing the magnetoelectric coupling
at room temperature [47,50]. The extent of coupling can be maximized by involving
piezoelectric and/or piezomagnetic materials, which acquaint in achieving strain
mediated coupling and good connectivity at the electric and magnetic phase [50].

The previous chapter comprehensively discussed about CoFe>Os - BaTiOs
composites with (3-0) connectivity scheme. The composites displayed maximum ME
coupling of 22 mV/cm/Oe with energy density of 3.009 mJ/cm3. These results suggest
a scope of improvement in ME coupling of composites via improving the resistivity of
constituents. The properties of CoFe>O4are usually synthesis procedure as well as grain
size dependent and can also be altered by addition of foreign atoms. The substitution of
Ni%* in the cubic structure of CFO is exciting due to improved resistive and
magnetoelectric properties [43]. The recent studies on CoosNiosFe204 (CNFO) have
revealed that strong magnetostatic interactions arising from different magneto-
crystalline anisotropy are countered by increased coercivity and decreased magnetic
saturation [47,87,88]. In addition, there have been investigations on CNFO based
composites for existence of magnetoelectric properties [49,54,89]. Furthermore system
of CNFO-BT has showed some promising results in magnetic properties [43-46].
Nevertheless, the origin of magnetodielectric, impedance and ferroelectric properties in
CoosNiosFe204 - BaTiOz composites are not explored thoroughly. In this regard, this
chapter describes the synthesis of CoosNiosFe.04-BaTiOs (CNFO-BT) composite to
study the effect of BT on the structural, dielectric, impedance and magneto-dielectric

coupling ferroelectric P-E and magneto-electric properties of CNFO.

5.2.  Sample Preparation

The (1-xX)CNFO-xBT (x = 0, 0.1 and 0.2) were synthesized by solid state
reaction route as discussed in section 2.3 and as represented in Fig. 2.1. The AR grade
of chemicals BaCOs, TiO2, Co304, NiO and Fe,O3z were used as initial ingredients in
stoichiometric ratio. The synthesis conditions have been tabulated in Table 5.1. The
composites are named as CNFO (CoosNiosFe204), CNFO-10BT (0.9Co0.5NiosFe204-
0.1BaTiOz3) and CNFO-20BT (0.8Coo.5NiosFe204-0.2BaTiOg).
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Table 5.1. Synthesis conditions of BaTiOs, CoosNiosFe204 and CoosNigsFe204-BaTiOs
composites.
Composition Calcination Duration (h) Sintering Duration (h)
temperature (°C) temperature (°C)
BaTiOs; 1000 12
CoosNiosFez04 1000 12 1200 8
CNFO-10BT - - 1200 8
CNFO-20BT - - 1200 8

5.3. Results and Discussion

5.3.1. Structural Measurements
The X-ray diffraction patterns of CNFO and CNFO-BT composites are shown
in Fig. 5.1. The XRD plot of CFO is referred from previous chapter. The XRD pattern

of CNFO
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Figure 5.1. XRD patterns of CNFO and CNFO-BT composites.

is matched with JCPDS # 22-1086 and confirms the spinel cubic structure with space
group (Fd3m). The splitting and broadening of peaks in XRD of CNFO in comparison
to that of CFO at 26 ~30° and 62.5° are matched with JCPDS # 10-0325 for NiFe>O4
[216] and is marked by ‘+* symbol in Fig. 5.1. This occurrence of NiFeO4 peaks
confirms the formation of CNFO. The XRD patterns of CNFO-BT system are matched
with JCPDS # 22-1086 for CNFO and JCPDS card # 05-0626 for BaTiO3 (BT) and
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confirm the formation of CNFO-BT composites. The ferroelectric BT phase in the
composite at 20 ~ 32° and at other higher values is indicated by ‘#” symbol in Fig. 5.1.

The effect of BT addition in CNFO is observed by studying the lattice parameter
variation and lattice strain estimations. The variation of lattice parameter was obtained
using Debye-Scherrer Equation (2.3) and lattice strain was obtained from Williamson-
Hall Equation (2.4) and were plotted in Fig. 5.2. It can be observed that the lattice
parameter obtained for CNFO is 8.325 A is lower than that of CoFe;04 (10.7 A) as at
both octahedral / tetrahedral sites, ionic radii of Ni?* (0.745 / 0.55 A) is less than Co?*
(0.69/0.58 A) [217]. The lattice parameters in Fig. 5.2 decrease from 8.325 A to 7.967
A for CNFO to CNFO-BT composites due to lattice distortion arising on account of
trapping centers formed by BT substitution. This lattice distortion is also accompanied
by the increase in the lattice strain as shown in Fig. 5.2.
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Figure 5.2. Variation of lattice parameter and strain in CNFO-BT composites.

5.3.2. Dielectric and Magnetodielectric Measurements

The dielectric analysis is an ideal technique for correlation of most of the
properties of ferrites with preparation, composition and temperature. The frequency
dependency of dielectric constant for CNFO and CNFO-BT composites is shown in
Fig. 5.3. The graphs show usual behavior of dielectric materials with CNFO and CNFO-
BT composites possessing large dielectric constant values [218] at low frequencies and
the dielectric constant decreases at higher frequencies. The main reason to show such a

decreasing trend is due to the presence of interfacial polarization as predicted by
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Maxwell-Wagner [219] and arises because of the charge accumulation on sample-
electrode interface. The exchange of electrons among multivalent Fe?*/ Fe3*, creates a
spatial displacement of Fe ions along with electric field resulting in the polarization.
The high value of dielectric permittivity at low frequencies is because of the presence
of multivalent Fe ions, its related oxygen vacancies and defects. The decrement in the
value of dielectric permittivity with frequency is because the dipoles cannot follow the
electric field oscillations at higher fields. As per Koops theory, the contribution of
dielectric constant at lower frequency originates from grain boundaries as they possess
high impedance at grain boundary region [220]. The contribution to dielectric
permittivity at high frequencies originates from low resistive grains. Thus, the presence
of multivalent Fe ions is responsible for polarization in CNFO. The dielectric constant
increases with BT content and suggests enhancement in electrical nature of CNFO-BT
composites. For all composites, the increase in temperature from 100 °C to 400 °C
onsets the space charge polarization linked to ionic defect movements and decreases

the dielectric constant [85].
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Figure 5.3: Frequency dependence of real part of dielectric constant (¢) for CNFO and CNFO-
BT composites at different temperatures.

The magnetodielectric coupling constant (MD) is studied by measuring the
dielectric properties at different magnetic fields and at a frequency of 10 kHz as shown
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in Fig. 5.4 and is quantified as Equation (3.2). The composition of magnetic-
ferroelectric phase is an important factor for deciding the magnetodielectric response.
The variation in dielectric constant is less for CNFO and significantly increases with
BT content. This enhancement could be possibly due to the modification of spatial
charge distribution and restricted ferromagnetic domain wall rotation originating from
BT substitution in CNFO. With increasing magnetic field, the change in dielectric
constant drastically decreases due to alignment of domain walls in CNFO. Surprisingly,
all CNFO-BT composites indicate stability in magnetodielectric coupling by displaying
non-zero MD value at even higher fields. It is important to note that the
magnetodielectric response in CNFO as well as CNFO-BT composites originates due
to the contribution of magnetostriction of CNFO. This occurs due to the strain induced
in CNFO phase on application of magnetic field creating a mechanical coupling
between dielectric and magnetic phases and can be expressed as strain mediated
magnetodielectric response. Additionally, the interfacial polarization effect in CNFO-
BT can also induce magnetodielectric behavior based on the impedance of grain or
grain boundary with application of magnetic field [221].
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&

Field (kOe)
Figure 5.4. Percentage change in dielectric constant for CNFO and CNFO-BT composites as a

function of magnetic field at 10 kHz.

5.3.3. Impedance Measurements

Fig. 5.5 shows Nyquist plots of CNFO and CNFO-BT composites. All the
composites display single semicircular arc starting from the origin whose radius
decreases with temperature suggesting dominance of grains contribution and negative

temperature coefficient of resistance [93]. It is noted that the impedance value in the
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composites increase with BT suggesting highly resistive nature of CNFO-BT
composites [40]. CNFO is a weak ferroelectric and poor dielectric material. Thus, the
significant contribution in the dielectric and impedance properties is due to the effective
content of BTO. Increasing the amount of BTO in CNFO-BT composite therefore
increases the net impedance of CNFO-BT composite [40]. The centers of semicircles

are observed to be positioned below the Z' axis owing from spread relaxation times
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Figure 5.5. Nyquist plot of CNFO-BT composites measured at different temperatures along with

their equivalent circuit measured.

and indicate the existence of non-Debye relaxations in CNFO-BT composites [137].
The non-Debye relaxations can be understood by representing the Nyquist plots in
terms of modified R-C electric circuits. These electric circuits contain arrangement of
one or more subarray of resistance (R), capacitance (C) and constant phase element
(CPE) with each subarray denoting the contributions of grains and grain boundary. The
non-Debye behavior present in BT-CFO composites is justified from the presence of
CPE in the equivalent circuit, which is related to the impedance by the equation Zcpe =
1/(jo)" CPE. The corresponding fitted parameters are displayed in Table 5.2. The
impedance spectra of CNFO-BT composites are fitted with one R-CPE parallel
combination and are in agreement with each other. The fitting also confirms the

dominance of grain resistance in the conduction phenomena.
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Table 5.2. Fitted parameters for Cole—Cole plots of CNFO-BT composites.

Temp (°C) Rq () CPEq Ng
CNFO

200 6.1 x108 2x108 0.65

300 4.3 x10° 6 x10° 0.78

400 1.9 x108 9 x1010 0.86
CNFO-10BT

200 8.2 x108 1.2 x10° 0.62

300 5.3 x10° 5x10° 0.70

400 3.1 x108 7 x10°10 0.79
CNFO-20BT

200 8.9 x10° 3x108 0.55

300 5.4 x10° 7x10 0.69

400 2.9 x10° 4 x10° 0.75

5.3.4. Magnetic Measurements

Fig. 5.6 shows magnetic hysteresis curves for CNFO and CNFO-BT
composites. Inset of Fig. 5.6 shows the enlarged view of M-H curves at low magnetic
fields. All composites display systematically strong ferromagnetic behavior. The
saturation magnetization for CNFO is comparable to the earlier reported work [88]. The
magnetic retentivity is found to decrease with increase in content of BT. This re-
emphasizes structural distortion induced in CNFO lattice owing to BT substitution.
Contrarily, the coercivity is large for CNFO-10BT and least for CNFO-20BT as
compared to CNFO. The increased value of coercivity in CNFO-10BT composite is
due to enhancement in magnetoelectric coupling, however, such coupling is limited by
lattice distortion and weakens the ferromagnetic nature in CNFO-BT composite. On
further increasing the BT content as in case of CNFO-20BT, enlarged strain mediated
magnetoelectric coupling at the piezoelectric-piezomagnetic interface enhances the

ferromagnetic nature.
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Figure 5.6. Room temperature magnetization curves (M vs H) for CNFO and CNFO-BT composites.
Inset shows the enlarged view of CNFO and CNFO-BT composites.

5.3.5. Ferroelectric and Magnetoelectric Measurements

The ferroelectric hysteresis P-E loops of CNFO-BT composites are plotted in
Fig. 5.7. All the loops show weak P-E ferroelectric polarization loop because of
spatially distributed electric dipoles. The unsaturated lossy P-E loop is due to the fact

of relatively high-leakage current. The magnetic nature of CNFO particles tends to
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Figure 5.7. P-E hysteresis loops of CNFO and CNFO-BT composites.

agglomerate and thereby induces weak ferroelectricity [222,223]. As the content of BT
phase is increased in CNFO, the maximum polarization is increased due to increased

conductivity. The energy storage and efficiency is estimated using Equations (1.12) and
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(1.13). The unloaded sample of CNFO and CNFO-20BT displayed the energy density
of 2.1 and 4.25 mJ/cm? respectively with an efficiency of 17 and 31.6 %, respectively.

The magnetoelectricity in CNFO-BT composites can be understood well by
examining the variation of maximum electric polarization versus applied electric field
hysteresis graphs as a function of external magnetic field [83]. Fig 5.8 shows the
variation in maximum polarization measured from P-E hysteresis loop at different
magnetic fields for CNFO and CNFO-BT composites at room temperature with fixed
frequency of 50 Hz. The maximum polarization observed decreases with increasing
magnetic field suggesting strong magnetoelectric character in CNFO composites. The
largest change in maximum polarization of 20 % is observed in CNFO-20BT
composite, making it most suitable for magnetoelectric devices [224]. This enhanced
magnetoelectric effect is correlated to lattice shrinkage on BT substitution resulting in
strain mediated magnetoelectric coupling at the piezoelectric-piezomagnetic interface
[49]. In order to obtain the ME coupling coefficient, the variation of Pmax was linearly
fitted with magnetic field H. The error bars obtained from linear fit are also incorporated
in the experimental data plot. The maximum magnetoelectric coupling coefficient (o)
was achieved for CNFO-20BT composite as 5 mV/cm/Oe. This magnetoelectric

response of CNFO-BT composite agrees with some reported results [40,46].
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Figure 5.8. Variation of maximum polarization (Pmax) with magnetic field for

CNFO and CNFO-BT composites.
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Stuwctural, Multiferiaic and

BiossLag1;Fe03 - BaTiO ealnp(wlt%

This chapter discussed on the comprehensive study of Bio.gsLao.1sFeOs-BaTiOs

by coalescing ferroelectric, dielectric, magnetic and magnetoelectric properties with
structural and microstructural characterizations to explore the effect of BaTiO3z (BT) in
Bio.gsLao.1sFeO3 (BLFO) and forming composite ceramics. The structural investigations
reveal structural transformation from rhombohedral to cubic phase along with lattice
compression on increase BT content. The room temperature M-H hysteresis curve
shows the existence of weak ferromagnetism in BLFO-BT composites and
superparamagnetism in BLFO-10BT ceramic. The curve fitting of M-H curve for
0.9BLFO-0.1BT showed the existence of superparamagnetic particles. The
ferroelectric hysteresis P-E loop measurements produced unsaturated oval shaped loops
with high leakage and displayed a lossy dielectric nature. The effect of magnetic field
on polarization versus electric field curve reveals the interfacial interaction due to the
origin of magnetoelectric interaction in BLFO-BT composite ceramics. All the samples
display peak broadening in temperature-permittivity plot and confirm relaxor behavior.
The 0.9BLFO-0.1BT composite exhibited maximum energy storage density of 16
mJ/cm? with an efficiency of 60 % associated with maximum magnetoelectric coupling

of 16 mV/cm/Oe and is a potential candidate for magnetoelectric devices.
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6.1. Introduction

The miniaturization and discovery of novel materials for advanced functional
devices have been fascinating for research in the recent times [225-230]. Among these
novel materials, magnetoelectrics are studied extensively as the coupling between the
orders promotes in achieving magnetic control of electrical polarization and electric
control of magnetization [231]. This feature is invariable explored in the design of
technological advancements in the areas of electrically controlled magnetic storages,
sensing and high-speed optoelectronics. The single phase multiferroics though exhibit
magnetoelectricity, are not completely exploited in industrial applications due to weak
magnetoelectric coupling in them [14-16,31,32]. Subsequently in recent years,
intensive research has been focused in finding systems based on single phase
multiferroics such as solid solutions [90,232,233], composite systems [38-42] and thin
films [234-236] for achieving enhancement in magnetoelectric coupling both in bulk
and nanoscale regime [92,154,237].

The previous chapter comprehensively discussed about CoosNiosFe20Os -
BaTiOs composites with (3-0) connectivity scheme. The composites displayed
maximum ME coupling of 5 mV/cm/Oe with energy density of 5 mJ/cm® The
comprehensive results of previous chapters help in understanding that in order to
achieve higher magnetoelectric coupling, a conciliation on energy storage becomes
obligatory and vice versa. This mutually exclusive improvement in ME coupling at the
expense of energy storage suggests a new choice of host with improved properties for
the preparation of composites. As per literature, BiFeOs (BFO) manifests as promising
candidate for exorbitant novel magnetoelectric applications due to its prevailing
multiferroism at room temperature [38,90-93]. It has also been discussed in the section
1.9.1 that Bio.gsLao.15sFeO3 (BLFO) is one of the stable structures which display single
phase and enhanced ferroelectric and magnetic properties along with dielectric anomaly
near the magnetic transition temperature [3,93,98,99]. In addition, BLFO based
composites have been investigated for structural, dielectric and multiferroic properties
[42,238-240]. The extent of magnetoelectric coupling in modified BFO and BLFO
based systems still needs to be improved. Furthermore, there has not been enough focus
on the multiferroic and magnetoelectric properties of composite ceramics of BLFO and
BT. In this regard, this chapter describes the synthesis Bio.gsLag 15FeO3-BaTiOs (BLFO-
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BT) composite to study the effect of BT in BLFO on the structural, dielectric, and

magneto-dielectric coupling ferroelectric P-E and magneto-electric properties.

6.2. Sample Preparation

The (1-x)BLFO-xBT (x = 0, 0.1, 0.2 and 0.3) were prepared by solid state
reaction route as discussed in section 2.3 and as represented in Fig. 2.1. The AR grade
of chemicals Bi»Os, Fe2O3, La,03, BaCOs and TiO> were used as initial ingredients in
stoichiometric ratio. The synthesis conditions have been tabulated in Table 6.1. The
composites are named as BLFO (Bio.gsLao.1sFeO3), BLFO-10BT (0.9Bio.s5La0.15F€O3-
0.1BaTiO3), BLFO-20BT (0.8Biosslao1sFe0s-0.2BaTiOs), and BLFO-30BT
(0.7Bio.gsLao.1sFe03-0.3BaTiOs).

Table 6.1. Synthesis conditions of BaTiOs, BiogsLaoisFeOs and BiogsLag15FeOs-
BaTiOz; composites.
Composition Calcination Duration (h) Sintering Duration (h)
temperature (°C) temperature (°C)
BaTiO3 1000 10
Bio.gsLao.1sFe03 800 10 950 10
BLFO-10BT - - 950 10
BLFO-20BT - - 950 10
BLFO-30BT - - 950 10

6.3. Results and Discussion
6.3.1. Structural and Morphological Measurements

Fig 6.1 shows the X-ray diffraction pattern of the sintered BLFO and BLFO-BT
ceramics. It is clearly perceptible from the XRD spectra that the samples exhibit
composite as well as solid solution behavior. The XRD graphs display polycrystalline
nature of all samples and indexing of diffraction peaks is as per distorted rhombohedral
structure with R3c space group. The XRD pattern of BLFO are matched with JCPDS #
86-1518 and show very few traces of impurities BixsFeOsg at 20 ~ 28° as indicated by
symbol ‘*’. Additionally, no trace of impurities of Bi2FesOg was not observed in BLFO
ceramic, which suggests that incorporation of La in BFO suppresses the unwanted
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Figure 6.1. XRD patterns of BLFO and BLFO-BT ceramics.

secondary phases and results in phase purity [3,93,241]. The XRD pattern of BLFO-
10BT shows a peculiar splitting in the peaks around 26-~ 32°, 40° and 58° exhibiting
the co-existence of rhombohedral La modified BFO as well as tetragonal BT and
suggests composite formation. The splitting is more visible in enlarged view of XRD
of BLFO-10BT in Fig. 6.2. The XRD patterns of BLFO-10BT for are indexed with
JCPDS # 05-0626 for tetragonal phase of BaTiOs and are indicated by symbol ‘#’. This
splitting in the peaks vanishes in case of BLFO-20BT and BLFO-30BT ceramics and
peaks become sharper indicating the formation of cubic structure. Furthermore, the
peaks 20 ~ 32° in BLFO-20 and BLFO-30BT solid solution shift to lower 26 angle due
to A-site substitution of large atom of Ba* (ionic radius: 1.35 A) in place of Bi®* atom

(ionic radius: 0.605 A) resulting in lattice compression.
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Figure 6.2. Enlarged view of XRD of BLFO-BT ceramics in the 26 ~ 31.6-32.5°.
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Fig. 6.3 (a and ¢) show SEM images of BLFO-10BT and BLFO-20BT ceramics.
The SEM images display high density structure with non-uniform grain sizes. The
density is found to increase relatively in case of BLFO-20BT in comparison to BLFO-
10BT. The grains may be categorized as small grains which are more or less spherical
of size nearly 5 um and large grains of lump shape of size more than 5 um. It can also
be observed that small grains quantity increases with BT content. If we assume that
large grains and small grains have different phase for contribution then we can estimate
the formation of BLFO-10BT and BLFO-20BT from EDAX spectra as shown in Fig.
6.3 (b and d), respectively. The corresponding values for elemental composition are
tabulated in Table 6.2. The increasing content of Ba and Ti follows the distribution of
molar ratio for composites and confirms the formation of BLFO-10 and BLFO-20BT

composites.
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Figure 6.3. SEM micrograph and EDAX spectra of (a-b) BLFO-10BT and (c-d) BLFO-20BT,

respectively.
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Table 6.2. EDAX table for percentage distribution of atomic weights of elements in BLFO-
10BT and BLFO-20BT composites.

Element BLFO-10BT BLFO-20BT
oK 60.93 55.37
Bi M 11.81 10.57
BalL 1.81 5.56
TiK 3.25 7.83
LaL 2.21 2.03
FeK 19.99 18.64

Raman spectroscopy is an important study for understanding the phase
formation. Raman scattering is used for detection of any alteration in crystal lattice
including atomic displacements by probing the deviation in frequency, bandwidth and
intensity of the Raman peaks. The Raman spectra for BLFO and BLFO-B, T ceramics
were studied at room temperature. BiFeO3 possesses rhombohedral structure with R3c
space group and contains 18 phonon modes classified as '= 4A1+5A2+9E as given by
the group theory [39]. Out of these 18 modes, the Raman active modes are 4A1 and 9E.
In the present study, BLFO Raman spectra have only 5 out of 13 observed Raman peaks
as shown in Fig. 6.4. The peaks of BLFO spectra are fitted with Lorentzian function
using Fityk software and their corresponding positions obtained are presented in Table
6.3. A peculiar increase in peak position (blueshift) as compared with earlier reported
literature in BLFO compared to BFO due to lowering of reduced mass occurring on
account of substitution of low atomic mass La ion in place of Bi ion. This shift in peak

position can also be expressed using the relation

k

f=r|= (6.1)
where f is frequency of the Raman modes, m is reduced mass, and k is force constant
[39]. The Raman spectra of polycrystalline materials consisting of smaller unit cells
display all Raman modes. In the present study, some of the Raman modes of BiFeOs
are absent due to merging of low wavenumber Raman modes as well as symmetry-

forbidden scattering.
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Figure 6.4. Raman spectra of BLFO and BLFO-BT composites.

The Raman spectra of BLFO-BT ceramics are also represented in Fig. 6.4. The
Raman modes associated with constituent BLFO and BT phases can be tracked in the
Raman spectra of BLFO-BT. Except for a few significant peaks, most of the peaks are
merged in the BLFO-BT due to the Raman active modes of BT. The growth of the E4

mode in BLFO-10BT (~ 470 cm™) can be construed to alterations in the movement of

Table 6.3. Raman peak positions of BLFO and BLFO-BT composites.

BLFO BLFO-10BT BLFO-20BT BLFO-30BT
Wave Wave Wave Wave
number Phase number Phase number Phase number Phase
(cm™) (cm™) (cm™) (cm™)
Al-1 Al-1 Al-1 ETO
141.275 133.836 133.836 249.588
(BLFO) (BLFO) (BLFO) (BT)
Al-2 Al-2 ETO ETO
173.429 168.49 254.477 503.436
(BLFO) (BLFO) (BT) (BT)
Al-3 Al-3 ETO ELO
228.778 225.1 519.992 655.834
(BLFO) (BLFO) (BT) (BT)
E-9 E-4 ELO E-9
602.25 470.217 660.476 1400
(BLFO) (BLFO) (BT) (BLFO)
E-9 ETO E-9
1330 522.354 1378
(BLFO) (BT) (BLFO)
E-9
1330
(BLFO)
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Bi ions and the tilting of FeOe octahedra. The evolution of Raman modes ETO at 249,
503 and 655 cm™ associated with tetragonal BaTiOs in BLFO-30BT can be observed
from the inset of Fig. 6.4. The shift in Raman active mode E9 of BLFO (1330 cm™)
with BT concentration to higher wavenumber as tabulated in Table 6.3 is correlated to
lattice compression arising on an account of Ba?* replacing Bi®* ion as also verified by
XRD results. The Raman spectra of BLFO-10BT and BLFO-20BT ceramics display
the presence of both constituent phases confirming composite formation along with
higher wavenumber modes shifted to higher side and lower wavenumber modes shifted
to lower side displaying blueshift and redshift simultaneously. The blueshift associated
with Bi-O bond is dominant than redshift and agrees well with the increase in dielectric

transition temperature observed.

6.3.2. Dielectric Measurements

The dielectric properties are studied with concentration of BT in BLFO. The
variation of dielectric constant (¢') for BLFO-BT composite ceramics at 100 Hz as a
function of temperature is shown in Fig. 6.5. The permittivity plot shows maximum in
the vicinity of 360 °C, the ferroelectric / antiferroelectric transition T. of BLFO [99].
As the temperature crosses the transition temperature T¢, the dielectric constant
decreases with temperature which suggest the presence of bulk permittivity. The
anomaly is observed in all the compositions exhibit near 360 °C. The anomaly peak
of permittivity shifts to the lower temperature with increasing content of BT indicating
the effect of BT substitution in bringing the Tc of BLFO-BT composites close to room
temperature and confirms the presence of relaxor behavior.

For the composite ceramics, the dielectric contribution arises from the parent
ferroelectric component as well as the interfacial polarization originating due to
different resistance of ferroelectric and ferromagnetic phase. The variation of dielectric
loss (tan §) with frequency is shown in Fig. 6.6 for BLFO-BT composites. A constant
high value of tan J at low frequencies in all the composites are attributed to space charge
polarization originating from non-homogenous dielectric structure consisting of

defects, porosity and grain distribution [42].
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Figure 6.5. Plot of dielectric constant with temperature for BLFO-BT composites at

frequency of 100 Hz.

The loss decreases with increasing BT mole fraction and this indicates an ordering
between BT and dielectric behavior. The dielectric properties of all the BLFO-BT
composites display similar permittivity and tan 6 behavior. The variations in the
dielectric constant (¢') for BLFO-10BT composite ceramic at room temperature are
shown in Fig. 6.7. The plot displays that €' decreases with increase in frequency. In the

frequency region up to 10 kHz, €' decreases quickly and indicating frequency dispersion

—a— BLFO-10BT
®  BLFO-20BT
4 — BLFO-30BT

tan

T T

" 10000
Freq (Hz)
Figure 6.6. Variation of dielectric loss (tan 8) with frequency for BLFO-BT composites.

100 1000

in the BLFO-BT composites. The possession of high value of &' and tan 6 at low
frequencies is due to the presence of interfacial polarization in BLFO-BT ceramics

[242,243]. The value of €' decreases gradually as the electric dipoles are unable to

113



follow the oscillations of applied field. The contributors for high dielectric constant at
low frequency are interfacial polarization, and that for low dielectric value at higher
frequency is electronic polarization [244-246]. Furthermore, as the temperature
increases from 100 °C to 400 °C, the dipoles gain higher kinetic energy and their ability
to follow the oscillations of electric field decreases thereby decreasing the value of
dielectric constant. However, an anomaly is observed at temperature of 300 °C, where
the dielectric constant is higher and is related to dielectric / ferroelectric transition

temperature.
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Figure 6.7. Frequency dependence of dielectric permittivity at different temperature for

BLFO-10BT composite.

6.3.3. Magnetic Measurements

The room temperature variation of magnetization with applied magnetic field
upto 10 kOe obtained from vibrating sample magnetometer is shown in Fig. 6.8. The
M-H plot of BLFO, BLFO-20BT and BLFO-30BT composite ceramics in Fig. 6.8(a)
exhibit weak ferromagnetism which tends to saturate at higher magnetic field. In a
typical BFO, the antiferromagnetism is usually overcome by incommensurate cycloidal
spin structure. When the A site is substituted with a foreign atom, a canted spin structure
is generated resulting in weak ferromagnetic behavior as observed for La substituted
BFO or BLFO [69,247]. The strength of magnetic moment induced is dependent on the
size of foreign atoms and level of distortion of FeOs octahedra. This is the possible
reason of observed weak ferromagnetism in BLFO as compared to antiferromagnetic

BFO. It has also been observed that ferromagnetism is more prominent in BiFeO3s and
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BLFO based systems and this strain induced structural distortion generates large
magnetization [240,248,249]. So, when BLFO lattice is modified by BaTiOs3, the
substitution of bigger sized Ba?* ions result in enhancement in the magnetization of
BLFO-10BT. This enhancement in the magnetization could also be due to interfacial
coupling between the constituent phases [40]. The measured maximum magnetization
gets lowered with further increase in BT concentration in BLFO. The addition of further
ferroelectric BT generates larger spatial alteration in BLFO lattice, which decreases the
maximum magnetization in BLFO-BT composite ceramics. The remnant magnetization
is also found to decrease with BT content in BLFO-BT composites. The improved
magnetization of BLFO-10BT shows potential for memory device applications. As BT
is ferroelectric in nature, the net magnetization in these BLFO-BT composite ceramics
is mainly due to BLFO concentration.
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Figure 6.8. M-H curves of (a) BLFO, BLFO-20BT and BLFO-30BT composites (b) M-H curve
of BLFO-10BT composite ceramic fitted with Langevin function. Inset show the
variation of dM/dH with respect to magnetic field of BLFO-10BT composite.

An anomalous superparamagnetic M-H curve is observed in case of BLFO-
10BT composite ceramic as shown in Fig. 6.8(b). This is possible whenever the size of
grains span around the threshold superparamagnetic limit in the composite system
[247]. To analyze the extent of superparamagnetic behavior, the M-H curve was fitted

for BLFO-10BT composite with the following Langevin function

M =nu {coth (%) — z—;} (6.2)
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where L is net magnetic moment per particle, k is Boltzmann constant, T is temperature
and n is number of particles per unit mass. The volume V obtained from p/Ms by
including the density of BLFO-10BT and Ms is 1.899 x 101" emu/cm?3. If we assume
that the particles are spherical in shape then the estimate diameter radius of the particle
is 18.6 nm. Furthermore, the superparamagnetic particle size limit can be obtained from
relation between volume V and anisotropy constant (ky) as V = 25kT/ky, where k
represents Boltzmann constant and T is temperature. The anisotropy constant can be

obtained using the coercivity (Hc) as

2ky
M

The coercivity of 661.25 Oe of BLFO-10BT was obtained from the first order
differentiation of M-H hysteresis curve as dM/dH curve as plotted in inset of Fig. 6.8.

H, =048

(6.3)

The resultant anisotropy constant is 5435 erg/cm®. The values of coercivity are
estimated from M-H loops and dM/dH curves are in good agreement with each other.
The critical volume obtained is 1.89 x 1071® cm® which is more than the estimated
particle size and thus supports the existence of superparamagnetic particles in BLFO-
10BT composite ceramic. This behavior is not observed in BLFO-20BT and BLFO-
30BT composite ceramics, because the number of superparamagnetic particles gets

lowered w.r.t. threshold limit with increase in BT content.
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Figure 6.9. Arrott plots of BLFO-BT ceramics.
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To estimate the extent of ferromagnetic orderings and the magnetic transition
order in BLFO-BT ceramics due to BT substitution, the Arrott plots (M? vs. H/M curve)
have been prepared as shown in Fig. 6.9. The occurrence of curvature and positive slope
at high fields in the Arrott plots of BLFO and BLFO-BT composite ceramics show the
existence of weak ferromagnetic ordering and second-order meta-magnetic transition
[250]. The positive curvature in case of BLFO-10BT ceramic indicates
superparamagnetic behavior which could be due to spin interactions at the interfaces of
the BLFO and BT grains.

6.3.4. Ferroelectric and Magnetoelectric Measurements

The ferroelectric hysteresis loops help in validating composite ceramics for
polarization switching applications. The P-E hysteresis loop for BLFO-BT ceramics is
studied employing the Sawyer—Tower technique [209] and are displayed in Fig. 6.10.
All the loops show similar unsaturated behavior and exhibit high leakage current. It is
expected that BT incorporation in BLFO should enhance the P-E loop. In the present
studied system, this behavior is not observed which could be attributed to increase
oxygen vacancies destroying the pinning of ferroelectric domains. The P-E loop of
BLFO-10BT show the largest polarization among all the composite ceramics, which
could possibly be due to incorporation of ferroelectric domain walls in the
rhombohedral lattice of BFO. The P-E loop of BLFO-20BT and BLFO-30BT show
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Figure 6.10. P-E hysteresis curves for BLFO-BT composite ceramics.

akin pattern with nearly same coercive field of 1.5 kV/cm due to large leakage current
arising from vacancies created by multivalent ions. The BLFO-10BT composite

displays an improved recoverable energy storage density of 16 mJ/cm® with an
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improved efficiency of 60 %, whereas BLFO-30BT displays energy density of 10
mJ/cm?® and efficiency of 40 %. The enhancement in energy storage efficiency of
BLFO-10BT composite validates its potential for energy storage devices.

The P-E loops for BLFO-10BT were also observed by varying the frequency as
well as magnetic field. The estimated values of recoverable useful energy storage
density with frequency as well as magnetic field is plotted in Fig. 6.11. The energy
density of BLFO-10BT decreases with frequency as the dipoles do not have the ability
to cope with the oscillations of the electric field. The decrement in the energy density
of BLFO-10BT composite with magnetic field indicates the presence of

magnetoelectric interaction in the composites. The qualitative
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Figure 6.11.  Variation of useful recoverable energy density with frequency and magnetic field for
BLFO- 10BT composite.

evidence of magnetoelectricity originates from the variation in maximum polarization
Pmax With external magnetic field. The variation of maximum polarization with
magnetic field for BLFO-10BT and BLFO-30BT composite and their corresponding

magnetoelectric coupling coefficient computed as
dE

a= (6.4)

T txdH

where t is thickness, are displayed in Fig. 6.12. The polarization decreases with
magnetic field because the composites are unable to sustain larger magnetic field. The
relative variation of 48% and 45% in Pmax versus H was observed for BLFO-10BT and
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BLFO-30BT composites, respectively. Interestingly, a is observed to increase with
magnetic field emphasizing that the composites are able to show multiferroism and
magnetoelectricity at high magnetic fields as required for sensor applications. The
origin of the magnetoelectric interaction comes from the interfacial coupling between

the constituent phases as confirmed from magnetization studies [40].

3.5 1 —m— BLFO-10BT
lm— —e— BLFO-30BT
3.0 1 i

2.5

(uClem?)

max

2.0

P

16 | —— BLFO-10BT
| —=—BLFO-30BT

. T . T L T ¥ T 2 T
0 500 1000 1500 2000 2500 3000
H (Oe)
Figure 6.12. Variation of maximum polarization and magnetoelectric interaction coefficient with magnetic field.
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Chapter - 7

Discursive Jnuestigations on
Stwuctural, Dielectric and

Multifevicic Propenties of NdMn(3 -
BaJiO3 Compasites

Tunable multiferroic composites are advantageous for device applications

because of their controllable electrical and magnetic properties. This chapter discusses
the investigations on the structural, multiferroic, electrical and magnetoelectric
properties of NdMnO3-BaTiOs composites synthesized employing conventional solid
state reaction from initial components NdMnOz (NMO) and BaTiOs (BT). The XRD,
Raman and FT-IR studies reveal the evolution and co-existence of NMO and BT phase
in NMO-BT composites and confirm lattice stabilization in terms of symmetry. The
dielectric measurements reveal step-like decrease in frequency dependent dielectric
constant which confirm improved conduction nature in NMO-BT composites. The
impedance measurements confirm non-Debye type thermally activated conduction
behaviour. The conductivity measurements confirm the hopping assisted mechanism
dominating in NMO-BT composites. The addition of BT phase in NMO improves the
remnant magnetization and saturates ferroelectric polarization owing from lattice
stability establishing multiferroism in NMO-BT system. The maximum energy density
was achieved for 0.8NMO-0.2BT of 1.544 mJ/cm® with an efficiency of 50.4 %
associated with maximum magnetoelectric coupling of 22 mV/cm/Oe.
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7.1. Introduction

Multiferroic magnetoelectric composite materials have substituted for single-
phase multiferroics in the last decades [137,251]. The magnetoelectric coupling in
multiferroic composites is enticed via mechanical strain mediated interaction between
ferroelectric and ferromagnetic phases and are ascribed as piezo / magneto-striction
[12,14,32]. Large number of composites from ferrites and manganites for the
ferromagnetic phase and barium/lead based titanates for the ferroelectric phase have
been investigated for multiferroics and magnetoelectric properties [47-50].

The previous chapter broadly discussed about BioggslLaoisFeOs-BaTiOs
composites with (3-0) connectivity scheme. The composites displayed maximum ME
coupling of 16 mV/cm/Oe with energy density of 16 mJ/cm?®. These results suggest a
scope of improvement in ME coupling of composites via a new choice of host with
improved insulating properties for preparation of composites.

Rare earth manganites ReMnO3s (Re = Rare earth) are vastly studied systems
due to the occurrence of captivating features like magnetic orderings, metal-insulator
transition, colossal magnetoresistance and multiferroism originating from charge spin
and lattice dynamics [101-103]. These manganites exhibit peculiar structural and
charge conductivity transport phenomena that are governed by the behavior of
transitional metal (Mn) ions with the neighboring (Re) ions. Manganites of La, Pr or
Nd usually exhibit orthorhombic structure having Pnma space group [105,106]. In
recent years, the magnetoelectric and magnetodielectric explorations in ReMnO3 have
enticed enormous interest due to the presence of different origins of multiferroics
properties, the most common being the double exchange interaction (DE) arising from
the presence of mixture of Mn?*/ Mn®" ions as given below [108,109].

Mn** 4+ ef & Mn3* (7.1)
The hopping of doubly degenerate e electron induces the magnetic transition.
Amongst the existing mixed valent manganites, NdMnO3z (NMO) is the best possible
candidate to exploit for enhancement in ME properties due to the existence of structural
disordering originating from tilting of MnOg octahedra. This tilting provides an
antiferromagnetic A to E - type magnetic transition required for spontaneous
multiferroism [102,107]. NMO exhibits insulating ferromagnetic nature which can be
tailored by doping Nd** site or Mn®" site by divalent atoms such as Ba?*, Sr**, Cd?®",
Ca?*, Cu?* and Zn?"ions [101,102,108,111]. The studies on NMO doped systems have
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shown interesting results, however, the composite study of NMO is barely countable.
The studies on NMO based composites show the advantage of composite system
instead of parent NMO [112,113]. Furthermore, the composites of bulk ferromagnetic
NMO with ferroelectrics are expected to show strong magnetoelectric coupling close
to room temperature owing to the product property of multiferroics magnetoelectric
composites.

In this regard, this chapter describes the synthesis NdMnOgz - BaTiOz (NMO-
BT) composite to study the effect of BT in NMO on the structural, dielectric, magnetic,

and ferroelectric P-E and magneto-electric properties.

7.2. Sample Preparation

The (1-x)NMO-xBT (x = 0, 0.1 and 0.2) were prepared by solid state reaction
route as discussed in section 2.3 and as represented in Fig. 2.1. The CDH grade of
chemicals Nd20s, MnOz, BaCOsz and TiO2 were used as initial ingredients in
stoichiometric ratio. The synthesis conditions have been tabulated in Table 7.1. The
composites are named as NMO (NdMnOgz), NMO-10BT (0.9NdMnOgz — 0.1BaTiOg)
and NMO-20BT (0.8NdMnOz— 0.2BaTiO3).

Table 7.1. Synthesis conditions of BaTiO3z, NdMnOzand NdMnOs -
BaTiOs composites.
Composition Calcination Duration Sintering Duration
temperature (h) temperature (h)
(°C) (°C)
BaTiO3 1000 8 - -
NdMnO3 900 8 950 10
NMO-10BT - - 950 10
NMO-20BT - - 950 10

7.3.

Results and Discussion

7.3.1. Structural Measurements

XRD spectra of NMO, BT and NMO-BT composites have been recorded at
room temperature and plotted in Fig.7.1. The XRD patterns have been indexed the
perovskite NdMnOgz and BaTiO3 phase with JCPDS # 25-1149 for orthorhombic phase
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and JCPDS # 05-0626 for tetragonal phase, respectively. The XRD patterns of NMO

and BT samples show pure decomposed single phase with no presence of any Nd, Ba,

Mn and Ti oxides. The sharpened peaks in the XRD spectra are owing to the strong
crystallinity in NMO and BT compounds. The XRD patterns of NMO-10BT and NMO-
20BT show the evolution and co-existence of both individual phase of NMO and BT,

which confirms the formation of NMO-BT composites.
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Figure 7.1. XRD patterns of NMO, BT and NMO-BT composites

Table 7.2. Variation of tolerance factor with BT concentration.

Element lonic radii (A) N
Composition Tolerance Factor y
Nd 1.16
Mn 0.83 BT 1.06
Ba 1.38 NMO 0.81
Ti 0.605 NMO-10BT 1.011
@) 1.42 NMO-20BT 0.84

The impact of BT addition in NMO is understood by using the Debye Scherrer

Equation (2.3) and Williamson-Hall Equation (2.4). The W-H equation is used to obtain

accuracy in crystallite size and strain. Fig. 7.2 (a) shows the W-H plot for BT, NMO

and NMO-BT composites. There is a decreasing trend in the strain obtained from W-H
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Figure 7.2. (@) W-H plots of BT, NMO and NMO-BT composites (b) Variation of crystallite size
of NMO and BT in NMO-BT composites.

plot indicating that the incorporation of BT in NMO lattice has led to stabilization. The
crystallite size obtained from Scherrer equation is plotted in Fig. 7.2 (b). The crystallite
size (dnmo) in NMO is found to increase in NMO-BT composite as compared to NMO
and similarly the crystallite size (dgt) in BT is found to decrease suggesting a lattice
distortion. Moreover, the crystallite size obtained from W-H plot is in agreement with
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the crystallite size obtained using Scherrer equation. The crystal lattice distortion can
be explained on the basis of tolerance factor formula of ABO3 type perovskites
expressed as Equation (1.19). The calculated tolerance factor based on ionic radii is
tabulated in Table 7.2 along with corresponding ionic radii used. It can be seen from
the table that tolerance factor of NMO and BT lie in their respective range of
orthorhombic (0.75< y <0.9) and tetragonal (y > 1) phases. On addition of BT in NMO
lattice the tolerance factor increases to 1.014 indicating a tetragonal dominated structure
with lattice distortion and which subsequently decreases for NMO-20BT composite to
the initial range of orthorhombic structure which counts for the lattice stabilization in
terms of symmetry.

FT-IR spectrum is useful in providing information about the behavior of metal
ions in the perovskite lattice. The FT-IR spectra of NMO and NMO-BT composites in
the wavenumber range of 400-1000 cm™ are plotted in Fig. 7.3. The orthorhombic
phase of manganites as described by factor group analysis consists of the following
optical modes: T =7Asym(R) + 7B1sym(R) + 5B2sym(R) + 5Basym(R) + 8Aunsym(IA) +
7B1unsym(IR) + 8Bounsym(IR) + 9B3unsym(IR), where ‘sym’ and ‘unsym’ denotes gerade
and ungerade optical modes. The FT-IR spectra of NMO show minimum or no splitting
indicating high ordering in crystal lattice. The presence of strong peak at 556 cm™
relating to non-symmetric vibrations of Mn-O-Mn bond generating from MnOs
octahedra and broadening in region from 405-481 cm relating to vibrations of Mn-O
bond confirm the formation of manganite NMO [252]. The broad region is originated
due to the John-Teller interactions which widens equatorial bond and shortens axial
Mn-O bonds. Fig. 7.3 also shows the FT-IR spectra of NMO-10BT and NMO-20BT. It
can be observed that the intense peak of 556 cm™ increases to 562 cm™ in NMO-10BT
and shifts to 557 cm™ in NMO-20BT. This shift in intense band located near 552 cm™
relating to vibrations of Ti-O bond arising from TiOs octahedra confirms the formation
of ferroelectric BT. Moreover, the broadening of this peak reduces with BT
incorporation along with increased splitting in the widened region suggesting that Ti-
O bonds of BT introduce additional vibrations in the NMO lattice. The reduction in
broadening is linked to decrease in localized modes and charge carriers of Ti-O bonds
hindering the optical modes of Mn-O-Mn bonds [253]. This softening of FT-IR spectra
and increased splitting confirms the formation of NMO-BT composites as validated by
XRD studies.
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Figure 7.3. FT-IR spectra of NMO and NMO-BT composites

The room temperature Raman spectra of NMO and NMO-BT composites is
shown in Fig. 7.4. The spectra show intense peak at 636 cm™ of B1sym mode relating to
0-0 vibrations originating from John-Teller interactions and peak at 288 cm™ of Agym
mode relating to tilting of MnOs octahedra. However, the usual peak at 480 cm™
relating to second order non-symmetric stretching of O-O is absent. The Raman spectra

of NMO-BT composites show an improvement in the peaks around 180, 260 and 512
cm™indicated by ‘*” relating to the transverse non-symmetry vibration Ti-O (Ar) of

phonons and indicate infusion of tetragonal BaTiOs into orthorhombic NdMnOs lattice
corroborating with XRD and FT-IR studies.
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Figure 7.4. Raman spectra of NMO-BT composites
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7.3.2. Dielectric Measurements

The dielectric properties of the composites are analyzed with the content of BT
in NMO-BT composites. The frequency dependence plots of dielectric constant (') for
NMO-BT composites is shown in Fig. 7.5. The NMO-BT composite samples show
strong step like decrease above frequency of 10 kHz behavior indicating the presence
of dipolar relaxation processes at all temperatures [252]. In the low frequency region,
dielectric constant is more or less static as electric dipoles are following the oscillations
of applied electric field. Furthermore, at higher frequencies, the dipoles are unable to
follow the oscillations of electric field. The dielectric behavior of such non-Debye type

can be represented as

Ers— Eroo
& = & T+ TtGwn)i-< (7.2)

Where, o is constant, T is relaxation time, &, iS dielectric constant at very high
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Figure 7.5 Frequency dependence of dielectric constant of NMO and NMO-BT composites.

frequencies and ¢, is dielectric constant at static field [254]. The increase in the
dielectric constant at high temperature is attributed to increased conduction in the

NMO-BT composites. It can also be observed that the value of dielectric constant at
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any measured temperature is more in NMO-BT composite than NMO due to the strong
dielectric nature. The giant increase in dielectric constant is related to stabilization in

the lattice in NMO-BT composite, as confirmed by structural measurements.

7.3.3. Impedance Measurements

The electrical properties in composite materials viz., grain and grain boundary
contributions can be understood by examining the deviation in the response of
impedance as function of applied oscillating field [164]. The real (Z') and imaginary
(Z") components of the complex impedance Z*= Z'-iZ", are plotted against each other
and the corresponding Cole-Cole plots for NMO and NMO-BT composites are shown
in Fig. 7.6. The effective contributions of grain and grain boundary in the material can
be separated and pictured by fitting the Cole-Cole plot to an equivalent circuit
consisting of resistors and capacitor as

* Ry Ry
1+i(1)R1C1 1+i0)R2C2

(7.3)

where o is the angular frequency of the oscillating field. In the present work, all the

samples show non-Debye nature and thus capacitor is substituted by constant phase

element (CPE) [254]. The CPE impedance can be represented as Z;:pp = —1 _ where

Ccliw)™
C.is the capacitance of CPE and n is the power exponent. The Cole-Cole plots of NMO
and NMO-BT composites show partial as well as complete semi-circular arcs with their
centers lying below the Z' axis. The display of lower curvature confirms the presence
of different relaxation processes associated with non-ideal electric behavior in NMO
and NMO-BT composites. In addition, the non-Debye behavior could be due to the
presence of defects and vacancies in NMO-BT composites. All samples show a
decrease in the radius of Cole-Cole plots with increase in temperature from 100 °C to
400 °C and indicate the presence of thermally dominated conduction mechanism. It is
also interesting to note that the Cole-Cole plot of NMO-20BT alone doesn’t start from
origin indicating the improved and strong dielectric nature in the composite [83]. The
experimental data has been fitted with R-CPE elements using the Equation (7.3) and
the corresponding values can be construed. The experimental data along with
equivalent circuit and fitted spectra are shown in Fig. 7.6. The measured data and R-

CPE equivalent fitted spectra show good agreement with each other. The resistance of
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grains is always greater than that of grain boundaries at all temperatures. The activation
energy obtained from the thermal variation of resistance of grains is of the order of 0.46
eV for NMO sample.
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Figure 7.6. Cole-Cole plots and equivalent circuit with fitted spectra of NMO-BT composites.

Table 7.3. Fitted parameters for Cole—Cole plots of NMO-BT composites

Temp Rg () CPEq Ng Rgb (£2) CPEg Ngb
(°C)
NMO
100 2100000 1.1x10” 0.81 80000 8x10" 0.65
400 11625 5x10" 0.67 1150 5x10 0.4
NMO-10BT
100 3300000 %10~ 0.85 570000 | 9x10” 0.73
400 8000 8x10° 0.7 2796 3x10" 0.55
NMO-20BT
100 435000 3x10° 0.89 6400 2x10° 0.85
400 4050 ax10° 0.73 190 8x10” 0.64

7.3.4. Conductivity Measurements

The transport behavior of charge carriers can be understood by studying the
frequency dispersion of conductivity (c') for NMO-20BT composite using Equation
(2.10). The Fig. 7.7 shows static conductivity at all temperatures upto log ® ~ 5 rad s
and indicates dc conductivity. This dc behavior is correlated to the movement of

charges across grain boundaries. The low value of conductivity in this region could be
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due to charge accumulation at grain boundary / electrode interface. On the contrary, the

conductivity in Fig. 7.7 shows strong dispersion and rapidly increases in the high

frequency region indicating intensified mobility of multivalent charge carriers of Mn

and Ti atoms. The increase in temperature decreases the conductivity suggesting

temperature dependent conductivity phenomena of charge carriers.
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Figure 7.7. Variation of log o' versus log ® for NMO-20BT composite.

The temperature dependence of dc conductivity for NMO-BT is shown in Fig.

7.8 and the activation energy for NMO and NMO-BT composites obtained using the

Arrhenius law. The activation energies of NMO and NMO-BT composites are less than

unity and are mainly due to the presence of single oxidized ions from Mn and Ti atoms

produced during synthesis as given by Kroger-Vink defect Equation (3.4).
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Figure 7.8. Plot of DC conductivity versus temperature for NMO-20BT composite.
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The thermal variation of exponent n for NMO and NMO-BT composites is
shown in Fig. 7.9. Based on the types of conduction mechanism discussed in section
3.3.4 and 4.3.4, it can be observed and understood that the composites display
correlated barrier hopping between the neighboring sites through thermal activation.
This hoping can be visualized as the movement of carriers between nearest neighboring
localized sites via hopping mechanism. The values of n for NMO and NMO-BT
composites remains less than unity and indicates translational motion of charge carriers
[91].
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Figure 7.9. Variation of power exponent n with temperature for NMO and NMO-BT composites.

7.3.5. Magnetic Measurements

The room temperature magnetization measurements obtained using vibrating
sample magnetometer studies magnetization (M) at a maximum field of 15000 Oe are
plotted in Fig. 7.10. The M-H plots indicate that magnetization of the NdMnOs-BaTiO3
composites increases linearly with the field and confirms the antiferromagnetic
behavior of NdMnQOz. The occurrence of magnetization in NMO-BT composites is
predominantly due to the antiferromagnetic nature of NMO. The maximum
magnetization reduces on the addition of BT in NMO. The addition of non-magnetic
BT creates spatial modifications in NMO, which lowers the maximum magnetization
in the composites. The remnant magnetization is also found to decrease with BT content
in NMO-BT composites. However, in case of NMO-20BT composite remnancy is more
than NMO-10BT due to stabilization of spatial orderings NMO-20BT composite. Fig.
7.10 shows the enlarged image of M-H lines (inset of Fig. 7.10). This improved
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magnetization shows potential for memory device applications. The coercivity of
NMO-BT composites obtained by differentiating the M-H hysteresis curve resulting in
dM / dH curves are in good agreement with each other. The coercivity of the NMO and
NMO-BT composite remains the same suggesting that movements of domains walls

don’t get effected from spatial orderings.
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Figure 7.10.

hysteresis loops of NMO and NMO-BT composites in the magnetic field range of
+ 400 Oe.

7.3.6. Ferroelectric and Magnetoelectric Measurements

The ferroelectric properties of dielectrics are useful in determining polarization
switching applications. The ferroelectric P-E hysteresis loop is studied employing the
Sawyer—Tower technique [209] and the respective variations for NMO and NMO-20BT
composite are plotted in Fig. 7.11. The P-E loop of NMO exhibits a low-lying flat loop
suggesting its weak ferroelectric nature. It is interesting to note that the P-E loop of
NMO-20BT composite display an improved saturation as well as polarization. This
improvement can be attributed to incorporation of ferroelectric domain walls in an
orthorhombic lattice of NMO results in decrease in the lattice strain, which stabilizes
the lattice. This decrement in strain stabilizes as well as saturates the ferroelectric
hysteresis loop. NMO displayed an energy storage density of 2.004 mJ/cm® with
efficiency of 17.21 %. The NMO-20BT composite displays an enhanced energy storage

density of 1.54 mJ/cm?® with an improved efficiency of 50 %. The enhancement in
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energy storage efficiency of NMO-20BT composite validates its potential for the

energy storage devices.
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Figure 7.11 P-E hysteresis loops of NMO and NMO-20BT composite.

The evidence of magnetoelectricity in NMO-BT composites can be observed by
varying the ferroelectric P-E hysteresis loop with external magnetic field. The measured
maximum polarization at respective magnetic fields for NMO, NMO-BT composites is
shown in Fig. 7.12. The relative variation of 93% in Pmax versus H is maximum for
NMO, which decreases upto 46% for NMO-20BT composite. The blue line represents
the fitted spectra for variation of NMO-BT composites. As the amount of BT is
increased the percentage change of magnetoelectric coupling decreases indicating that
the stabilization in the lattice decreases the strain originated from coupling amongst
individual component phases. The maximum magnetoelectric coupling of

22 mV/cm/Oe was achieved for NMO-20BT composite.
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Figure 7.12.  Variation of maximum polarization versus magnetic field for

NMO and NMO-BT composites
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Chapter - 8

Summany and Scope of Future Werkt

8.1. Summary

The objectives of this thesis work were to synthesize and characterize BaTiOs
based magnetoelectric composites for energy storage applications. A variety of BaTiOs
based magnetoelectric composites were successfully synthesized by choosing different
host materials and using solid state reaction route. Importance was given to synthesize
composites with highest purity.

As discussed in the previous chapters, magnetoelectric materials are one of the
finest advance materials which offer multifunctionality and have potential for a
numerous applications such as memory stage, gyration, sensing, filtering, resonating
devices, MRAMSs and energy storage devices [137,251]. In the present thesis, different
BaTiOz based composites were prepared using solid state reaction route for optimizing
magnetoelectric coupling. The structural, electrical and magnetic properties of these
composites have been performed. In addition to this, the stoichiometry was varied in
BaTiOs based composites to optimize as well as energy storage density as well as
energy conversion efficiency.

Single phase magnetoelectrics suffer due to the weak coupling. One of the best
ways to improve the magnetoelectric coupling is to prepare strong ferroelectric based
composites. BaTiOz and PbZrTiOs are the ideal ferroelectrics for energy storage
applications. Keeping in mind the environmental concerns, BaTiO3z based composites
are preferred for preparing composite materials for magnetoelectric as well as energy
storage applications. Materials that exhibit strong magnetoelectric coupling display
lower energy storage density. In the light of this, diverse magnetic constituents are
chosen for preparing different magnetoelectric composites of (1-x) BaTiOsz - xCoFe204
(0<x<0.05), (1-x) CoFe204- x BaTiO3(0 <x<0.3), (1-x) CoosNigsFe204-x BaTiO3
(0 < x <0.2), (1-x) BiogsLao15FeOs - x BaTiOz (0 < x < 0.3) and (1-x) NdMnOs - x

BaTiO3 (0 <x <0.2) as well as for optimizing the energy parameters.

135



8.2. Important Findings of Research Work

The structural properties such as constituent phase, phase purity and crystallite
size in BaTiO3 based composites were explored by employing XRD. The XRD spectra
of the prepared BaTiOs based composites in the present work are all in good agreement
with their respective JCPDS files and confirm the formation of composites in these bi-
phasic systems.

The dielectric and impedance investigations in these composites assisted in
understanding the polarization mechanism in them. All the composites displayed
Maxwell-Wagner space charge polarization with non-Debye type relaxation behavior.
In most of the composites, the grains and grain boundaries played an important role in
charge conduction. The conduction in these composites was due to singly ionized
charges as confirmed from the low value of dc activation energy. The overall effect of
incorporation of BaTiOsz was to improve dielectric, impedance and conduction
properties.

The magnetic measurements aided to comprehending the influence of BaTiO3
in different composites. The major significant change was lowering in maximum
magnetization due to increase in concentration of BaTiOzs. In addition, the incorporation
of BaTiOs induced lattice disorder resulting in remanent magnetization and coercivity

variations.
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Figure 8.1. Comparison of different composites based on energy storage parameter and

magnetoelectric coupling

The ferroelectric measurements supported in establishing the ferroelectric
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nature, magnetoelectric coupling and energy storage density in BaTiOs based
composites. All the composites displayed ferroelectric nature with an improvement due
to BaTiOs addition. The comparison of magnetoelectric coupling and energy storage
parameters of different composites studied in this thesis is displayed in Fig. 8.1. The
maximum magnetoelectric coupling of 22 mV/cm/Oe was exhibited by 0.9CoFe2O4 -
0.1BaTiOs (CFO-10BT) and 0.8NdMnOgz - 0.2BaTiO3z (NMO-20BT). The maximum
energy storage density of 16 mJ/cm® and efficiency of 60% was displayed by
0.9BiogsLao1sFeOs - 0.1BaTiOs (BLFO-10BT) composite. The composites of
0.9Bio.gsLan.15FeO3- 0.1BaTiO3 (BLFO-10BT) demonstrated optimum magnetoelectric
coupling of 16 mV/cm/Oe along with highest energy storage parameters and can be

considered as a potential magnetoelectric composite for energy storage applications.

8.3. Future Scope of the Work

1. Fabrication of prototype magnetoelectric device based on BLFO-BT for energy
storage applications.

2. To synthesize BaTiOs doped magnetoelectric composites for energy storage
applications.

3. To synthesize and characterize nanocomposite based on BaTiOa.

4. To grow magnetoelectric thin films having large ME-constant on suitable
substrates using pulsed laser deposition (PLD) techniques and by spin-coating
and study of their physical properties.

5. To synthesize and to study the physical properties of layered magnetoelectric
composites.

6. To utilize the optimized magnetoelectric composites to fabricate energy

efficient devices.
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