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Abstract

Multiferroics materials due to their exceptional properties hold huge potential for their
applications in multifunctional, magnetic, and photovoltaic devices due to their unique
properties. Researchers are actively exploring the ways to improve the electronic and
magnetic strength of multiferroic materials so that they can be used for the development
of next-generation devices with superior functionality, enabling miniaturization and
integration into complex systems. While their photoelectric properties open doors for
developing efficient solar cells. In our study, we opted for a composite system approach
to enhance the overall multiferroic and optoelectronic properties of the multiferroic
material. Firstly, we have synthesized a high-purity multiferroic material. The obtained
multiferroic material is then used to make a multiferroic-based composite system where
multiferroic material as a main matrix is used. The prepared composites have been
investigated with the help of sophisticated instruments, for the morphological, electronic,
magnetic, ferroelectric, and optoelectronic properties. The investigation suggested that
enhanced properties of these composite systems may find their application in energy
storage and photovoltaic devices. This opens the door to the creation of cutting-edge tools
and uses across a range of technological domains. In our study we make various
multiferroic nanoparticles and their composite systems are discussed as follows.

% Bi.x) BaxFeOs

% Bi(0.9) Ba0.1) Feqxy) CoxAlgy)

% BiFeOs/NaCl

BiFeO3-CoFe,04

Bio.99Ndo.01Fe203/ZnO

K/
L X4

K/
X4

)

The sol-gel method is used to produce multiferroic material. The produced multiferroic
material is used as a matrix and other materials as reinforcement are used to create a
composite system with the help of mechanical grinding and press. The dielectric,
magnetic, structural, optical, morphological, and ferroelectric properties were analysed
using Impedance spectroscopy, Vibrating-Sample Magnetometer (VSM), X-ray powder
diffraction (XRD), UV-Vis-NIR Spectroscopy, Field Emission Scanning Electron

Microscope (FE-SEM), and ferroelectric loop tracer methods.
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The Nanoparticles of Ba doped Bismuth ferrite was synthesized. The structural and
morphological studies show the presence of Bismuth ferrite rhombohedral R3C group
phase along with few impurity phases developed by the addition of Barium. The
substitution of barium reduces crystallite size by 1.76 times. It is observed that the
addition of Barium to BiFeO3 has enhanced the Hc coercivity by 1.23 times as compared
to undoped BiFeOs. A similar trend is observed in the dielectric investigation where the
substitution of Ba has a significant impact on materials dielectric.

Another nanoparticle has been fabricated of composition Bi 0.9y Ba (0.1) Fe (1xy) O3 with
Co x), Al (y) as a dopant were used. The structural examination reveals the presence of
BiFeOs belonging to rhombohedral phase along with the few impurity phases in the
samples. The crystallite size is found to decrease along with the shrinkage in Lattice
Constant. The SEM images show the formation of irregular and heterogeneous structures.
It has been observed that the addition of Co followed by Al is found to reduce impurity
phases. The presence of Co and Al is confirmed by EDX mapping. The dielectric
response of the samples as a function of frequency is observed demonstrate the change
in t dielectric constant and reduction in dielectric loss. The magnetic study reveals that
subsequent addition Co and Al has offered improved magnetic properties attaining
maximum Hc -1570 Oe at room temperature.

Composite systems consisting of ionic sodium chloride (NaCl) as a filler with varying
weight percentages (x = 0%, 10%, 30%, and 50%) embedded into the matrix of
multiferroic bismuth ferrite (BiFeO3). The insertion of NaCl leads to the formation of
secondary structural phases with particle grain size ranging from 0.5-1.5um. The
coercive field (Hc) is found to be maximum H¢= 79.18 Oe for the composite system with
x = 10% in contrast to other composite samples. The electrical impedance study reveals
that at a low-frequency regime, the dielectric permittivity has relatively increased for the
composite systems compared to pure bismuth ferrite (BFO). Also, at low frequency the
dielectric losses vary with filler percentages but remains comparable at the high-
frequency limit, indicating a possible role in the energy storage application. Exponent
(n) for frequency-dependent electrical conductivity is found to be large (n > 1) which is
due to various degrees of the proximity of adjacent NaCl grains distributed in a
multiferroic matrix.

The matrix of multiferroic BiFeOs (1-x) and CoFe>O4 (x) as a filler with varying weight

fractions (x =10, 30, 50%) has been synthesized. The microstructure reveals that the filler

xii



at a critical weight fraction of 30% forms a clustering network that spans the entire
system. DC resistivity of the composite systems confirms the semiconducting behavior
where the large change in resistivity is mainly attributed to scattering by grain boundaries
between percolating clusters. The VSM analysis implies that saturation magnetization
(Ms) in composite samples with x = 10% and 50 % increases to 17 emu/g and 35 emu/g
respectively. The composite samples exhibit optical band gap below 3 eV offering
applicability in photovoltaic devices. The impedance analysis showed the presence of
severe trapped charges that lead to a depolarization effect in composites. However, the
dielectric loss remains low for all composite systems till 10* Hz with the loss peak
appearing around 10° Hz.

The composite system of Big.9oNdo.01Fe>O3; matrix and ZnO is prepared. The ZnO with
cubic phase and BFO with rhombohedral phase were observed in the composite samples.
On the introduction of a filler, ZnO nanoparticles were found to affect the grain structure
and grain boundaries. The impedance analysis reveals the presence of large resistance
offered by a composite maximum of 46.8 KQ at x= 10%. The change in dielectric
response in sample were observed at higher concentrations for (x=35 %). The energy band
gap in the composite sample exhibits significant dependence on ZnO concentration. The
Ferroelectric investigation of the composite system shows that for x=10% with P,=22.13
uc/cm? is the maximum achieved polarisation.

The prepared composite system showed up enhancement in electronic, magnetic, and
optoelectronic properties. The finely tuned composite system may benefit the advances
in the fabrication of multifunctional devices and find their potential applications in

dielectric, photovoltaics, memory, and biomedical devices.
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Outline of the thesis

This thesis was divided into five chapters, with Chapter 1 briefly introducing the
material and its type, and research ideas, including information on crystal structure and
electronic properties and their scope in science and technology. The literature on the
materials used is reviewed in Chapter 2 describing ongoing progress and previous
research in the relative field. Methods for synthesis and synthesized materials are
provided in Chapter 3. The research techniques are also explained in Chapter 4.
Chapter 5 provides an in-depth investigation of the experimental results for each sample

are given.
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Literature review

Chapter 1

Introduction

1.1 Multiferroics

Multiferroic

Materials with coexistence of two or more primary ferroic ordering in the same phase.

P
B ]
T

Magnetically polarisable

Electrically polarisable

Fig. 1.1 Multiferroic Materials

Multiferroic is an interesting class of materials that exhibit multiple ferroic ordering in a
single material [1], [2], [3], [4]. From the perspective of device application, the magnetic
and electronic properties are key factors of a material. The multiferroic material coexists
with ferromagnetic, ferroelasticity and ferroelectricity which makes them an ideal
candidate for a device application but it is observed that multiferroic materials exhibit
these properties at different ordering temperatures which limits their use in device
applications. Although, some well-known multiferroic such as BiFeOs [5], YMnOs [6] ,
BiMnO; [7] show multiferroic nature at room temperature yet they exhibit weak
magnetic and electronic properties at room temperature. So, by improving magnetic and
electric characteristics we can fabricate energy-efficient and new-generation
multifunctional devices.

However, the existence of magnetoelectric, piezoelectric, and magnetoelasticity
coupling as illustrated in Fig.1.1 opens the door for new kinds of multiferroic materials.
This coupling allows to manipulate magnetic effect by applying electric field or external
stress and vice versa. The magnetoelectric coupling is based on direct and indirect

mechanism. In the case of direct coupling, the interaction between magnetic moments



and electric fields occurs through various mechanisms, such as spin-orbit coupling,
where the orbital motion of electrons is influenced by their spin. The magnetic
characteristics of a multiferroic material can be influence by using electric field and vice
versa. Also by adjusting the electronic structure enables us to modify materials magnetic
and electronic properties. Similarly, piezoelectric, and magnetoelasticity is a result of
applied strain categorized as indirect coupling. The strain can influence the dipoles,
which in turn may have an impact on the material's magnetic order and electric
polarization. Similarly on applying an applied magnetics and electric field can cause a
shift in the magnetic order, which can cause the crystal lattice to change position. This
ability to regulate both magnetism and electricity with a single input creates amazing new

possibilities for futuristic technology.

1.2 Ferroic Characteristics

(a) M (b) E
A A
Ms Ps
Mr 7 W Pr 7
H < g /“ > E < B CEe > &
-Mr /
-Pr
- P
v
M A 4
-P

Fig.1.2 (a) M-H curve for ferromagnetic materials (b) P-E loop for ferroelectric
materials.

There are four distinct kinds of ferroic characteristics: ferroelectric, ferroelastic,
ferrotridicity, and ferromagnetic. Multiferroic material is described as a material having
any of two or more types of ferroic ordering. To understand more about these different

ferroic characteristics they are discussed below.



1.2.1 Ferromagnetic Characteristics

The term "ferromagnetism" first came from the magnetic characteristics of ferrite, it is a
class of magnetic materials that exhibit permanent magnetic moment. The behaviour of
magnetic domain lines in a magnetic substance is explained by the domain theory. These
materials have the tendency to get magnetized under the effect of external magnetic field
also they can store residual magnetic moment making them ideal for memory devices
and permanent magnets. The various magnetic parameters like coercivity, retentivity,
Bohr magnetons, and magnetic anisotropy constant can be analysed using B-H loop as

shown in Fig.1.2 (a) also known as hysteresis loop.

1.2.2 Ferroelectric Characteristics

Ferroelectricity is the spontaneous polarization of a dipole when insulating material is
induced between two conducting plates and electric field is applied. By changing the
direction electric field of the ferroelectric material direction of polarisation can be
reversed. The ferroelectric strength of a material can be analysed using P-E loop as shown
in Fig.1.2 (b). These materials' alignment of charge spices makes them ideal for energy

storage devices.

1.2.3 Ferroelastic Characteristics
The ferroelastic phenomena are based on internal strains that cause structural distortion
where atoms are placed in a specific arrangement. On applying an external stress, the

arrangement of atoms is displaced resulting in a different state.

1.2.4 Ferrotridicity Characteristics

This is a new kind of magnetic characteristics. It is different from ferromagnetism it
involves microscopic vortices spinning in the same direction. The magnetization is
produced when the direction of the vortices changes, breaking the time-reversal
symmetry. However, as this property is new, an in-depth investigation is going
on to uncover new methods of manipulating magnetism and their implementation in

magnetic devices.



1.3 Structure

Ferromagnetic behaviour occurs due to the existence of partially occupied d orbitals;
however, ferroelectric behaviour is due to an empty d orbital. This leads to a clear
obstacle to the existence of such types of materials. This results in a blatant barrier to the
existence of such kinds of materials. The multiferroic material's structure is responsible
for the coexistence of ferroic ordering. Most multiferroics have perovskite ABO3 shown
in Fig.1.3. named after Russian mineralogist L.A. Perovskite, here O signifies oxygen
and both A, B represent two cations. ABOs is a particularly intriguing class of material

with a crystal structure comparable to calcium titanium oxide.
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Fig.1.3 perovskite ABOjs structure.
In perovskite the structure is generally cubic but distortion is common in structure and
it depends upon the tolerance factor in equation 1 [8].

_ (ratmo)
- \/Z(rb+ro) (1)

The ionic radii of the A and B is referred as r, and 1 is the ionic radii of B ions,
respectively, and ro is the ionic radii of oxygen, which is used further to determine the
structure of the perovskite material. Perovskite does not typically have the perfect cubic

structure, and this distortion results in several extremely intriguing features, including



ferroelectricity and multiferroic properties. Also, the tolerance factor can tell us about the

structure of the material as represented in Table.1.

Table.1 Tolerance factor effect on structure.

Tolerance factor Possible structure

()

t>1 A is larger than B Hexagonal/
cation tetragonal

t lies between 0.9 Ideal conditions Cubic

to 1.0

t lies between 0.7 A are smaller than B Orthorhombic/

t0 0.9 cations rhombohedral

1< 0.71 A and B cations are of Different structures
similar size




1.4 Types of Multiferroic Materials
Two primary categories for the multiferroic characteristics of distinct material systems
result from different mechanisms known as Type-1 and Type-2. In Type 1 multiferroics
feature weak coupling and separate origins for ferroelectricity and magnetism [9]. In case
of Type-2 multiferroic materials, magnetism is created by ferroelectricity and vice versa
with strong coupling. Fig.1.4 shows the classification of multiferroic and their various

mechanism are discussed below.

Multiferroic Materials

Type 1

N\

Type 2

N\

. M .
: y .
Spin driven.
a Collinear.

Fig.1.4 Types of multiferroic materials.

1.4.1 Type 1 multiferroics

In type 1 multiferroics, the origin of ferromagnetism and ferroelectricity exist
independently. Type 1 multiferroics are simpler to create and integrate into current
technology due to their simpler design. However, a lower correlation between their
electric and magnetic properties and the degree of responsiveness limits the potential
applications of these materials. The type 1 multiferroic are subcategorised based on the
mechanisms behind their different ferroic orderings which are discussed below.

1.4.1.1 lone pair multiferroics

The source of ferroelectricity in case of lone pair multiferroics is attributed to the A-site
cation, and the magnetic characteristics are attributed to the B-site due to incompletely
filled d orbitals. The cation consists of an electron pair in their outermost shell which
distorts the atomic arrangement due to the repulsion between them. Because of this

distortion, an electric dipole moment is created, resulting in ferroelectric polarization.



However, the unpaired electrons due to the B site which are generally transition metals

contribute to magnetic properties. For example, BiFeOs3 [10], BIMnOs[11], PbVO3[12]

1.4.1.2 Spin driven

SPIN DRIVEN MULTIFERROICS
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Fig. 1.5 Spin-driven multiferroic materials [13].

The existence of multiferroicity in this scenario is due to the phenomenon of spin-orbit
coupling. This origin is based on three microscopic mechanisms, as shown in Fig.1.5.
Symmetric spin exchange, antisymmetric spin exchange, and spin-dependent p-d
hybridization. The symmetric spin exchange comes into play when neighbouring spins
that are aligned parallel or antiparallel interact with each other and create distortion in
the crystal lattice. This distortion ends up breaking the symmetry thus resulting in
ferroelectric polarization. However, the antisymmetric spin exchange also depends on
neighbouring spin but it is independent of the alignment of spin. It encourages the spin
to tilt out of alignment to break the symmetry. In Spin-dependent p-d hybridization, the
distortion in nearby electrons is held responsible for the breaking of symmetry which
result in induction of polarization. However, the contribution of the mechanism depends

upon the material property and its crystal structure [14].

1.4.1.3 Geometrical driven
The structural phase transition factor is one of the reasons for the polar ferroelectric state.
In this case, ionic shift and polar distortion are due to the steric effect. This steric effect

is due to the geometrical distortion, strain and size effects etc which contribute to the



ferroelectric state. This type of mechanism is observed in the multiferroic (BaMF4)

barium fluorides. [15], [16], [17]

1.4.1.4 Charge ordering-
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Figl.6 Charge ordering mechanism in multiferroics.

The mechanism of multiferroicity in these materials is the broken inversion symmetry
due to the co-existence of Site-centred charge ordering and Body-centred charge ordering
[18]. In the case of site centred the electrons are located inside the lattice structure of a
material at specific locations. This organizes the charges in an ordered manner, usually
in a repeating pattern as shown in Fig.1.6 (a). However, body-centered ordering refers to
a certain arrangement of atoms in a unit cell, with one atom positioned in the center and

one at each corner as shown in Figl.6 (b). For example, LuFe;O4 [19]

1.4.2 Type 2 multiferroics

Type 2 multiferroics exhibit an even more interesting interplay between magnetic and
electric fields, indicating a stronger connection and potentially leading to new and more
useful technologies. Type 2 multiferroic are classified into two categories discussed
below.

1.4.2.1 Spinal

Spiral multiferroics are an intriguing subclass of multiferroic materials in which the
magnetic spins create a corkscrew-like spiral pattern rather than aligning in one direction.
Spiral multiferroics are being diligently studied for applications in spintronics,

information storage devices, and novel forms of magnetoelectric sensors because of their



high magnetoelectric coupling and electrical controllability over magnetism. Some well-
known spiral multiferroics are TbMnOs; (Terbium Manganite), NizV>20s (Nickel
Vanadate) MnWO4 (Manganese Tungsten Oxide).

1.4.2.2 Collinear

Multiferroic materials with aligned magnetic spins in a single direction are known as
collinear multiferroics. A certain kind of magnetic ordering known as a spiral spin can
provide a mild ferroelectric effect even in this configuration. The crystal lattice
deformation in these kinds of materials is what causes the weak ferroelectric effect. The
material may become net electrically polarised because of this distortion, which can also
change the locations of positive and negative ions. Some commonly known collinear
multiferroics are Ca3CoMnQOs (Calcium Cobalt Manganese Oxide), and RMnO3 (Rare
Earth Manganite), where R can be elements like Lu, Yb, and Y.

1.5 Opportunities

EMI shielding e

Fig.1.7 Application of multiferroic materials.

Multiferroic materials provide a multitude of possibilities because of (i) the special way
in which they combine several ferroic characteristics. (ii) their distinctive feature such as
the existence of large magnetoelectric coupling at room temperature. Multiferroic

materials also show sustainability as shown in Fig.1.7 i.e. novel novel applications for




next-generation energy harvesting, memory, biological, and electronic technology [20],
[21], [22], [23], [24], [25]. From the perspective of environmental safety, these materials

are safe and mostly inorganic and can be synthesized at low manufacturing costs.

1.5.1 EMI shielding

Sources of EMI EMI Shielding

Absorption loss

Transmission towers Electronic devices ‘
Incident EM waves

Fig.1.8 Multiferroics in EMI shielding.

Electromagnetic fields (EMF) are everywhere in the world. They originate from a variety
of sources such as power lines, radios, and even other electronic gadgets. These
electromagnetic fields (EMFs) can affect the delicate signals found in electronic
equipment, resulting in malfunctions. Electronics are thus required to be shielded from
this harmful electromagnetic interference (EMI). This shielding act as a barrier that
blocks electromagnetic interference (EMI). Its components, which are magnetic or
conductive, can act as this shielding to keep electronics safe from electromagnetic
interference from the outside environment and to ensure proper operation illustrated in
Fig.1.8.

Multiferroic materials because of their magnetoelectric interaction are used as materials
for microwave absorption. Since a good electromagnetically suited material has a strong
complementarity between both its permittivity and permeability, it regularly displays
great microwave absorption. Researchers examined several types of multiferroic
materials and their resulting composite systems, and they concluded that they exhibit
substantial reflection losses, making them an effective choice of materials utilized in

microwave absorption [26], [27], [28], [29], [301, [31], [32], [33], [34].
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1.5.2 Energy Harvesting
Multiferroic materials offer a variety of applications due to their electronic properties in
capacitors, transistors, photovoltaics, and spintronics.

1.5.2.1 Multiferroic in dielectrics
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Fig.1. 9 Multiferroic in dielectrics.

Dielectric substances are commonly recognized for their ability to store energy. They are
used in the fabrication of capacitors, batteries, and transformers. A dielectric material
becomes polarized when placed in an external electric field, thus causing a movement of
internal charges, as shown in Fig.1.9. However, the polarization that occurs in these
materials is due to various mechanisms, such as ionic, space charge, and dipole. In the
case of dielectric materials, one crucial factor when determining the strength of the
material is the dielectric constant. Multiferroic materials, which are predominantly
insulators, exhibit a large dielectric constant, making them essential for developing

effective capacitors and various electronic devices.

Also, some multiferroic and their composite system such as BaTiO3-NiFe.O4 [35],
BiFeOs [36], BaTiO3—CoFe13Zn0,04 [37], BaTiO3-GdOs [38] materials exhibit high
dielectric constants (k), offering usage in capacitors. Also, the connection between the

magnetic and electronic properties give rise to new possibilities for spintronic devices
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new studies are carrying out to combine multiferroic in transistors and memory devices

offering faster and more efficient devices [39], [40].

1.5.2.2 Multiferroics in Photovoltaics
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Fig.1.10 Multiferroics in Photovoltaics.

Multiferroics exhibit powerful magneto-optical effects, allowing significant changes in
their optical properties—such as refractive index and absorption. The interaction of
light’s electric and magnetic components with the material's electric polarization and
magnetization allow us to manipulate electric polarization and magnetization with
external fields empowers active tuning of key optical parameters, including refractive
index and absorption. This opens new avenues for applications in multiferroic based
optical devices. The photovoltaic properties offered by multiferroic are very interesting
where ferroelectric-driven polarization is held responsible for the generation of charge
carriers. Unlike conventional p-n junction diodes, multiferroic-based materials operate
based on the ferroelectric principle, which states that an electron-hole pair is produced
when a photon from the sun is absorbed by a ferroelectric material illustrated in Fig.1.10.
An internal field is produced because of significant inversion symmetry breaches,
effectively maintaining the separation between photo-excited charge carriers, and
producing a high open circuit voltage. Therefore, the output voltage is not limited to these
materials. The high efficiencies, low potential material costs, and low processing costs

of perovskite-based photovoltaics are indeed promising for futuristic purposes.
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Perovskite solar cells are still promoted as the PV technology of the future, and much
development work and research are invested into making this a reality Over the past
years, several initiatives have been undertaken to develop these materials to produce

energy, and ongoing efforts are being made to prepare them for industrial use [41].

1.5.3 Multiferroic in Data Storage
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Figl.11 Multiferroics in memory devices.

Memory devices are not only for computers, Smartphones, music players, cameras, and
televisions all make use of them to store pictures, music, memories, and entertainment,
which makes them essential in our digital world. These devices are composed of either
ferroelectric or ferromagnetic materials. The polarization approach described in Fig.1.11
paired with an external field, is used to store data in the form of binary digits. However,
magnetic, and ferroelectric memory devices have distinct benefits and limitations.

The multiferroic-based memory devices offer a mix of ferroic ordering. The main

advantage of multiferroics is the interplay between their electrical and magnetic
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properties which allows us to regulate the electronic state by external magnetic field and
the other way around. Additionally, in conventional data storage, binary data (0 or 1) is
represented by a single attribute, such as the magnetism found in hard drives. However,
there are two knobs which can be manipulated by multiferroics: magnetic orientation and
electric polarization. This offers up to four combined states as shown in Fig.1.11, which
ultimately can increase data density. These qualities make multiferroic materials a
superior option for low-power data storage device manufacturing since they require less

energy to operate [42], [43], [44].

1.5.4 Multiferroic Sensors
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Fig.1.12 Multiferroics in sensor.

Sensors play a crucial role in our daily lives. They make sure that our devices function
smoothly and properly. They can detect and respond to their surroundings making them
useful for security, weather forecasting, and bio sensing as shown in Fig.1.12. It is
possible for a single multiferroic sensor to simultaneously detect electric and magnetic

fields thereby it possible to identify several signals at the same time [45]. It is observed
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that sensitivity to magnetic fields in multiferroics is greatly amplified by the
magnetoelectric coupling, making them useful for highly sensitive magnetic field sensors
[46]. Some multiferroic materials have been found to change their electrical or magnetic
features when they are subjected to pressure or mechanical strain making them ideal
choice for sensor in biomedical application. These properties are evident enough to
investigate multiferroic materials and make their potential application in sensors.

1.5.5 Medical application
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Fig.1.13 Multiferroics in memory devices.

Multiferroics materials has the capability to regulate electrical functions using a magnetic
field which might be utilised in medical field. Various type of coupling in multiferroic
materials offers the applicability of multiferroic materials in medical science [47] as
shown in Fig.1.13. A few of these applications include target medication delivery [48],
tissue regeneration [49], and magnetically controlled biosensors [50]. Researchers are
now focusing on assuring biocompatibility, creating efficient delivery techniques, and

improving material properties.
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1.6 Progress in Multiferroic Materials

Researchers over the years have been actively exploring ways to improve the multiferroic
materials and to maximize the potential of multiferroic material for device application.
The multiferroic based thin films and nanostructures are fabricated to enhance their
electronic and magnetic properties for their specific application. However, to enhance
the properties of multiferroic materials are tailored using the two main mechanisms
which are (i) Doping at A and B sites (i1) Composite system, both approaches have their

advantages discussed as follows.

1.6.1Doping at A and B site

One method that has been investigated to improve a multiferroic material's multiferroic
characteristics is doping the A and B sites. The doping enables us to modify the electronic
band structure of a material by adding extra electrons or electron holes. This modification
can impact on how the electrons interact, hence affecting the electrical and magnetic
characteristics. Different-sized ions can cause strain in the crystal lattice during doping,
which can change the magnetic ordering and perhaps improve the magnetoelectric
interaction between the electrical and magnetic characteristics. It can create vacancies in
the oxygen sublattice, impacting electrical conductivity and influencing magnetic
properties through complex mechanisms. It is observed that addition of rare earth
elements and transition in multiferroic materials has significantly enhanced their
electronic and magnetic properties. Various researchers have investigated this approach
by doping at the A or B site, simultaneously both sites to achieve enhanced multiferroic
properties [14], [51], [52], [53], [54], [55], [56]. Nevertheless, while doping, a few
important factors such as concentration, the development of undesirable secondary
phases, and dopant selection should be considered. Overall, A-site and B-site doping may
be used to tune and improve the multiferroic features of materials in several ways.
Through dopant interaction, we may produce materials with improved functionality are

useful for various device applications.

1.6.2 Composite system approach
In this approach a multiferroic material is used to make a composite system with another
multiferroic or non-multiferroic material. In composite material each phase has

independent performance and offer higher magnetoelectric coefficient compared to
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single-phase multiferroics. This approach offers a variety of advantages over doping. We
can construct composite systems with desired multiferroic characteristics by mixing
different materials and designing the interface. Doping has a limited ability to alter the
source material. With the help of composites, one can combine many materials, with
different characteristics, to produce a final product with a unique set of characteristics.
Also, the composite system with the combined features is superior to what either
component might offer individually. The distribution and arrangement of the various
components of a composite can be carefully controlled whereas in doping atoms
distribute randomly which makes it possible to adjust the final properties. Composites
can be designed to have multiple functionalities, especially for multiferroics which can
exhibit magnetodielectric and magnetoelectric coupling. To do this, several multiferroic

materials with complimentary and non-multiferroic characteristics are combined

Also, by combining the advantages of each material, we may get beyond their
shortcomings, such as poor magnetoelectric coupling or undesirable secondary phases. It
also leads to a large pool of possible materials making it possible to continuously explore
and find new composite systems with remarkable multiferroic characteristics. This
method significantly enhanced the overall characteristics of multiferroic materials [57],
[58], [59], [60], [61], [62], [63], [64]. Despite the significant advantages, the composite
system approach also faces certain challenges. For the composite system to operate
consistently and dependably, optimal control and homogeneity of the interface qualities
must be achieved. For practical applications, scalable and effective methods for creating
high-quality composite systems with well-specified interfaces must be developed. More
optimization and creativity will require a full grasp of the interactions between various
materials and the impact of the interface on multiferroic behaviour. In summary, the use
of composite systems presents a viable strategy for realizing the whole potential of
multiferroics. We can produce innovative materials with specific qualities by mixing
diverse materials. This will open new door for enhanced multiferroic materials which can

be utilised in multifunctional devices, sensors, photovoltaics, and new memory devices.
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1.7 Bismuth ferrite (BiFeQO3)
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Figl.14 Bismuth ferrite structure

The bismuth ferrite with chemical formula BiFeOs, stands out a fascinating material that
is classified as part of the multiferroics class. These materials are incredible because they
respond differently to electric and magnetic fields because of their various ferroic
qualities. When it comes to bismuth ferrite, it is both antiferromagnetic—that is, its
magnetic moments are arranged in an opposite pattern—and ferroelectric, which means
that an electric field can vary its electric polarization. To understand some more details
let us have a close look at the structure of BiFeOs in Fig.1.14. We can observe that the A
site has active lone pairs of Bi** with two 6s electrons not participating in the bond, which
is responsible for the ferroelectric response. However, the B site Bi** ions are

simultaneously available magnetic characteristics. The structure of BFO is a deformed
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rhombohedral belonging to perovskite class. An octahedron comprising a smaller cation
(B-site) encircles the big cation (A-site) in the centre, with oxygen anions occupying the
spaces between them. Because of the tilting of the FeOs octahedron and the enormous
size of the Bi** cation, the rhombohedral unit cell in BFO is somewhat deformed. This
distortion is essential to its multiferroic characteristics. Bismuth ferrite in the forms such
as doped bismuth ferrite, thin films, nanostructures, and ceramics are prepared for
targeted applications. Also bismuth ferrite exhibit narrow bandgap and multiferroic
ordering at room temperature making it suitable for optoelectronic devices making it a
better alternative of led based photovoltaics. Nevertheless, there are still several
drawbacks to bismuth ferrite, such as high leakage current and inefficiency, which restrict
its applicability of this material. While research continues to be conducted to fully utilize
bismuth ferrite's potential for utilizes in data storage, spintronics, sensors, and even solar
cells, its unique combination of room temperature features makes it highly exciting for

future innovation.

1.8 Cobalt ferrite (CoFe204)
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Figl.15 Cobalt ferrite structure and its application.
Cobalt ferrite is well well-known magnetic material it has a variety of electrical, thermal,

and magnetic characteristics, making it a useful filler material option. The inverse spinel
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structure is one of the interesting structures seen in Fig,1.15. In this arrangement, cobalt
(Co?") ions fill semi octahedral sites, and (Fe**) ions fill remaining sites. This specific
arrangement of cations is resulting in exclusive magnetic and electric properties of cobalt
ferrite. These features when paired with a multiferroic matrix can be advantageous for
enhancing multiferroic material which can be utilised in various applications, including
electromagnetic shielding and magnetic memory [65]. The high magnetic strength o of
cobalt ferrite can influence bismuth ferrite magnetic properties which can be employed
in target drug delivery [66]. Cobalt ferrite is affordable and non-hazardous since it can
be made using a simple chemical process [67] and in an environmentally friendly manner
[68]. These qualities make this material an ideal choice for making composite system

with multiferroic material.

1.9 Sodium Chloride (NaCl)

NaCl

Figl.16 Sodium Chloride structure
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Sodium chloride, or NaCl as it is more well known, is readily accessible in big quantities.
This material exhibits a cubic structure as shown in Fig.1. 16 with a face-centered cubic
(FCC), producing a cubic crystal lattice. In this lattice, each sodium ion is covered by six
chloride ions, and vice versa. There is not enough research on the addiction of NaCl as a
reinforcement. However, few studies suggested that the addition of NaCl [69] for the
desired purpose can be used to manipulate the properties of matrix elements [70]. So, it
should be interesting to see the roleplay on ionic material in a multiferroic matrix. The
composite system could be beneficial to enhance moisture barrier, electrical

conductivity, and magnetic characteristics etc.

1.10 Zinc Oxide (ZnO)
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Figl.17 Bismuth ferrite structure

As seen in Fig. 1.17, zinc oxide (ZnO) normally forms part of the hexagonal crystal
structure. packed with oxygen anions (O?) and zinc cations (Zn**). The distinctive
characteristics of zinc oxide (ZnQO) nanoparticles have made them an attractive choice as

a filler material which can variety of applications. ZnO nanoparticles can be beneficial
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for electrical conductivity, dielectric properties, and mechanical strength [71]. This
allows for the creation of composites with tailored electrical functionalities. It is observed
that the addition of ZnO as filler results in the creation oxygen vacancies which
significantly changed the magnetic properties [72]. ZnO nanoparticles also exhibit
antibacterial [73] and UV absorption properties [74] properties making it beneficial for
medical applications. These reported properties make this material a better choice to
make composite with other material offering improved composite material. Thus, the
addition of ZnO as a filler is helpful in achieving desired electronic and magnetic

properties for targeted application.
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Chapter 2

Literature review

Dabas et al (2025) In this comprehensive report, researchers delve into the fascinating
properties of multiferroic materials, highlighting their potential applications in sensor-
based electronic devices. The remarkable advancements in two-dimensional
multiferroics have captivated the interest of scientists, driving efforts to design more
efficient and energy-saving sensors tailored for diverse fields, including electronics,
magnetics, and biomedicine. Moreover, the enhanced optical characteristics of these
multiferroic materials under visible light offer promising avenues for innovation and
development. As researchers explore the intricate interplay between magnetic and
electric properties in these materials, the future holds exciting possibilities for smarter,
more versatile sensors that could revolutionize various applications across multiple

domains. [75]

Ahmed et al. (2025) The multiferroic-based composites with PbZr0.52Ti0.4803 as a
filler with variable composition were fabricated. The synthesized samples are then
investigated wusing structural, ferroic, and magnetoelectric properties. The
magnetoelectric coefficient up to 8.45 mV cm'Oe has been observed in the samples.
The investigated study reports strain strain-mediated magnetoelectric effect resulting in

fine multiferroic properties suitable for device application.[76]

Bochenek et al. (2024) In this study, researchers created a composite system using two
multiferroic materials BaTiO3; (Barium Titanate) and strontium, chromium doped PZT
(Lead Zirconate Titanate) with low magnetic values. The impact on electrical properties
on modifying the ferroelectric matrix in various composite material is observed. The
BaFe12,019 phase are observed in samples which is due to the combination of excess iron
and Ba. The ferroelectric analysis reveals that at larger concentrations of barium titanate,
maximal electric polarization is attained, whereas at lower concentrations, ferroelectric
qualities are reduced. These outcomes indicate that on controlling the amount of
ferroelectric element in multiferroic composites allows for optimal final parameters with

desirable characteristics ideal for electronic applications [77].
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Ao et al. (2024) The author of this study described how to create multi-ferroelectric fluid
utilising a ball milling technique and beginning materials made of Cobalt ferrite and
strontium doped barium titanate that were fabricated via sol-gel process. Several samples
with various weight fractions have undergone systematic investigation. A link between
the dielectric characteristics and the volume fraction is noticed. Where at 5% volume
percent, permittivity reaches its maximum value. The magnetodielectric coefficient,
where a maximum value of 27.1% is reported, is similarly impacted by the changing
weight fraction. The result from cyclic voltmeter shows that at greater weight fractions
the samples exhibit unsystematic dielectric characteristics; the curve is smoother and less

distorted than at lower concentrations [78] .

Xu et al. (2023) The presented study addressed the effect of Gd and Co-doped bismuth
ferrite. The doped system is subsequently used to form a thin film to explore optical and
other properties. The present investigation examines the concentration of
Bi0.9Gdo.1Fe1—xCoxOs3 (x = 0, 0.05, 0.1, 0.15). In contrast, the magnetic investigation
shows that the incorporation of Gd has improved magnetic properties with a maximum
Ms = 21 emu/cm?, which agrees with smaller grain sizes as seen in the morphological
analysis. Optical measurement shows that as the doping level increases, the bandgap
value drops from 2.4 eV to 1.89 eV. A polarization value of 22 uC/cm? is measured. The
study suggests that altering the bandgap and ferroelectric characteristics can be an
efficient method to enhance ferroelectric photovoltaic and other optoelectronic effects

[79].

Yao et al. (2023) The increased multiferroic characteristics of a composite sample based
on a BiFeO3/BaTiO3 perovskite were reported by the author. The ferroic characteristics
of the composite samples are discovered to be influenced by the variation in sintering
temperature. Maximum remanent polarization (Pr) of 1.62 pC/with a clearly defined loop
was observed at ambient sintering temperature. On the other hand, significant leakage
current is observed at different temperatures, leading to an irregular hysteresis loop. A
similar trend is seen in the magnetic response, where the Mr increases with change in
temperature, reaches its maximum of 0.16 emu/g at 750° C, and then falls to 0.02 emu/g

[80].

24



Sharma et al. (2023) To create Gd-doped Bismuth ferrite with varying Gd (Gadolinium)
percentage sol-gel route is opted. The presence of distorted orthorhombic structures is
validated by XRD analysis. There decrease in lattice parameters was observed on
increasing Gd concentration. The particle size ranging from 16 to 70 nm is observed from
microstructural investigations. The specimen with Gd (x = 0.15) exhibited the highest
saturation, Ms = 0.185 (emu/g). At high frequencies, all samples have equivalent
dielectric properties. However, different reactions have been noticed in the low-
frequency range. Overall, the sample with concentration Gd (x = 0.15) appears to be

finely matched for implementation in multifunctional devices [81].

Tazzayet et al. (2022) This works report synthesis of BiFeO3 and Bi2Fe4O9 nanoparticles
by a hydrothermal synthesis method. The SEM images obtained confirmed a marked shift
in the morphology for BiFeOs; and BixFesOo, with the former having clustered
nanoparticles with diameters below 10 nm. Under solar radiation, the photocatalytic
activity of BiFeOs and Bi2FesO9 reaches 61% and 83% after 3 hours, respectively. The
superior absorption of BixFe4O9 over BiFeOs, notably for light with energy above 2.65
eV, accounts for its higher efficiency despite its larger size and higher bandgap [82].

Mahajan et al. (2021) The composite of system 0.94(Bio.sNao.sTi03)-0.06BaTiOs3 is
reported where three sample samples are undergone through different processing
methods. The investigation shows that the samples show different electrical properties
which are due to the phase transition. This study highlights the significance of the pre-

processing stages on materials electronic properties [83].

Verma et al. (2021) The paper reports the outcome of calcination on Bismuth ferrite
which are fabricated with the aid of sol-gel method. It suggests that calcination result in
decreased crystallite size thus altering the electronic properties. In this work different
calcination temperatures are used for nanoparticles that were synthesized. An anomaly is
observed where results suggest that temperature has a negative correlation with the

secondary phase, but that temperature additionally triggers a rise in crystallite sizes [84].
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Suresh et al. (2021) This paper presents a thorough analysis of various characteristics of
Lanthanum, Holmium and Cobalt doped BiFeOs ceramic polycrystals. The creation of
secondary phases decreases quickly and promotes grain growth as the doping
concentration of substitutional elements rises. On adding the cobalt at A-site in BiFeOs3,
the crystal structure is deformed but retains its rhombohedral space group R3c. The lattice
experienced considerable distortion because of the replaced ions' differing ionic radii,
which has a substantial effect on the electronic characteristics. When La content was
added, there was a noticeable change in dielectric permittivity. Also, the dielectric losses
are lowered on adding dopant. However, the substitution of La and Co rise the HC
(coercivity) attributed to the antiferromagnetic coupling among Holmium and Fe
sublattice. The M-H hysteresis loops show that the samples are ferromagnetic at low
temperatures. At low temperatures, the magnetic compensation temperature phenomenon

is revealed by the magnetization curves [85].

Khan et al. (2021) The work reports the synthesis and investigation of BiFeO3—CaTiO3
(CTO) composite was created with the aid of sol-gel method. The existence of a
rhombohedral structure at low filler concentration is confirmed by structural analysis.
However, at higher concentration a combination of rhombohedral and orthorhombic
phases was observed in structure. Homogeneous, non-uniform, randomly orientated
grains with a drop in grain size after x = 0.2 are observed in the FESEM pictures. At high
temperatures, an unusual shift in tangent loss and dielectric permittivity was noted for all
compositions, which was linked to the impact of structural phase transition. The
conductivity upsurges with growing filler concentration, it may be inferred that addition
of filler increases the number of charge carriers, which in turn raises ac conductivity. The
magnetic properties at room temperature for composite samples demonstrate the
material's modest ferromagnetic character. It is observed that at higher concentration of
CTO the sample exhibit only negative magneto-dielectric coupling, while for low
concentration and Pure sample shows both positive and negative magneto-dielectric

coupling [86].

Siddiqui et al. (2021) The bismuth ferrite nanoparticles consist with particle size of 13
nm are synthesized using the sol-gel method. The photo-degradation of Rhodamine-B, a

typical industrial contaminant, was accomplished using the nanoparticles. The catalyst
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demonstrates the dye's capacity to degrade in both naturally occurring pH and visible
light environments. Owing to the BFO nanoparticles' wide surface area and tiny band
gap, the substrate molecules are efficiently adsorbed on the catalyst's surface, creating a
hole in the conduction band. After 180 minutes, the catalyst degraded nearly 94% of the
dye at room temperature using just 0.02 g of catalyst [87].

Comarago et al. (2020) In this report researcher explored the effect of co-substitution
on Ba(1-x) NaxNix/2TiO3 ceramics. Oxygen vacancies are present, according to an XPS
investigation. The bandgap energy is also decreasing according to the optical
characteristics. The dielectric constant's relationship to temperature was investigated.
The result demonstrated that when the concentration of dopant is increased the dielectric
constant is reduced. These change in electronic properties impact is attributed to the
enhanced oxygen vacancies, which also cause the decrement in the material's grain size

and polarizability [88].

Zheng D et al. (2020) The study reports the impacts of impurity phase on multiferroic
composite system. The composite system of BaTiO3 and BaNbCrO3 are sintered and
then examined for structural and electronic properties. The structural instigation reveals
the phase shift from tetragonal to the cubic. The band gap between 3.1 eV to 2.1 eV is
observed. These findings suggest an alternative option for lead free compound for

optoelectronic application [89].

Sharma et al. (2020) In comparison to undoped BFO, this study demonstrated good
ferroelectric characteristics. This study examines the various properties of composite
system consist of cobalt doped Bismuth ferrite and Lead titanate, produced through a
straight forward sol-gel method. The structural investigation that the samples having
rhombohedral phases and tetragonal phases are present in the samples. It is established
that Co®" doping significantly improves the magnetic characteristics, which are attributed
to structural modifications. Because the DC current density is reduced by co-doping,
ferroelectric characteristics are also improved. The multiferroic characteristics of this
compound at ambient temperature point to a promising future for magnetoelectric

technology [90].
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Rehman et al. (2020) The cobalt and Samarium doped composites samples are prepared
using sol-gel method. The occurrence of crystalline rhombohedral structure were
revealed by the structural analysis. The magnetic investigation reveals that the M =3.2
emu/g, and M=1.5 emu/g, is achieved in the composite samples. The sample are found
exhibit improvement in Pmax=12.5 uC/cm? and P,=7.5 uC/cm? on adding the dopants.
Also, the electronic analysis shows that result implied that electronic conductivity and
resistivity are improved. This study concluded that co-doped samples exhibit overall
enhanced properties which can be used for efficient electronic and photovoltaic devices

[91].

Wang N et al. (2020) This is a review report which signify importance of multiferroic
Bismuth ferrite. = The morphology, architectures, characteristics, and possible
applications of BFO nanoparticles in multiferroic devices with unique functions were all
thoroughly explored by the authors in this review. This reports the chances and
difficulties in the respective field. This review is helpful in ongoing advances and
persuade further scientists to investigate BFO nanomaterials and create new possibilities

in future [92].

Rehman et al. (2020) The paper reports how Cobalt as a dopant on Bismuth ferrite and
its properties. The dielectric analysis discloses that the incorporation of dopant has
improved the conductivity and magnetic properties with maximum Ms = 7.8 emu/g
observed. It was discovered that the cobalt-doped BFQO's crystallite size reduced to 45
nm. The result implies that the addition of cobalt as a dopant has significantly enhanced

the magnetic and electronic properties [93].

Shenn et al. (2020) The reported work discusses the effects of zinc concentrations on
Bismuth ferrite based thin film on the dielectric characteristics, oxygen vacuum
concentration, ferroelectricity, structure, leakage current, and leakage process. The
ferroelectric investigation confirms that the sample has exhibits polarization 82.4
nC/cm?, have improved remanent polarization. Additionally, there was coercive field
with value 887 kV/cm were found in the samples. This study suggests that appropriate

Zn doping has been demonstrated to promote the emergence of BFZO film grains by
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lowering the oxygen vacancies and reducing current leakage and significantly, improving

the ferroelectric characteristics of the thin films [94].

Cao et al. (2020) The study reports that Al-doped Bismuth ferrite with varying weight
percentage were synthesized using the sol-gel approach. Every sample have an R3¢ space
group and a rhombohedral structure. Low dielectric loss (tand) and dielectric constant
were achieved through grain refining and enhanced electric characteristics brought about
by al-doping. Reduced leakage current was the result of the lower particle size. The
calculated resistivity of samples was 3.71 x 106 Q-m. The sample exhibit coercive field
of 43.7 kV/cm and enhancement in polarization with P; =1.93 uC/cm?, suggesting that
the system may find viable applications [95].

Spaldin et al. (2019) This is a review article provide a detailed insight view of
multiferroic material and various ongoing advances in the respective field are discussed.
It suggests that researchers should place the highest priority on multiferroic material
which can exhibit strong ferroelectric and magnetic coupling, minimal leakage with high
remanent magnetic moment. To Resolve the need of better room-temperature
multiferroics by the discovery of new materials and synthesis of novel materials is made
easier by the combination of experimental and theoretical understanding. It would be
extremely helpful to create new pathways for synthesis of materials with strong
magnetoelectric coupling and get closer to the limitations of and overcome those

limitation [3].

Song et al. (2019) The paper reports the overall characteristic analysis of indium doped
gallium ferrite are investigated for various concentration. The solid-state reaction is used
to create gallium ferrite. The rise in lattice parameters upon doping is confirmed by the
structural analysis employing X-ray diffraction. Indium doping causes distortion, which
causes polarization to rise. With indium = 0.05, the magnetization is observed to be at its
highest. This report suggests that indium as a dopant has successfully enhanced

properties of multiferroic bismuth ferrite [96].

Arti et al. (2019) The study reported the improvement in optical properties of

Praseodymium (Pr) incorporated Bismuth ferrite. The ceramic samples are produced
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using the sol-gel technique. The study reported increment in dielectric constant via
increasing doping concentration. The doping also boosted its ferroelectric property. The
optical band gap is reduced to 2.27 eV on the addition of Praseodymium. The finely tuned

nanoparticle can be employed in energy storage and photovoltaic devices [24].

Peng et al. (2019) The paper reports the dielectric behavior of a composite system of two
multiferroic materials. Ceramics made of BiFei.xAlx-BaTiOs; were created using the
solid-state method. The sample exhibits improved spontaneous polarization and remnant
polarization. It is observed that this enhancement was dominated by the role that structure
played in the process. The disorder of Fe and Al doping is confirmed by Mossbauer
spectra. The dielectric constant's thermal development is also impacted by this. The grain
boundary effect were held responsible for the relaxation process observed in impedance
spectra. These findings suggested the role of structures in describing various properties

in case of ferroelectric materials [97].

Merina et al. (2019) The paper reports the synthesis of bismuth ferrite nanoparticles. To
fabricate Sol-gel method was used. The produced bismuth ferrite nanoparticles were
further investigated. According to XRD characterization data, bismuth ferrite (BiFeOs3)
nanoparticles have a rhomboid-centered structure. Morphological analysis reveals
change in particle size at high annealing temperature. The surface analysis verifies that
the bismuth ferrite nanoparticles with diameter in the range of 81 nm are synthesized

[98].

Bismibanu et al. (2018) A Sono chemical technique was utilized to effectively
synthesize BiFeOs; nanoparticles. The BFO sample's rhombohedral structure was verified
by the XRD examination. The produced nano size particle is also confirmed by structural
investigation using TEM. The BFO nanoparticles' ferromagnetic nature was confirmed
by the ABK plot, and the saturation magnetization (Ms) of 63emu/g was discovered. The
ferroelectric behavior was detected by the P-E loop tracer, and reduced leakage current
was observed in the samples. The study signify the importance of processing route for

desired application [99].
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Gaikwad et al. (2017) The modification in the perovskite material using a spinel ferrite
ZnFe>04. The observed magnetic, ferroelectric, and dielectric properties are found to be
influenced by the presence of Zinc ferrite where the magnetic strength is increased by 7
times with a reduction in leakage current. This suggests that the composite approach is
beneficial to overcome the challenges offered by pristine BFO resulting in modified

functionality of material at room temperature [100].

Liu et al. (2017) The author presented some new developments in perovskite
multiferroics that combine theoretical and experimental research. These outstanding
outcomes demonstrate that strain engineering is a successful approach for achieving
multiferroicity. Thin-film materials are needed as they can exhibits various electronic
properties for smaller microelectronic devices. A key component in multiferroicity is the
BOg deformation. The author proposed that for perovskite multiferroics to improve the
band gap and recover leakage current, a thorough knowledge of the relationship between
various factors such as structural deformation, electronic conductivity and
electromagnetic coupling is required. The author also recommended developing some
basic and conventional methods because the analysis of the multiferroic material requires

some specialized equipment [101].

Wau et al. (2017) The A site doping in Bismuth Ferrite, where Barium is doped at several
concentrations (x =0, 0.05, 0.10, 0.15, and 0.20), is reported in the paper. Raman spectra
further support the structural analysis's findings that Ba-doped content inhibited the
development of the impurity phase present in these nanoparticles. The spectroscopical
investigation observe that the Ba-doped affected the dual valence states of Fe*" and Fe**
which reduced the oxygen vacancies. The addition of dopant tailored the magnetic
parameters, and a decrease in leakage current density was seen for Ba (0.2). These
findings imply that bismuth ferrite multiferroic qualities are significantly improved by
Ba-doping and that Ba-doped BFO nanoparticles are suitable options for dielectric

energy storage and spintronics[102].

El-desoky et al. (2016) The outcome of barium doping on the structure of bismuth ferrite
and its physical properties is reported. The samples are prepared using solid state method.

On analyzing the magnetic properties, it is noticed that addition of dopant has enhanced
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the remanent magnetization by 18 times in comparison to pristine bismuth ferrite. Also,
on exploring the effect of substitution on electronic properties sample with aremanent
polarization of 89 pC/cm?. The obtained result signify that Ba doped bismuth ferrite

nanoparticles have the potential to employed in device application[103].

Godara et al. (2015) The addition of Ba, Nb, Co as dopants in a significant amount has
altered the ferroelectric properties by reducing leakage current up to three orders of
magnitude and conductivity behavior is very similar to that of an ohmic device. Oxygen
vacancies appeared to have significantly decreased at high concentration of dopants.
With increasing doping levels and remnant polarization, the ferroelectric loop's saturation

level improves from by 1.5 times in doped samples [55].

Wang 1 et al. (2013) The material reports low-temperature synthesis using a process
using solid-state precursors at low temperatures is used to create BiFeOs; nanoparticles.
The morphological investigation shows that average length of the particle form increases
from 80 to 100 nm as the annealing temperature is raised. From the UV-vis spectral
analysis it is observed that as the particle size increases band gap is reduced and the

absorption edge shifts towards red color[104].

Wongmaneerung et al. (2013) This study reports the fabrication of multiferroic
composites system consisting of antiferromagnetic bismuth ferrite as a filler and
ferroelectric lead titanate as a reinforcement. The materials were produced with the aid
of solid-state sintering method. Interestingly, the magnetic analysis exposed that the
composites exhibit superparamagnetic behavior due to the antiferromagnetic nature of
bismuth ferrite and paramagnetic nature of ferroelectric lead titanate. However, on
increasing the lead titanate concentration the magnetic saturation of composite samples

is decreased [105].

Lan et al. (2011) This study reports the investigation of composite system consist of
lanthanum doped multiferroic bismuth ferrite ceramics. The solid-state reaction process
is used to fabricate the composite system. The prepared materials are then investigated
for structural and, morphological analysis. Both samples showed rhombohedral distorted

perovskite structure. The sample consist of homogenous and small grains size is observed
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in lanthanum and zirconium doped bismuth ferrite prior to other samples. The sample are
found to have greater magnetization, which was attributed to the structural transition. The
magnetic investigation reveals the enhancement in coercivity in the composite samples.
However, there is no change in the Neel temperature as it remains the same in both

systems which is 355 °C [106].

Wang et al. (2011) This study reports the synthesis of Bismuth ferrite nanoparticle using
citric and tartaric acids as chelating agents with the sol gel method. These obtained
nanoparticles were subsequently calcined at a low temperature. The study shows that
magnetic properties of the samples are linked to the size of nanoparticles. On the
precursors and creation mechanism of the nanoparticles employed in the studies,
proposals are offered. This method suggests a different potential mechanism to control
the morphology and can be easily adapted to other systems. This technique is effective
for low temperature synthesis compared to conventionally used high temperatures

techniques [107] .

Wang.et.al 2011 The paper describes the fabrication of pure-phase BFO nanoparticles
using the sol-gel technique, where different chelating agent are used for the synthesis.
The study presents the effect of chelating agent on the final product. The magnetic and
structural characteristics of the synthesized nanoparticles are investigated.
Morphological investigation indicates that the nanoparticles are less than 30 nm in size.
The findings show that with the help of citric acid, the required results are obtained at low

temperatures [108].

Osinska et al. (2011) This study discusses the fabrication of ceramic composites made
of BiFeOs3//Bi4Ti3012 (BF//BiT) ceramic at a variety of concentrations. The synthesis is
carried out using the traditional mixed-oxide technique. The analysis of these composite
samples shows that the creation of additional structural phases is associated with an
increase in barium titanate concentration. According to the dielectric investigation, the
ceramic composite exhibits a rapid rise in dielectric permittivity up to 10% of
concentration. This anomaly is generated by the percolation phenomenon, which drops
the value of dielectric permittivity when the maximum percolation threshold is achieved

[109].
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Spaldin et al. (2010) This is a review article which reports the progress and future scopes
done in multiferroics and it also provide a detailed study of two perovskite materials
LaMnO3 and BiMnO3 based on their electronic magnetic and structural properties is
discussed which emerges the d° rule. As a result, asymmetry is created by B-O bonding
in BiMnO3. This study with great attention to detail answered why d-Oness is strongly
favored [110].

Ghosh et al. (2005) The paper reports the production of bismuth ferrite using a
ferrioxalate precursor technique. The produced nanoparticles have a diameter of around
10 nm. The bismuth ferrite produced using the ferrioxalate precursor approach is shown
to have less impurity phases than bismuth ferrite obtained by solid-state reaction. This
suggests that nitric and oxalic acids may be important factors in the alteration of structural

characteristics [111].

Ramadass. n. d et al. (1978) An investigation on the structural and other physical
characteristics of oxides of the ABO3 type was conducted. It has been found that several
factors, including ion size, electrical configuration, and preparative condition, govern
these properties. These oxides' simple cubic structure is somewhat distorted and
extremely uncommon. The tolerance factor affects the distortion. The B-O interaction is
what gives the electrical characteristics. The metallic properties of LaCaO3 gradually

become more prominent after adding strontium or lanthanum[112].

Recent advances in multiferroic materials have focused on enhancing their magnetic,
ferroelectric, and photocatalytic properties through various doping methods, composites,
and synthesis techniques. Table 1 summarizes key findings from recent studies,
highlighting variations in magnetization, polarization, bandgap, and photocatalytic
performance. This comparison aids in identifying materials best suited for applications

like magnetoelectric sensors and visible-light photocatalysts.
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Study

Investigated System

Key Findings

Significance

Ahmed et al. (2025) [76]

PbZro.52Tie.«s0s-based composite

Magnetoelectric coefficient: 8.45
mV cm™Oe

High ME coupling for sensors

Ao et al. (2024) [78]

CoFe:0s + Sr-doped BaTiOs

Magnetodielectric coefficient:
27.1%, Permittivity max at 5% vol.

Strong dielectric-magnetic
interaction

Xu et al. (2023) [79]

Bio.sGdo.1Fei—xCoxOs

Ms: 21 emu/cm?, Bandgap drop: 2.4
— 1.89 eV, Polarization: 22
nC/cm?

Improved magnetic & optical
properties

Sharma et al. (2023) [81]

Gd-doped BiFeOs

Ms: 0.185 emu/g @ x=0.15

Best match for multifunctional
devices

Yao et al. (2023) [80]

BiFeOs/BaTiOs

Pr: 1.62 pC/cm?, Mr: 0.16 — 0.02
emu/g (temp dependent)

Enhanced ferroic performance with
sintering control

Tazzayet et al. (2022) [82]

BiFeO:s vs. BiFedOs

Photocatalytic degradation: 61% vs.
83%, Bandgap: Bi:FesOs > 2.65 eV

Bi:Fe«Os better for photocatalysis

Siddiqui et al. (2021) [87]

BFO nanoparticles

Dye degradation: 94% in 180 min
(@ room temp

Excellent photocatalytic efficiency

Rehman et al. (2020) [91]

Co, Sm-doped BFO

Ms: 3.2 emu/g, Pr: 7.5 pC/em?

Enhanced magnetic and
ferroelectric synergy

Shenn et al. (2020) [94]

Zn-doped BF thin films

Polarization: 82.4 pC/em?, Coercive
field: 887 kV/cm

Strongest ferroelectric response

Bismibanu et al. (2018) [99]

BiFeOs nanoparticles

Ms: 63 emu/g

Exceptional ferromagnetic strength

Table.2 Key findings from recent studies on multiferroic composite materials.

2.2 Research Gap

Multiferroic materials due to their multiple ferroic ordering are promising candidates for

application in various devices. Despite the exciting possibilities, there are several

challenges [3], [113] which are identified from the literature stated below.

» Few multiferroic materials such as pure bismuth ferrite shows weak electronic

and magnetic properties at room temperature. Hence to enhance their
electromagnetic properties doped/composites are required to achieve their
potential application in electronic and magnetic memory devices.

The existence of structural defects and oxygen vacancies in multiferroic leads to
outflow of current. Thus, it is necessary to reduce leakage current in multiferroic
materials to make them more stable and efficient for energy storage devices.

The led based multiferroic materials are toxic in nature having severe side effect.
On the other side, bismuth based multiferroic are better alternative owe to their
non-toxic nature and biocompatibility.

It is observed that multiferroic materials are sensitive to various physical
condition such as temperature, stress and strain. So, it is necessary to optimize
techniques for compatibility and cost effectiveness of multiferroic material to

make them suitable for device applications.

So, by overcoming the existing challenges we can utilise multiferroic materials to

create energy efficient devices used to make next generation storage devices, sensors,
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biomedical devices, and lead-free alternative for photovoltaics. The reported work is
focused on synthesizing high-quality multiferroic. The synthesized multiferroic
material is then used to make composite materials. materials and how introduction of
another material to a multiferroic material can influence its phase, microstructure,

electronic and magnetic properties.

2.3 Objective of the proposed study

1) To synthesize multiferroic nano-particles.

2) Interwoven of synthesized nano-particles and other materials to make composites.

3) Characterization of composite system for structural and magnetic, optoelectronic, and
dielectric properties.

4) To study percolative behavior and find the percolation threshold in the composite

system

2.4 Expected outcomes

The goal of the research is to make multiferroic composite system by integrating various
materials with distinct properties. The composed materials are expected to have enhance
electronic, magnetic, and optoelectronic property. These modified composite systems
can offer enhanced performance, efficiency which significantly advance the development

of multifunctional devices, memory devices, energy storage and photovoltaics.

36



Chapter 3
Methodology

Multiferroic
Synthesis

Fig.3.1.1 Synthesis method for multiferroic materials.

3.1 Method of synthesis

Multiferroic materials are synthesized using a variety of techniques as shown in Fig.3.1.1
which include hydrothermal synthesis, physical vapor deposition, chemical vapor
deposition, pulsed laser deposition, sol-gel, and solid-state reaction. [114], [115] . It is
observed from previous studies that in comparison to sol gel method the other synthesis
routes have several drawbacks, including slow reaction rates, high energy needs, and
inhomogeneity. These drawbacks can significantly limit their practical applicability and
the quality of the synthesized materials. Particularly for multiferroic materials based on
perovskites, where it is discovered that the structure is temperature-sensitive. On the

other hand, sol gel method offers various advantageous such as low production cost, low
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operating temperature, high purity product etc. These advantageous encourage to adopt

this methodology for the purpose of our study.

3.1.1 Sol-gel method

Synthesis process

Heatmg
I Advantages
Contmuous stlmng

Precursor Solution Formation Of gel Dry Powder

4

Annealing at high temperature of 400°C-600°C

A fine powder is obtained by grinding in a mortar —
pestle

4

D3

* Low production cost.

*

% Low operating temperature.

R

% High purity.

D3

* High homogeneity .

*

% Control over the final product.

Fig.3.1.2 A schematic illustration of processing stages in sol-gel method.

The sol-gel method is a chemical method used to synthesize multiferroic materials at low
temperatures using a precursor solution involving various stages shown in Fig.3.1.2. The
process includes a precursor solution in a stochiometric ratio which is then allowed to
heat with continuous stirring using a magnetic stirrer. After a few hours of heating, the
fluid is subsequently transformed into a gel. To remove any remaining impurities, the
resulting powder is next annealed at a high temperature for a short period before being
allowed to cool at normal temperature. This process offers various benefits such as,
including low cost, low working temperature, control over morphology, low amount of
contamination, and high-quality materials [116], [117]. Because of its flexibility, this
technique is used in a wide array of industries, including biomedical engineering and

material science to fabricate various high-quality materials.
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3.2 Making Composite system

Fig.3.2 A schematic representation of the preparation of composite.

The composite system is made using a multiferroic matrix which is embedded with a
filler. The filler and matrix in varying weight fractions are grinding together with the help
of mortar and pestle. Pellets are formed by mechanically pressing the fine powder using
a KBR dye press as illustrated in Fig.3.2. The pellets are then investigated for structural,
electronic, magnetic properties and other properties. Fillers are known to affect the
multiferroic response in the matrix's strength or direction, according to an earlier study.
More functions can be achieved in a material by fusing the filler's contribution with the
intrinsic features of the multiferroic. In certain cases, fillers can enhance the multiferroic's

processing properties, which facilitates device fabrication.

39



3.3 Preparation of Bismuth ferrite/ NaCl composites.

Continuous

heating and

magnetic stirring Addition of citric acid Addition of 10 ml

................... as a chelating agent + - s -
& 98 nitric acid

Aqueous solution of
Bismuth Nitrate and
Ferric nitrate.

Caltorrates Auto combustion

A fine powder is
Calcinations at high obtained

temperature for few |sersesscenianaans
hours

BiFeO;

Fig.3.3.1 Synthesis of Bismuth ferrite nanoparticles.

The sol-gel method shown in Fig.3.3.1 is used to synthesize Bismuth ferrite
nanoparticles. This technique is important and easy as it has the advantage of
synthesizing nanoparticles of different morphologies at much lower temperatures [24,
25]. Nitrated-based compounds such as Bismuth nitrate pentahydrate [Bi(NO3)3-5SH>O]
and Ferric (III) nitrate Nonahydrate[Fe(NO3)3-9H>0] from Loba Chemie of AR grade
are used to make an aqueous solution with 200 ml deionized water. The obtained solution
is then heated with continuous stirring at 60-70°C. The citric acid in 1:1.5 is used as a
chelating agent followed by 10 ml of nitric acid (HNo3). The entire mixture is heated to
150° C while being continuously stirred to form a gel, and then it undergoes auto
combustion. The resultant powder is next ground using a mortar and pestle into a fine

powder. After that, the powder is annealed for 4 hours at 450° C.
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Composite (pellet)

Fig.3.3.2 Preparation of composite system of Bismuth ferrite and Sodium Chloride.

To create a composite system with NaCl, the produced nanoparticles of bismuth ferrite
are subsequently used as a matrix element described in Fig.3.3.2. The composite is made
with high-purity powdered NaCl from Loba Chemie (99.5% purity). There is no
purifying process used for the NaCl. A KBr dye press is used to create composite pellets
at a pressure of 20 Torr in a dehumidifying environment. The composites were formed
according to wt% using the equation mx = m (1-x) in weight percent, and m is the total
weight of material used to prepare composites of X=0%, 10%, 30%, and 50%. Prior to
measurement, the produced composite pellets are finally annealed in a muftle furnace at
750 © C for two hours. After that, they are allowed to cool at a rate of 1° C per minute to

room temperature.
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3.4 Preparation of Bismuth ferrite/ Cobalt ferrite composites.

Continuous heating .. L
S Addition of citric

stirring acid as a chelating

_ agent

Aqueous solution of
Cobalt Nitrate and Ferric
nitrate.

Auto combustion

Gel formation

Calcinations at

grinding
650 degree >
Celsius for 6 A fine powder is
hours obtained

Cobalt ferrite

Fig3.4.1 Synthesis of Cobalt ferrite.

The sol-gel method is adapted [116], [117], [118] to synthesize bismuth ferrite (as
mentioned in Fig.3.3.1) and cobalt ferrite nanoparticles. This technique is important and
easy as it has the advantage of synthesizing nanoparticles of different morphologies at
much lower temperatures. Nitrate-based compounds such as Bismuth nitrate
pentahydrate [Bi (NO3)3-5H20], Ferric nitrate [Fe (NOs3)3-9H20], and Cobalt Nitrate
Hexahydrate [Co (NO3)3-6H>O] are used as precursors separately. Fig.3.4.1 shows the
synthesis of cobalt ferrite. The aqueous-based solution is used for the synthesis where
citric acid in 1:1.5 and 15 ml of nitric acid is used in equal proportion for both the

precursor solutions. The entire solution is heated at 70-80 °C with continuous stirring to
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form a gel, followed by auto-combustion. The obtained powder is then crushed into fine

powder by mortar and pestle. The powder is then annealed at 450° C for 4 hours.

Composite system

Cobalt ferrite

Bismuth ferrite

Fig3.4.2 Preparation of BiFeOs and CoFe>0O4 composites.

The nanoparticles obtained from bismuth ferrite and cobalt ferrite are then used to form
a composite system. Composite pellets are made with the help of a KBr dye press at a
pressure of 20 Torr in the dehumidifying atmosphere as shown in Fig.3.4.2. Several
systems are made with varying filler weight percentages x = 10%, 30%, and 50%. The
obtained composite pellets were finally annealed to 650 ° C for 2 hours in a muffle
furnace before measurement, which was then allowed to cool at a rate of 1°C per minute

to room temperature.
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3.5 Preparation of Co (x), Al (y) into Bi (0.9) Ba (0.1) Fe q-x-y) Os.

Magnetic stirring
for 4-5 hours with
continuous heating

Sintering for few hours

Fig3.5 Synthesis of tertiary doped BiFeQOj3 nanoparticles.

The synthesis of Barium doped Bismuth ferrite is done using sol gel method. To synthesize
chemical such as Bismuth nitrate, Ferric Nitrate, Barium Nitrate, and citric acid. An aqueous
solution is prepared with the help of these chemical. The prepared solution is vigorously
heated with continuous stirring. Afterwards, citric acid in ratio 1:1.5 as a chelating agent
followed by HNOs (nitric acid) is added to the solution. The solution is transformed into a
gel. On further heating auto combustion occurs which results in a fine powder. The obtained
Nanoparticles in powdered form are pre-sintered at 200° C for 2 Hours and afterward
sintered at 500° C for 3 hours. Further to add Cobalt at and aluminium the chemicals used
are Bismuth nitrate, Ferric Nitrate, Aluminium nitrate, Cobalt nitrate, Barium Nitrate, and
citric acid from Loba Chemie. The nitrates in a stoichiometric ratio are dissolved in an
aqueous solution with deionized water for all precursor solution. Citric acid is used as a
chelating agent followed by HNOj (nitric acid). The solution is then heated at 70° C with
continuous stirring with a magnetic stirrer. The solution is then followed by auto combustion
to give powder as shown in Fig.3.5. The obtained powder is then crushed into a fine powder
with the help of a mortar pestle. The similar calcination procedure is followed as for Ba
doped Bismuth ferrite where Nanoparticles in powdered form are pre-sintered at 200° C for

2 Hours and afterward sintered at 500° C for 3 hours. Then obtained and allowed to cool up
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to room temperature the they are subjected to performed an experimental characterisation.
The sample Bi (0.9) Ba (0.1) Fe (0.99xy) Co x) Al (hO3 with composition (x,y = 0), (x=0.1,y =

0) and (x =y =0.1) is named as sample 1, sample 2 and sample 3 respectively.

3.6 Preparation of Bio.9oNdo.o1FeOs /Zinc oxide composite

Continuous
heating and
magnetic stirring

Aqueous solution of Formation of gel
Bismuth Nitrate,Neodium

nitrate and Ferric nitrate.

Calcinations at high
temperature for few
hours

Big 9oNdg g, FeO,

Auto combustion

Fig.3.6.1 Synthesis of Neodymium doped BiFeQOs nanoparticles.

The sol-gel method is adapted [116], [117], [118] to synthesize Bi;-xNdxFeOs (x=0.01)
and Zinc oxide nanoparticles. This method is simple and useful since it can create
nanoparticles with a variation of morphologies at suggestively lower temperatures. For

Bi1-xNdxFeOs; (x=0.01)/ Nitrate-based compounds such as Bismuth nitrate pentahydrate
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[Bi (NO3)3-5H20], Ferric nitrate [Fe (NO3)3-9H20], and Neodium Nitrate hexahydrate,
[Nd (NOs) 3-6H20] are used as precursors separately. For the synthesis, an aqueous-based
solution is utilized, with 1:1.5 citric acid and 15 ml of nitric acid being added in equal
amounts for the precursor solutions described in Fig.3.6.1. The entire solution is heated
at 70-80 °C with continuous stirring to form a gel, followed by auto-combustion. The
obtained powder is then crushed into fine powder by mortar and pestle. The powder is

then annealed at 450° C for 4 hours.

Continuous heating and Addition of
magnetic stirring e, g
> a chelating

agent

Continuous heating and
magnetic stirring

Gel formation

Calcinations Grinding
at high >
temperature

for few hours

ZnO Nanoparticles

Fig 3.6.2 Synthesis of Zinc Oxide nanoparticles.

Similarly, for zinc oxide, Zinc nitrate hexahydrate [Zn (NOs) 2:6H-0] and distilled water
are used as solutions in Fig.3.6.2. The entire solution is then heated to 70-80 °C while
being stirred continuously to produce a gel, which is subsequently auto-combusted. The
acquired powder is next crushed into fine powder with a mortar and pestle. The powder

is then annealed at 500 °C for five hours to obtain Zinc oxide nanoparticles.
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Preparation of Composite system

Composite (pellet)

"""""""" Mechanical Press

Fig 3.6.3 Preparation of Big.9oNdp.01Fe>03 and Zinc Oxide nanoparticles.

The nanoparticles obtained from Bio.99Ndo.01Fe203 and Zinc oxide nanoparticles are then
used to form a composite system. Composite pellets are made with the help of a KBr dye
press at a pressure of 20 Torr in the dehumidifying atmosphere. Several composite
systems are made with a matrix of Bio.99Ndo.01Fe203 (1-x) and ZnO (x) as fillers with
weight percentages (x = 0%, 5%, 10%, 15%) shown in Fig.3.6.3. The obtained composite
pellets were finally annealed to 500 ° C for 2 hours in a muffle furnace before
measurement, which is then allowed to cool at a rate of 1°C per minute to room

temperature.
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Chapter 4

Characterisation Technique

4.1 XRD

The X-ray diffraction is essential technique in defining the physical and structural
characteristics of materials like chemicals, powdered materials, and thin films.
Additionally, it is utilized to gather data on crystallographic information, composition,
structural analysis, and crystallite size. Nevertheless, several other factors, including
stress, strain, and lattice constant can be determined from this technique.

The simple production of constructive interference of the monochromatic X-rays
obtained from the structure of sample material is the foundation for the operation of the
XRD tool. The cathode ray tube generates x-rays, which are then separated out to create
monochromatic radiations, which are then collected and concentrated in the direction of
the sample. The initial interaction occurs between X-rays and sample material. A certain
number of photons are diverted from their intended course by an X-ray strike, resulting
in the production of a constructive and destructive interference diffraction pattern on the
detector. The constructive interference between the various planes and the mirror image
of the incident X-ray results in formation of peaks known as Bragg’s peak as shown in
Fig.4.1. The formation of constructive interference happens only if the phase shift is
acquired as a multiple of 2. This situation is explained based on Braggs law i.e n A =

2dsind.

nA=2d sinB

d sinG

Fig 4.1 shows the schematic representation of Braggs law.
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Working —

A source of X-ray radiation that generates radiation with the proper wavelength is built
into the apparatus. The primary characteristics of the target substance, such as Fe, Cr,
Cu, and Mo, are represented by the radiation's Ko and KB wavelengths. Using a
monochromator and filter, the device's wavelength is adjusted. The primary purpose of
the filters and monochromator is to allow Kpwavelength radiation to pass while
absorbing extraneous Ko wavelength emissions Slits are used to monitor and alter the
shape of the incident beam. Between the incident ray and the detector, a sample holder
is positioned to allow the detector to pick up the diffracted beam.The X-Ray impulses
are then captured and analyzed by a detector, which further converts the input signals
into a count rate. These values are then entered into a computer and the data is examined

using analysis programs such as Xpowder, Xpert High Score and Full proof.

4.2 FE-SEM

Electron gun

Electron beam

Ifl Condenser Lense

Magnification control

Scan coils \%
| Display Screen

- |
ObJ!ctive Lense
/ Amplifier
Detectors '
BSE

—_— SE

Sample

Fig4.2 shows different component of FESEM.
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While light is used in structural and molecular spectroscopies, electrons are employed in
FESEM. At the microscope's apex, electrons are employed to produce electron beams.
Through a perpendicular channel maintained by vacuum, this electron beam travels
through the microscope. After passing via lenses and electromagnetic fields, the electron
beam is subsequently directed towards the sample. When electron beam falls on the
sample, some electrons and x-rays are ejected and tare picked up by the detectors as
secondary electrons and backscattered electrons. These signals are then converted into
signals that are displayed on the screen as an image. While secondary electrons originate
from within the sample material's atoms and emerge from the inelastic collision of the
incident light, however the back-scattered electrons are obtained when electron from the
material undergo elastic collision with the incident beam. It also gives information on the
tiny impurities that exist inside the sample and the elemental compositions. It is utilised
in the investigation of the thickness for the changed coatings and in the determination of

structural homogeneity.

4.3 EDX

The elemental mapping tool is a non-destructive means of obtaining both qualitative and
quantitative data. It provides information on the spatial distribution of constituents in the
form of elemental ratios and details about their composition. With EDX mapping,
elemental concentrations can be accumulated very quickly from either points or lines,
and the results can also be downloaded as maps. Displaying the peaks next to the
elements that are constructing the material composition in an analytical spectrum, it gives

the ratio details.
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Fig.4.3 shows working mechanism of EDX.

The EDX operates based on Moseley's Law, which states that high energy electro-
magnetic X-rays expel core electrons from atoms that are not found in their outermost
shell. This establishes and validates the existence of the first-hand relationship between
an atom's atomic number and its light frequency. A hole is created in the network when
an electron is withdrawn, and this hole needs to be replaced by a high-energy electron.
As the electron relaxes, this also results in the energy being released. This energy was
released during the relaxation reaction, which has distinct values for every element in the
periodic table. In this manner, the incident x-ray attack on the sample material can be

used to determine the pre-existing elements and their percentage.

4.4 UV-Vis Spectrometer

UV-Visible spectroscopy is an effective technique that measures how much ultraviolet
and visible light a material absorbs to examine its optoelectronic properties. It's a fast,
inexpensive, and informative method of analysing a range of samples. To investigate it,
the sample is put in a specific kind of transparent container termed as a cuvette and then
subjected to light. While exposed to light, the sample's electrons are excited by light
energy to high and low energy levels, which is depending on the sample's characteristics.

It also causes it to absorb and reflect specific wavelengths of light. Afterwards, the

51



wavelength-dependent plot of this abortion and reflectance spectrum is generated. With
the help of absorption spectrum, which shows the relationship between absorbance and
wavelength, we can find the onset of absorption corresponding to the energy. This
energy, also referred to as the band gap energy which is necessary for transition of
electrons between valence and conduction band. The band gap is one of the key factors
for understanding the optical properties and potential applications o in devices such as
solar cells. The information from this technique is also used in chemistry, biomedicine,

and food sciences

4.5 VSM

It is called as vibrating sample magnetometers (VSMs) are used to assess a material's
magnetic characteristics in relation to temperature, time, and magnetic field. It functions
by vibrating a sample placed inside a strong magnetic field. This magnetic field influence
the presence of another magnetic material by generating a voltage in a nearby coil in
corresponds with Faraday's Law. The magnetic moment of the sample, can be measured
through determining this voltage by the VSM. A VSM can easily hold single crystals,
thin films, solids, liquids, and powders. The magnetic inquiry is a computer-based
automated process that utilises data control and analysis tools. In our case we have used

powdered samples which are coated in a Teflon tape.

4.6 Impedance Spectroscopy

It is an effective method used for analysing various electronic and dielectric properties.
This technique offers several advantages as it can reveal information about the
electrochemical dynamics at an electrified interface in a single test. These basic processes
include those that drive the corrosion of metals and alloys, power commercial batteries,
and drive the electrochemical biosensors. The subject material is provided by a sinusoidal
voltage of amplitude 1 Volt. The parameters obtained Z’ and Z’’ referred in terms of real
and imaginary parts of complex impedance are measured. The various dielectric
parameters such as real part (¢”) and loss (tan 6) can be measured using the equation
given below [120].

Zr=Z'—iZ" (2)

"
' Z

&= wcg Z2 (3)
w_ 7
T weg Z2 4)
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tand = Eg—, (5)
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Fig.4.4 shows Nyquist plot and circuit for different type of materials.

The frequency response is plotted for the magnitude Z’ and Z’’ also known as the Nyquist
plot at high and low frequency regimes. It is very helpful in understanding the mechanism
of charging process in the provided material. The obtained data is then fitted into an
equivalent circuit to calculate electronic parameters. The Fig.4.4. shows some typical
Nyquist plot with the equivalent circuit for different materials. Thus, from the nature of

the plot we can classify the materials characteristics.
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4.7 P-E loop

Fig.4.5 The 4 K CCR instrument setup for P-E loop measurement.

The ferroelectric examination of the samples cryocooler model SRDK-205 circuit via 4
K CCR at 5 K-300 K. The chosen mode of sample used to examine by making pellets.
The samples in the pellet form as electrodes by applying silver paste and connecting
wires. The samples via making an electrode system have undergone an electric field to
investigate the electronic properties. The observed polarization data in the form a loop is
plotted with the help of computer software. This P-E loop provides the crucial
information about the ferroelectric characteristics such as P; (remanent polarisation). In
our case the multiferroic materials exhibits ferroelectric based polarisation so it is crucial
to determine ferroelectric parameters. The instrument can also be used to measure the

ferroelectric parameters with variations in temperature, voltage, and frequency.
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Chapter 5

Result and discussion

5.1 The addition of an ionic filler to the matrix of bismuth ferrite.

5.1.1 Introduction

Combining dielectric permittivity and multiferroic behaviour offers up probable uses in
a variety of fields, including biomedical science and multifunctional microelectronic
devices[2, 3]. The multiferroic material BiFeO3 is an appropriate choice for dielectric
energy storage devices because of its strong magnetoelectric coupling at room
temperature[ 122]. In BFO, the lone pair electrons from the bismuth (Bi3+) ion (in its 6s?
state) on the A site are known to be responsible for ferroelectricity at high temperatures.
As BFO is a popular material for research, scientists have discovered additional ways it
can be multiferroic. These mechanisms, beyond the lone pair electrons, involve the
arrangement of atoms (geometry) in both single and mixed-phase forms of BFO. These
geometric factors can significantly improve the material's capability to accumulate
electrical energy (permittivity) across various temperature ranges [5, 6]. However,
additional techniques such as chemical doping and altering the shape of nanoparticles
have also greatly enhanced BFO's electromagnetic properties[7—12]. According to recent
studies by Remya et al., perovskite BiFeO3's electrical and magnetic properties are
improved when the structure of the material was modified.[124]. However, the unstable
perovskite phase of BFO makes preparation difficult and contributes to poor dielectric
constant and significant dielectric loss.[128]. A recent study found that incorporating
30% of h-BFO nanoparticles into a PVDF-HFP matrix significantly enhances the
composite's performance. This improvement is attributed to the strong interaction among
the nanoparticles and the polymer matrix, leading to both high remanent polarization and
reduced dielectric loss. [14, 15]. BFO-MnFe;04 and BFO-CaTiO3; composites are
reported to have better magneto-dielectric properties, which means their magnetic and
electrical properties change more significantly with [16 - 18]. A significant obstacle in
creating these composite materials was that the BFO nanoparticles tended to agglomerate
within the matrix material. This agglomeration bounds the dielectric constant of the
composite below 100. To enhance the permittivity inclusion of dipole is an effective way

[134] where permittivity ranging up to 10° is obtained [135].
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In addition, the incorporation of metal halide to perovskite got lot of attention recently.
[21, 22]. It is observed that adding halide ions to hybrid organic-inorganic perovskites
can change their crystal structure. Therefore, it impacts the electronic and other properties
of the material.[23, 24]. These modifications led us to clarify how and why the presence
of an ionic medium impacts the electrical and magnetic properties of the multiferroic

BFO [137].

This study explores a novel composite system: a combination of the multiferroic material
BFO (and ionic compound sodium chloride (NaCl). As far as we know, this specific
combination has not been investigated before. We created thin pellets by incorporating
NaCl, an alkali-metal halide, as a filler material into a matrix of multiferroic BFO
nanoparticles. The amount of NaCl filler varied, with weight percentages of 0%, 10%,
30%, and 50% used. In NaCl, the ions are arranged in a symmetrical structure that
minimizes the repulsive force between their electrons. We expect the existence of these
ions to significantly impact the microstructure, electrical properties, and magnetic

properties of the composite material, particularly at room temperature.

5.1.2 Instrumentation

X-ray diffraction method is employed to analyse synthesised composite material in terms
of phase purity. Cu-K radiation ranges of from 20°-70° were used to record the XRD
(BRUKER). JEOL (FE-SEM) is used to analyse the microstructure, and magnification
levels range from 25 to 1000000. By the help of VSM (Vibrating Sample Magnetometer)
having magnetic field ranging from -21 to 21 KOe at normal temperature magnetic
characteristics of the produced samples are examined. The Nyquist plot and dielectric
properties are analysed using the METROHM together with the FRA32M-Impedance
analyser, which operates in the 10 Hz—1 MHz range.
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5.1.3 XRD analysis
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Fig.5.1.1 XRD pattern of (a) as-prepared Bismuth ferrite and (b) NaCl.

By measuring the powder XRD, the phase purity and crystallinity of the synthesized
Bismuth Ferrite and selected NaCl were evaluated. The XRD analysis Fig.5.1.1 (a)
confirms the development of Bismuth ferrite while the phase identification with the help
of Rietveld refinement using Full Proof software. The presence of sharp peaks specify
the crystalline nature of the material matches well with the single phase belonging to the
R3C group with COD 96-210-2910. NaCl is known to have crystalline nature with a
cubic phase. Similar results are obtained from the XRD of NaCl in Fig.1. (b) as taken
with sharp crystalline peaks similar to COD 96-430-0181. The lattice constant is
calculated with the help of the following equation 1[138]. The obtained parameters such
as lattice constants and crystallite size for as-prepared BFO and NaCl are shown in
Table.3.

1 4 (h%4+Kkh+k? 12
)L o

d 3 a?
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Lattice a

Constant
BFO 5.57
NaCl 5.6344

c
5.57 13.86
5.6344 5.6344

Table.3 The lattice constant of synthesized BFO and NaCl.
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Fig.5.1.2 (a) XRD retrieved pattern for x=0%, (b) XRD retrieved pattern for x=10%,
(c) XRD retrieved pattern for x=30%, (d) XRD retrieved pattern for x=50%.

The XRD analysis is carried out for BFO-x NaCl (x=0, 10, 30, 50%) composite systems
post-annealing the morphology of the structure is discovered to be greatly influenced by
the annealing temperature, and several research studies have found that the lattice
constant rises as the annealing temperature upsurges [84], [139], [140]. Similar behavior
for BFO (x=0%) is seen in Fig.5.1.2 (a) where production of secondary phases in BFO,
consisting of the phases Bismuth Ferrite (BFO) with and Selenite (B112.5Fe0.5019.48),
is induced by the high-temperature annealing procedure. In addition to NaCl, the phased
purity is affected by lowering the crystallinity of bismuth ferrite along with peak shifting
to a lower angle. Fig.5.1.2 (b) shows the retrieved XRD pattern of the x = 10% sample
consisting of individual Phases of Bismuth Ferrite, Selenite, and NaCl.

The computation reveals that the lattice constants rise for the composite systems with
x=0% and 10%, as shown in Table.3. The XRD pattern of the composite system x = 30%
and 50% is shown in Fig.5.1.2 (c) and (d) respectively. The analysis also confirms that
at a high percentage of NaCl reinforcement along with annealing, the BFO phase changes
where the low crystallinity peaks are mostly related to selenite and BirFe4O9 with COD
96-153-0919, although no change or shift in NaCl peaks is observed. The result shows
that the phase change is prominent with an increase in the percentage of NaCl. Annealing

at a high temperature is found to affect phase purity. In contrast, the phase of BiFeO3
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entirely transforms into other well-known phases of BizFesOo¢ with lattice constants

mentioned in Table. 4 for composite systems with x=30% and 50%.

Table.4 The lattice constant of the composite system.

Sample X=0% X=10% X=30% X=50%

Lattice a=b=5.755, a=b=5.5772, a=7.981, a=7.9733,

constant c=13.86 c=13.86 b=8.450, b=8.440,
c=6.01 c=6.003

These findings suggest that the addition of NaCl alters the crystallinity and morphology.
These results imply that the morphology and crystallinity are changed by the addition of
NaCl. The impact of filler on phase transition was detected in our case at lower
temperatures than those reported by other studies, which stated that phase transition
occurs around 820° C [141]. The observed phase transition for the above-mentioned
composite systems is investigated to provide further information on the structure's

magnetic and electronic properties.

5.1.4 Morphology
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Fig.5.1.3(a) The SEM images for x=0%, (b) The SEM images for x=10%, (c) The SEM
images for x=30%), (d) The SEM images for x=50%.

Fig.5.1.3 shows the magnified images of the composite sample post-annealing with the
help of a field emission scanning electron microscope revealing grain formation in
(x=0%) in the absence of filler with an inhomogeneous shape of a particle with empty
voids. Annealing does cause the particle size to rise [142], here we observe in Fig.5.1.3
that the average grain size of particles is found to be in the range of 0.5um-1.5pm. On
introducing filler, we observe a change in morphology with flower petal shape with
unstable phases makes a good agreement with the obtained XRD results. The formation
of different Phases is mainly attributed to the competition between crystal nucleation and
growth [143]. Fig.5.1.3 (¢) and (d) show that the morphology is more well-defined at
higher concentrations, with a rod-shaped structure connected to Bi2FesOo that is identical
to the report and is in good accord with the XRD data we collected [144]. The presence
of NaCl inferred the decrease in the melt's viscosity and improved the mobility of its
components, culminating as we increase the weight percentage in a structure with a
clearly defined rod shape [145]. The morphological alterations seen in the composites'

XRD pictures and phase transformation for those composites are consistent.
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5.1.5 Magnetic properties
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Fig.5.1.4 shows the hysteresis loop for x= 0% (inset) 10%, 30%, 50%.

The room temperature magnetic properties are investigated with the help of a Vibrating
Sample Magnetometer as shown in Fig.5.1.4. The composites are subjected to a high
magnetic field ranging from -20 to +20 KOe. The various parameters such as Retentivity
(M,), Saturation (Ms), and Squareness Ratio (M/Ms),) are calculated from the observed

magnetization data listed in Table 5. The analysis reveals a composite showing that the

sample has weak magnetic nature as reported in previous studies

antiferromagnetic nature induced by Dzyaloshinskii -Moriya interactions [90]. Fig.5.1.5

(a) - (d) shows a thin hysteresis loop and the attained magnetic parameters are listed in

Table.4.

[24] favoring



Table.5 Magnetic parameters obtained from VSM.

Sample H, M, M M, /M,
Average Average Average
(Oe) (emu/g) (emu/g)
x=0 % 44.55 1.895 0.063 0.009
x=10% 79.18 0.008 0.02 0.013
x=30% 57.99 0.0195 0.037 0.016
x=50% 57.54 0.02 0.041 0.019

The parameters such as coercive field and remnant magnetization are found to be
sensitive to the weight fraction of NaCl in the composite systems at room temperature.
The improved magnetism in x = 10, 30, and 50% compared to the BFO sample (x = 0%)
is attributed to the transition and distortion in crystal structure resulting in spiral spin
modulation [85], [146] and enhanced oxygen vacancies [147]. As from the above result
for x=10%, the coercive field Hc is found to be 79.18 Oe which is the highest compared
to other samples. The presence of mixed phases in the composite system is held
responsible for the spiral spin modulation that affects magnetization. Also, the co-
existence of multi-phase affects the Fe-O-Fe bond resulting in enhanced magnetic
properties [148]. However, the filler used is diamagnetic therefore no large increment in

the Hc can be expected.
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Fig.5.1.5 The enlarged view hysteresis loop for x=0%, (b) The enlarged view hysteresis
loop for x=10%, (c) The enlarged view hysteresis loop for x=30%, (d) The enlarged view
hysteresis loop for x=50%.

The XRD result also confirms that for x=30% and 50%, the rhombohedral phase vanishes
resulting in net magnetization due to the secondary phases only. It is observed that in
BioFe4O9 antiferromagnetic nature is dominant at high magnetization [149]. The
squareness ratio is very small and less than 0.5 confirming the random orientation of the
domain in the system domains [150]. Moreover, the increased oxygen vacancy

[151]defects in BFO may alter the spacing between the Fe ions [53], break the super-
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exchange interactions of Fe**-O, -Fe**, and introduce the Dzyaloshinskii-Moriya (DM)
interaction, resulting in a weak ferromagnetic nature. The fabrication of magnetically

based devices may make use of the modified magnetic characteristics [92].

5.1.6 Impedance Analysis
5.1.6.1 Nyquist plot
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Fig.5.1.6 (a)The Nyquist plot for complex impedance was calculated for the composite
system (b)The real part of permittivity is a function of Frequency and (c) variation of the

real part of permittivity with wt %.

The composite system in the pellet form is subjected to analysis of the electronic
properties using impedance spectroscopy. The composite is subjected to a sinusoidal

voltage of amplitude 1 Volt. The complex impedance Z’ and Z’’ in terms of real and
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imaginary parts are measured. The Dielectric constant for the real part (¢”) and loss (tan
d) is also calculated with the help of given equations [120].
Zr=Z'"—iZ" (2)

"
' Z

&= wcg Z2 (3)
w_ oz

& = wcgy Z2 (4)

tand = eg—, ()

The Nyquist plot as shown in Fig.5.1.6 (a) is plotted for the composite system at room
temperature with frequency ranging from 100Hz to 1MHz.

R CPE1

A%

Fig.5.1.7 Equivalent circuit purposed for fitting of EIS obtained from (a) for x= 0% (b)
for composite systems (x=10,30,50%,).

The impedance spectra have been analysed followed by an equivalent circuit in Fig.5.1.7
(a), (b) The circuit consists of a resistance followed by a double parallel combination of
a constant phase element (CPE) and a resistance. The presence of an oblique line is
associated with the Warburg impedance. The parameters calculated using the fitting are
listed in Table.5. The pure sample (x= 0%) exhibits a linear behaviour indicating good
capacitive behaviour throughout the entire frequency range. The formation of two arcs is
evident from the plot which further implies that on NaCl addition, grain boundaries are
formed in between BFO grains. The formation of a semi-circular arc for x=10%, 30%,
and 50% is a direct consequence of spatial heterogeneity, thus changing the charge
dynamics in the composite system considerably. However, as the dopant percentage
increases, the magnitude of the real part of Z" tends to decline due to the interfacial grain

boundary effect which facilitates the charge modulation at the interface. The blocking
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effect between the particles causes the resistance R1 to grow with filler percentage at

10% and 30%, while the resistance R1 decreases at x=50% in relation to the lower

X=

percentage of BFO.
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5.1.6.2 Dielectric constant and Losses
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Fig.5.1.8 (a) The dielectric loss as a function of Frequency (b) The AC conductivity as a
function of frequency, inset &" (imaginary part of permittivity) variation in high-
frequency regime.

The real part of the electrical permittivity (¢/) of the material associated to the dielectric
constant which helps the charge to build up in a system. A material's capacity to polarise
under the effect of an applied field is also stated by its real part of permittivity. The
dielectric constant with varying frequency at room temperature has been described here
for composite systems.

Fig.5.1.6 (b) demonstrate that permittivity (real part) of the samples has a significant
change at the low-frequency regime and tends to upsurge with the increase in NaCl filler.
Weak dependency between frequency and dielectric permittivity is observed for pure
BFO whereas, for x > 10%, the dependence becomes stronger at a low-frequency regime
as shown in Fig.5.1.6 (b). This is primarily ascribed to the formation of different phases
at different concentrations of NaCl. The ferrites have been found to have large dielectric
constant in the low-frequency region because of ion accumulation close to the interface,
thus in the composite systems, the addition of ionic filler results in value of dielectric
constant by one-fold. Electric dipole relaxation on changing the frequency commonly
exhibits this type of electrical on approaching the high-frequency regime because of the
Maxwell-Wagner effect [34, 35]. This also signifies that the dipole is far more responsive

to the applied field at inferior frequencies, leading to a larger dielectric value [153].
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However, in the high-frequency area, the polarization caused by the accumulation of
ionic charge carriers reduces due to the high periodic setback of the electric field, which
causes the reduction in the value of €' [154]. In addition, the effect of increasing filler
percentage makes the system more disordered due to which the frequency-dependent real
part of permittivity attains a plateau at high frequency. The inset of Fig.5.1.6 (b) displays
the flat frequency dependence of dielectric permittivity of NaCl till 10° Hz at room
temperature afterward there is a sharp increase of permittivity followed by another
regime where permittivity decreases. This strange variation of the dielectric constant can
be attributed to the ionic contribution of NaCl similar to complex halide perovskite where
various mechanisms such as optical response, ionic space charge effect, and the presence
of dipolar spices play a vital role in determining the charge dynamics[155].

As a result, it is conferred that in the prepared system, a high dielectric constant result
from a growth in the number of dipolar species as the weight percentage of NaCl
increases and other hetero-phases present in the system. Fig.5.1.6 (c) shows the
discrepancy of the real part of permittivity as a function of the weight percentage of NaCl.

Similar behaviour in the variation is observed for both low and high-frequency regimes.
From the plot, it is found that at around X= 10%, a peak in the permittivity appears which
suggests a percolation-type behaviour [156]. Above the peak point, the permittivity
decreases which further indicates the formation of a conducting path through which
charge percolates in the system.

Fig.5.1. 8 (a) illustrate the observed change in dielectric loss as a function of frequency
at 300 K. It is found that for X = 0%, the dielectric loss is less than 1 with no peak
observed, indicating an efficient dielectric energy storage material. On the other hand,
the composite systems with X > 0% show increased dielectric losses followed by a peak
at a frequency close to 10° Hz also reported in previous studies [86]. This behaviour is
caused by the predominating ohmic components and maxima at a certain frequency that
matches the rotation of the molecules and leads to the greatest amount of power transfer
[157]. In this area, capacitor behaviour is predominant. The peak of the dielectric loss at
the 1 KHz regime does not show any significant shifts with an increase in filler
percentage, suggesting that the packing of the molecules is loosened with an increase in
NaCl percentage, resulting in a comparable relaxation period [47].

In Fig.5.1. 8 (a) inset it shows the dielectric loss for NaCl as a function of frequency. It

is found that dielectric loss leans towards high magnitude in the intermediate frequency
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range beyond which the loss becomes noisier. This shows that at high-frequency regime,
the ions in the crystal structure of NaCl displaces, thus increasing the possibility of the
generation of polarons.

5.1.6.3 Ac conductivity

The organized motion of weakly bonded charged particles in our disordered system
observed in Fig.5.1. 8 (b) under the influence of an electric field. Electrical conductivity
is one of the key properties that is affected by the various charge carriers such as electrons
and holes , cations and anions that regulate conduction process, along with their response
to frequency [159].

From equation Gac= €"wco, the relationships between oac conductivity and frequency are
plotted in Fig.5.1. 8 (b). The flat plateau in the conductivity at low frequency mainly
signifies dc conductivity followed by an increase in conductivity at high frequency with
a steep slope. It is also found that for X = 0% (BFO), the rise in ac conductivity takes
place at a lower frequency as compared to composite with NaCl. The relationship
between conductivity and frequency is explained based on large and small polaron
models [37, 38]. In most cases, the conductivity's frequency dependency follows Josher’s
power law g, = 04, + Aw™ [161].

Here n (exponent) is the slope having significance in diverse interpretations, applications,
and models and relates to the polarization mechanism which includes a full contribution
from the effects of mobile charges. In our case, the value of n (fitting not shown here) is
found to vary between 0.9 - 2. The large value of n (n > 1) usually suggests that a dynamic
related to the bound charge mechanism due to the disorderliness in the material
predominates in the composite system [54, 55]. Moreover, the same behaviour and
similar order of conductivity for x > 0% signify that the ac conductivity is independent
of the details of the disorder in the extreme disordered limit which is when local random
mobilities span many orders of magnitude. The imaginary part of dielectric permittivity
also shows an upturn at the same frequency where AC conductivity rises significantly.
This behaviour is revealed in the inset of Fig.5.1. 8 (b). This signifies that ac conductivity
reflects an underlying percolation behaviour in the composite system.

This reasonable speculation has urged us to carry out a temperature-dependent study on
the percolative composite system. The density and size of the grains greatly affect the
electrical characteristics. Moreover, the multiple phases present in the system, as found

from XRD, can tweak the percolation threshold which in turn can influence electrical
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conductivity in BFO-x NaCl. The observed electronic response shows interesting results
that can be used to enhance the overall properties of the ionic composite system and may

find their practical application in electronic devices.

Conclusion

In summary, we have fabricated bismuth ferrite nanoparticles of high purity by sol-gel
process. The effect of annealing temperature results in the formation of secondary phases.
X-ray diffraction and FE-SEM have further confirmed the change in microstructure and
morphology of matrix BFO with the increasing weight percentage of ionic filler NaCl,
indicating the production of secondary phases of BFO. Further on adding the filler, it is
observed that the R3C Bismuth ferrite structure is very sensitive to filler weight
percentage with phase transformation to prominent phase belonging to BioFe4Og at (X =
30%, 50%). The formation of secondary phases and phase transformation are also evident
in FE-SEM images with an increment in size of particle.

The magnetic parameter is also influenced by the integration of NaCl at ambient
temperature which may be due to the coupling between the morphology and intrinsic
magnetic moment of BFO. Further, the increase in coercivity with the addition of halide
filler in the BFO matrix indicates improved coupling among the nanoparticles which can
further pave an indigenous path for the potential application in memory devices and
fabrication of sensor-based electronic devices. From the CIA (complex impedance
Analysis) measurement, it is found that the presence of NaCl is largely responsible for
the rapid change in dielectric characteristics.

By introducing NaCl as an ionic filler, we were able to enhance the dielectric permittivity
by a factor of 6 at low frequency with the peak appearing around X = 10%. The
introduction of filler causes disorder in the composite, yielding a large exponent n ~ 1.6
of g,. conductivity. Optimizing the size and morphology of grains can improve the
electronic properties significantly. This study is evidence that the presence of NaCl alters
the microstructural, dielectric, and magnetic properties which urges the investigation of
such halide-based composite systems to benefit desired properties. The improved
dielectric and magnetic properties may find practical application in the fabrication of

electronic and energy storage devices.
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5.2 The addition of Cobalt ferrite to the matrix of bismuth ferrite.

Multiferroics belongs to a class of materials that exhibits two or more primary ferroic
ordering, thus making them a suitable contender for numerous applications like
spintronics, microsensors, and storage devices[1—4]. BiFeOs, bismuth ferrite (BFO) is
one of the renowned multiferroic materials whose lone electron pairs of Bi** lead to
ferroelectric behavior and ordering of Fe** leads to G-type antiferromagnetic behavior.
The simultaneous presence of both electrical and magnetic polarization at room
temperature leads to strong magnetoelectric coupling which further offers a extensive
choice of applications in electromagnetic transducers, biomedical applications, and solar
cells for energy generation [4-7]. However, the intriguing properties of perovskite-
structured BFO are strongly dependent on the fabrication process which has a direct
impact on the coupling coefficient, thus making it weak. Moreover, the existence of large
leakage current, high transition temperature, and small magnetization limit its potential
usage in scientific applications. Various methods such as substitutional doping, surface
modification, and multilayer with imperfect interfaces have been adapted in order to
advance the properties of multiferroic BFO materials [8—14]. Further, for better
utilization of multiferroic materials in commercial technologies, the large
magnetoelectric coupling over vast range of temperature is required. The lack of
consistent and desired properties in so-far investigated multiferroic materials at wide
temperature range have shifted our attention to nano-composite systems.

In addition, it has also known that as ccompared to single-phase materials, composite
systems are prone to have synergistic effect that leads to remarkable magnetoelectric
coupling due to the product tensor properties [168]. The interfacial phenomena between
the nanoparticles of the constituent phases in composites is helpful in developing
multifunctional devices like spintronics with high efficiency and fast electric and
magnetic switching. However, magnetoelectric effect in percolation based composite
systems have not been studied in details till date. In our work, CoFe>O4 (CFO)
nanoparticles are embedded into the matrix of BFO in order to investigate the effect on
structural and other properties in the percolative composite system. The CFO is well
known for its high magnetic coercivity, strong crystalline anisotropy, high curie

temperature, chemical stability and mechanical hardness [169]. The addition of magnetic
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cobalt ferrite is anticipated to increase the net magnetic and ferroelectric properties of
bismuth ferrite, thus enhancing the magnetoelectric effect [170]. So far, composite
systems such as BiFeOs. MnFe;04, BiFeOs : CooFeO4, BaTiOs : BiFeOs and BiFeOs :
RGO have been investigated for different natures of electronic, magnetic and dielectric
properties [16—19]. Despite the fact that multiferroic compounds are known to be
sensitive to temperature, composition, and other chemical aspects, these studies lack the
focus on the tunability of ferroelectric properties as a changing weight percentage of the
constituent particles at wide temperature range [23-25].

Hence, it will be interesting to look on the structural composite of a spinel cobalt ferrite
- CoFe;04 and a multiferroic perovskite BFO, where the variation of magnetoelectric
coupling effect arises from the increasing size of percolating cluster of CFO leading to
different degree of electrical and magnetic properties in the composite system. It is well
established that several variables, including the weight percentage of crystallinity,
morphology, and particle size are crucial in determining the composite's overall
characteristics. Here, both materials are synthesized under the same circumstances
following the same route for preparation using the same chelating agent. Nanocomposites
consisting of CFO as filler in BFO matrix, with filler weight percentage (x) as 10%, 30%
and 50% have been prepared by mechanical blending and were pressed into pellets
afterwards samples are heated in furnace at 650 °C for 2 hours. The findings of the
experiment will enable us to better comprehend how sensitive the BFO Matrix is to the
weight percent of CFO and how this factor affects the electrical, dielectric, and magnetic
properties. The CFO-BFO composite system will enable us to adjust the multiferroic
characteristic to our specific needs for room temperature applications involving
magnetic, electrical, and spintronic devices.

5.2.1 Instrumentation

The synthesized nanoparticles are characterized by X-ray diffraction for phase purity.
The XRD (BRUKER) was recorded using Cu-K radiation ranges from 20°-70° with a
step size of 0.02 degrees at room temperature. The microstructure is analyzed using
JEOL (FE-SEM) and EDX spectroscopy with magnification ranging from 25 to 1000000
is performed. The magnetic properties of the prepared sample are analyzed with the help
of a VSM (Vibrating sample magnetometer) with the field ranging from -21 to 21 KOe
at room temperature. The Zeta potential analyzer from MALVAREN is used to calculate

Zeta potential. The SES DFp-03 Probe instrument is used to measure temperature-
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dependent resistivity. The METROHM and the FRA32M-Impedance analyzer ranging
from 10 Hz to 1MHz are used to analyze the dielectric properties. The ferroelectric
properties (P—E) hysteresis are carried using a cryocooler model SRDK-205 circuit via 4
K CCR in temperature and frequency range of 5 K - 300 K and 50 Hz - 250 Hz

respectively.

5.2.2 Structural analysis
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Fig.5.2.1 XRD retrieved pattern for x=10%, x=30%, x=50% along with JCPDS.

The composite system is subjected to XRD in Fig.5.2.1 with step sizes of 0.002 and 26
spanning from 20° to 70° at room temperature. With the aid of X powder and X pert high
score, the data phase is identified. XRD data of every composite system is presented
along with the JCPDS card in Fig5.2.1. The diffraction peak shown in Fig 5.2.1
demonstrates that BiFeOs; with JCPDS (74-216) phase belonging to R3C - rhombohedral
and CoFe;04 22-1086 belonging to cubic phase with JCPDS (22-108) are present.

Bismuth ferrite is found to be sensitive to heating temperature and the morphology of the
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structure is found to be greatly influenced by the annealing temperature. Several
researchers have found that on changing the heating temperature lattice constant are
greatly affected [23], [25 —27]. In CFO - BFO composite system, it leads to the formation
of BixFesO9 with the JCPDS (74-1098) phase (not shown here). The peak shift as
observed in the identity peaks of BiFeOs; (140, 110) for x = (10%, 30%, 50%) are
positioned at (31.70, 32.04), (31.75, 32.07) and (31.72, 32.08) respectively. Along with
the peak shift that is associated with CoFe2O4 [172] distinctive peak (311) was observed
at (35.45), (35.9) and (35.46) correspondingly. The intensity peaks corresponding to
CoFe;04with index (311) (400) and (404) are found to increase with the filler percentage.
The presence of sharp diffraction peaks is evident of crystalline characteristics of the
sample.

The crystallite size is determined by the equation

kA
- LCos6 (6)

Where k is the shape factor, A is the wavelength of the target anode which is around 1.05
A°, 0 is the Bragg’s angle and B is the full-width half maximum (FWHM).

Table.7 It shows the observed values of lattice constant and crystallite size of composite

systems.

BFO: xCFO

Lattice a=b =5.58,

a=b=5.58,

a=b =5.58,
constant c=13.86 c=13.86 c=13.86

a:b:c: a:b:c: a:b:c:
8.39 8.39 8.38

35.05 35.46 37.24
20.17 33.36 47.10
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From Table.6. the crystallite size of the sample is found below 50 nm. The FWHM (f3)
belonging to peaks of Bismuth ferrite indicated that there had been a noticeable shift in
crystallite size. However, the increase in crystallite size on adding CoFe2Os is observed.
This is due to the influence of an increase in the weight % of CoFe2O4 generated by
nanoparticle agglomeration caused by the large surface area of the particle, or it could be
connected to the magnetic moment that forces the particles to gravitate towards one
another [173]. Fig.5.2.1 depicts that by adding filler, it is found that the Bi2Fe4O9 peaks
are affected, which lowers the impurity phase. The reduction in impurity phases is a direct
result of the occupation of vacant vacancies by Cobalt atoms [174] which become more

dominant as the filler percentage increases.

5.2.3 Morphological analysis
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Fig.5.2.2 (a) The magnified “SEM” images of composite samples for X = 10%, (b) The
SEM images for X = 30%, (c) The SEM images for X = 50%.

In the Fig.5.2.2 (a, b, c¢) the magnified SEM images of the post-annealed composite
sample corresponding to x = 10%, 30%, and 50% are shown. The grain size of BFO and
CFO is found to be around 400 nm and 80 nm respectively with the help of Image J
software (not shown here) with rod-shaped structure belonging to BFO [144]. It is
observed that the system consists of mostly cubic dense particles with uneven sizes where
some particles exist independently and some get amalgamated. In Fig.5.2.2 (b) observed
for x=30% some phases are relevant for the specific phases of BFO and CFO are shown
which are not clearly visible at x=50%. Also, on introducing filler, we observe increase
in clustering with additional phases caused by the bigger surface area of cobalt ferrite.
Also it can be associated and chemical reaction or inter-diffusion between the two phases
makes a good agreement with the obtained XRD results. The formation of different
Phases is mainly attributed to the competition between crystal nucleation and growth
[143]. Fig.5.2.2 (a) and (b) show a rod-shaped structure connected to BioFe4Oy that is
identical to the report and in good accord with the XRD data we collected [144]. The
morphological alterations seen in the composites' XRD pictures and phase transformation

for those composites are consistent.
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5.2.4 Elemental analysis
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Fig.5.2.3 The Energy dispersive X-ray spectra with atomic weight percentage for
composite samples (a) X = 10%, (b) X = 30%, (c) X = 50%.
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Fig.5.2.4 (a) The Energy dispersive X-ray mapping for composite samples X = 10%,
(b) X = 30%, (c) X = 50%.

Fig.5.2.3 (a-c) illustrates the EDX analysis showing the occurrence of the host and the
filler elements incorporated in samples. The varying atomic percentage corresponding to
the samples is evidence of experimental stoichiometric composition. No additional
impurity is detected in the EDX spectra. The elemental distribution throughout the
composite samples and the corresponding mapping is shown in Fig.5.2.4. It is detected
that at a lower percentage (x=10%) the dispersal of Bi and Fe is prominent with the
presence of Co very limited, however for (x=30%) the Co distribution from CoFe2O4

seems to form a percolating cluster that spans the entire sample.

5.2.5 Zeta potential

The composite system is dissolved in distilled water and subjected to ultrasonication for
15 minutes resulting in a colloidal solution. Zeta potential is carried out for a composed
sample for the determination of the surface charge of particles in a colloidal solution. The
surface of a charged particle will attract a small layer of the opposing charge and securely
attach it to create the Stern layer, a liquid layer. An electrical double layer will arise
because of the particle's interaction with an outer diffuse layer of loosely linked ions

when it diffuses in solution. Charged particles moving across the sample solution towards
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the electrode along with applied electric field are counted and used to calculate the double
layer's electrical potential. The Zeta potential (mv) for x = (10%, 30%, 50%) is 23.8,
24.9, 18.9 respectively. Zeta potential is an important tool for comprehending how
particles interact with surfaces. The zeta potential of nanoparticles, for instance, is
essential in defining how they interact with biological tissues and cells in the field of
biomaterials. Additionally, it has an impact on how molecules adsorb onto surfaces,
which has ramifications for industries like chemical catalysis and wastewater treatment.
By examining the zeta potential of surfaces and particles, scientists may learn more about
the interactions between these systems and create plans to control those interactions for
a range of purposes. The zeta potential ranging from +30to -30 mv indicate good
dispersion stability. The observed values are lowered below 30 mv with an increase in
weight percentage indicating good stability which ensures that repulsive forces of
particles are strong enough to maintain stability of dispersion. The colloidal solution of
such material exhibiting magnetic and electronic properties has potential application in

biomedical science[175].

5.2.6 Electrical Characterization

5.2.6.1 DC resistivity
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Fig.5.2.5 The transition in Resistivity of composite samples X = 30%, (b) X = 50%, (c)

cobalt ferrite as a function of temperature.
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Temperature-dependent resistivity of as prepared CFO and composite system for x =
30% and 50% is shown in the semi-log plot of Fig.5.2.5. From the plot, it is found that
the resistivity of CFO (Blue legend) exhibits a sharp jump at ~ 332 K but saturates to ~
6x10° Q m at 320 K. The staircase type resistivity implies the presence of two different
Arrhenius type conductivity at two separate temperature (T) regime. The one for T <
332K shows weaker slope and the other one for T > 332K shows strong temperature
dependence with higher slope. Moreover, CFO being a semiconducting material shows
reduction in resistivity with rise in temperature which also approves the presence of
thermally activated charge carriers (Fe** and Co*") with enhanced mobility, which leads
to a greater electron transfer from one ion to another [176].

The resistivity of BFO is found to be much higher than the compliance value of our
source meter. For the composite system with filler x = 30 and 50%, the resistivity has
increased to around 10° Q m at 320 K and decreases linearly beyond 348 K with
temperature. The large value of resistivity in the composites around 330 K is mainly due
to the scattering of charge carriers at the boundary between conducting CFO and
insulating BFO. Moreover, it is also found that with the increase in filler concentration
(x), decline in resistivity is observed above 348 K, but remains comparable for x=30 and
50% below 332 K. This implies that CFO as conductive filler creates an isolated
conducting island in the matrix of BFO where the size of isolated islands is increasing
with the increase in x [177].

This behavior is commonly observed in percolative composite systems where the
resistivity of the composites is mainly explained by the percolation phenomenon. Below
x =30%, the resistivity of the composite was high enough to be detected by our measuring
meters, thus indicating non-conducting behavior at low filler fractions. This indicates that
x= 30% may be the critical weight fraction at which the classical percolation threshold
exists. Above this, there is a growing infinite percolating cluster where the conduction is
mainly governed by infinite clusters of CFO nanoparticles. This type of electrical
transition is well understood by the percolation phenomenon where the geometrical phase
transition between conducting CFO and insulating BFO helps to develop a conducting
channel or cluster which spans the entire system. To investigate further on this

conducting behavior, ac behavior is studied on these composite systems.
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5.2.6.2 Impedance analysis
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The composite systems in the pellet form are subjected to alternating currents in order to

analyze the ac electrical properties. The composites are feeded with input sinusoidal

voltage of amplitude 1 V. The complex impedance Z as measured is found in terms of
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real and imaginary parts and the ac conductivity has been calculated with the help of the

following equations [120].

"
' Z

&= wcg Z2 (3)
tand = Eg—, (5)
0. = €'wcg (7)

Fig.5.2.6 displays the real part of the electrical permittivity (&) of the material at room
temperature with variable frequency which is related to the dielectric constant that helps
the charge to build up in a system. A material's capacity to polarize in answer to the
applied field is also referred by its real part of permittivity.

In Fig.5.2.6 it is noticed that the permittivity (real part) follows a strong frequency-
dependent performance at a low-frequency regime and becomes independent to high
frequency. At low frequencies, the permittivity is mostly affected by the dc conductivity
of the charge carriers which exhibits Maxwell-Wagner effect at the contact region
between the conducting electrode and the sample, leading to faster drop. Whereas at the
high-frequency regime, the electric dipole relaxation time increases as compared to the
period of the input ac voltage, leading to a slower reduction of dielectric constant
[36],[103], [178]. Real part of permittivity attains a value of around 90 and 45 at 100 Hz
for x = 50 and 30% respectively. Among the composites with x = 10, 30 and 50%, the
real part of permittivity is found to be weaker for x=30% which is mainly due to the
maximum screening of polarized BFO by conducting CFO nanoparticles at this
concentration. For x = 50%, clustering of CFO nanoparticles leads to large conducting
islands separated by BFO grains. As a result, it yields high value of dielectric constant at
low frequency which is a consequence of charge accumulation at grain boundaries.
Fig.5.2.6 shows frequency-dependent dielectric loss which directly represents the extent
of leakage current or unused energy. The loss remains relatively low till 10* Hz above
which it increases, indicating the composites will be efficient for high-frequency
applications. Moreover, the relaxation peak for all the composite systems appears at the
same frequency, indicating the same charge dynamics among the systems [153]. The
dielectric material at high frequency may not be able to respond quickly enough to the
rapidly changing electric field thus resulting in the lag of polarization causing energy loss
in the form of dielectric loss. Around 1 MHz, the dielectric loss shoots up which is due

to the dipolar relaxation and physical displacement of charge carriers within the
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composite system. As a result, it is concluded that in our composite system, the difference
in dielectric constant is mainly due to the onset of the percolating cluster, above which a
large magnitude of dielectric permittivity is observed.

AC conductivity is one of the key properties which is driven by the types of charge
carriers and its frequency response that rule the conduction process, such as electrons and
holes or cations and anions [159]. From equation 7, the relationships between oac
conductivity and frequency are plotted in Fig.5.2.6 (c¢) The flat plateau in the conductivity
at low frequency mainly signifies space-charge effect which leads to huge drop in voltage
and decrease of electric field in the bulk. This space-charge in turn can build large
electrical polarization that led to enhancement of dielectric permittivity at low frequency.
As frequency increases, the conductivity tends to rise at high frequency with a steep
slope, following a power law behavior with frequency. Moreover, the lagging in ac
conductivity as found from the plot for x =30% is mainly due to formation of finite
clusters of CFO nanoparticles in matrix of BFO. At this concentration, which is at the
vicinity of percolation threshold, allows the charge carrier hopping between percolation
clusters but is much affected by the presence of polarized BFO particles where the
transition between two different relaxations becomes more significant at high frequency.
Whereas above x= 30%, there is a complete formation of infinite percolating cluster and
the hopping of carriers is less affected by the polarized matrix.

Since BFO is a perovskite material, the relationship between conductivity and frequency
can also be explained on the basis of large and small polaron models[93], [138], [179] In
most cases, the frequency dependency follows Josher’s power law o,. = g4, + Aw™
[64] The fitting shown in Fig.5.2.6 (b) is overlaid on the experimental data as per Josher’s
power law behavior. Here, n (exponent) is the slope that has significance in diverse
applications and models which mainly relates to the polarization mechanism that includes
a full contribution from the effects of mobile charges. In our case, the value of n (fitting
not shown here) is found to vary between 1 < n < 2 suggesting intermediate disorder in
the system which is mainly governed by the percolation phenomenon [180].

The parameters obtained for dc and ac part are listed in Table.8. The difference in the
magnitude mainly appears due to the different measuring techniques (four probe and two
probe) that were adopted. Also, as the conductivity is co-related to dielectric loss, the
direct relationship is observed in the frequency range 10° hz where both rises

significantly. The imaginary part of the dielectric permittivity also shows an upturn at
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the same frequency where ac conductivity rises significantly. However, some other
aspects such as morphology, size, and density may influence the conductivity in our
system.

Table.8 The calculated ac and dc conductivity part.

Sample 04-.(Sm™) 0,.(Sm™) n

X=10% 5.05219 x 107’ 2.66337 x 1072 1.12
X=30 % 43338 x 107 1.19512 x 1072 1.16
X=50% 5.45281 x 107 3.07018 x 1072 1.11

5.2.7 Magnetic analysis
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Fig.5.2.7 shows the hysteresis loop for x= 10%, 30%, 50%, inset shows magnetization
of as-prepared BiFeOs.

The room temperature magnetic properties are investigated with the help of a Vibrating

Sample Magnetometer. The composites are subjected to a magnetic field ranging from -
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20 to +20 KOe. Fig.5.2.7 demonstrates that the samples have a well-defined hysteresis
loop indicating a hard magnetic nature. The inset of Fig.5.2.7 clearly shows that the as-
prepared BiFeOs has weak magnetic nature as reported in previous studies [24] favoring
the antiferromagnetic nature induced by Dzyaloshinskii - Moriya interactions [90]. The
various parameters such as retentivity (M;), saturation (M;s), squareness ratio (M/Ms),
coercivity (Hc), Bohr magneton (up), and magneto crystalline anisotropy (Ha) are

obtained from VSM data as listed in Fig.5.2.8.
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Fig.5.2.8 The magnetic parameters such as retentivity (M,), saturation (M), ssquareness
ratio (M,/My), ccoercivity (H.), Bohr magneton (us), and magneto crystalline anisotropy
(H.) as a function of weight fraction.

As cobalt ferrite 1s a ferromagnetic material and bismuth ferrite is antiferromagnetic, it

implies that the incorporation of magnetic CFO is expected to advance the magnetic
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properties in the composite system. However, it is found that the saturation and remanent
magnetization is reduced for x = 30%. This anomaly may be due to the bifacial alignment
of the magnetic domains, indicating mutual interparticle interaction among BFO and
CFO nanoparticles is maximum at critical weight fraction x= 30% also reported in
previous studies [171], [181]. Also, the squareness ratio as found suggests that all
samples have a random orientation of domains [150] thus reducing M; and Ms in this
case. For x=50% the addition of magnetic fillers favors the increment in magnetic
response in the composite system. However, the H¢ keeps on increasing with the fill
percentage in the samples which indicates the dependence of Hc on the composite. The
sample qualified in the category of Hard magnetic material as it shows a high rate of
coercivity in contrast to BiFeO; only This behavior might find potential application in

magnetic devices working at room temperature [182].

5 .2.8 Optical bandgap
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Fig.5.2.9 Band gap calculation for samples (a) X= 0%, (b) X= 10%, (c) X= 30%, (d)
X=50%., (e) Band gap as a function of weight percentage.

The samples are exposed to absorption and transmission spectra over the wavelength
ranges of 200—-800 nm to examine the photoelectric response. The band gap is calculated
using the Tauc plot method since the band gap and optical transmittance characteristics
are correlated. Eq. 4 is used to calculate the band gap [183].

ahv = B(hv — E;) (8)

Where B is aporportionality constant, E refers to bandgap, hv is the photon energy, and
a is the provided absorption coefficient. From Fig.5.2.9 (a-d), the estimated values for
the composite system x= (0%, 10%, 30%, and 50%) are 2.25 eV, 2.23eV, 2.32eV, and
2.27 eV, respectively. From Fig.5.2.9 (e) the observed values indicate that at a lower
weight percentage, the composite system exhibits a good optical response. The
increment in band gap at x =30% is due to interaction between CFO and BFO as observed
in structural and electronic analysis. These results suggest that these composite systems
exhibit good optoelectronic properties and may find their practical application in

photovoltaics.
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5.2.9 Ferroelectric Analysis
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Fig.5.2.10 P-E loop at room temperature for Sample(a) BFO (b) CFO, P-E loop with
varying temperature for Sample (c) X= 0%, (d) X= 10%, (e) X= 30%, (f) X= 50%.

In the Fig.5.2.10 (a), (b) it shows the ferroelectric study of the composite systems where
voltage-dependent polarization is analyzed at room temperature. As bismuth ferrite is an
intrinsic multiferroic compound, it has simultaneous magnetic and electric ordering at
300 K[184]. For x = 0% (BiFeOs3), the shape of the loop represents that of the lossy
capacitor, indicating low leakage current whereas with the increase of CFO filler, the
shape of the polarization loop changes from oblate to spheroid because of the
depolarization effect. Due to the capture of charge carriers in the composites, they tend
to depolarize with input voltage at normal temperature. This implies that at x = 50%, the
presence of a considerable amount of leakage current converts the composite system into
an ideal resistor as found in the Fig.5.2.10 (b). The inset shows the fabrication of a pellet
with silver electrodes and conducting wires for experimental measurements.

Fig.5.2.10 (b) shows an asymmetric loop with a huge leakage current in cobalt ferrite at
room temperature. The large magnitude of polarization and its related asymmetry arises
mainly due to the presence of conducting charges of certain polarity whose polarization
response differs when voltage is swiped from positive to negative polarity. It is observed
that the merging of filler increases the loop area, thus, increasing the charge leakage in
composite samples. Fig. 7 (c, d, e, f) shows polarization variation along with the voltage
with a range of 200 V and frequency 10 Hz at different low temperatures corresponding
to composites x = (0, 10, 30, 50) respectively. As the temperature is lowered below 300

K for any value of x, it is observed that it affects the ferroelectric properties to a greater
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extent by affecting the loop parameters resulting in a well-defined loop at such
temperatures. It is also noticed that on lowering the temperature, the leakage current
decreases. At 275 K, the polarization is found to be maximum (0.13 pc/cm?) for x = 0%
which reduces to 0.05 pc/cm? for x = 10%. The reduction in the magnitude of polarization
is attributed to the screening of electric dipoles by conducting CFO nanoparticles. For x
= 30 and 50%, the polarization attains a convex shape which implies the formation of
percolating clusters by trapped charges in the composites.

Moreover, for temperatures below 275 K, the magnitude of polarization further shrinks
down that is mainly due to the freezing of charge carriers leading to enlarged relaxation
time. For all the composite systems till 250 k, a similar tendency is seen, below which
the moment of dipoles is constrained, making the paralytic kind of behaviour more
prevalent and causing the hysteresis loop to slim. The temperature-dependent variation
of saturation polarization is observed for all the composite systems. The thermally
activated behavior of dipoles followed by an exponential increase is observed. The
observed PE loop shows a monotonous increase in electrical coercivity with temperature
for the composite systems [185]. A kink is observed at x = 30% at 250 K and 275 K
which is more prominent for 275 K. The magnitude of saturation polarization as a
function of varying weight percentages at temperatures 250 K shows that polarization for
x=10% is 0.049 pc/cm? and for x=30% is observed as 0.061 pc/cm?* and at 275 K for x=
10% is 0.028 pc/cm? and for x=30% is observed as 0.030 pc/cm?, beyond which the
polarization decreases. This further confirms that the incorporation of CFO can affect the

properties of BFO, thus making the composite system suitable for versatile applications.

Conclusions

In this work, bismuth ferrite and cobalt ferrite are prepared using the sol-gel method
followed by fabricating composite systems with varying wt% of CFO nanoparticles.
Bismuth ferrite with R3C structure and cobalt Ferrite with cubic phase is confirmed by
X-ray diffraction along with some impurity peaks of Bi2FesO9. SEM images confirm the
presence of a percolating cluster at x = 30%. The stability of the composite-based solution
is found more stable at a low percentage as compared to x=50%. The complex impedance
spectroscopy confirms the presence of the screening effect at x=30% which makes the
dielectric constant weaker on varying frequencies. The dielectric loss is found to remain

low for all the composites till 10* Hz, thus making it a promising energy storage material.
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The VSM analysis reveals that the addition of a magnetic CFO increases the overall
magnetization non-monotonically with maximum M; = 35.57(emu/gm) and He= 1277
Oe. The ferroelectric loop investigation shows that the ferroelectric properties are
changed with the addition of cobalt ferrite nanoparticles. Beyond x=30%, the composite
system changes from a lossy capacitor to an ideal resistor, indicating the formation of a
conducting percolating cluster that spans the composite system. The multiferroic
characteristics of this interacting composite as found at ambient condition indicates
tremendous promise for the advances in magnetic memory devices and electronic sensor

devices.

5.3 Substitutional effect of Ba doping on the properties BiFeQOs.

5.3.1 Introduction

Bismuth Ferrite is a multiferroic material which is known to have different ferroic
properties in a single-phase[186] and have a distorted perovskite structure [2] .In contrast
to other multiferroic bismuth ferrite one of the interesting candidate for multifunctional
devices due to magnetoelectric coupling at room temperature and narrow band gap[1],
[10], [164]. The effect of phase purity, shape and size is found to have influence on
electronic properties of bismuth ferrite. The previous study suggest that sol-gel method
is effective and cost-efficient way to achieve material with desirable properties [116],
[117], [119], [187], [188]. Despite of that multiferroic having strong electronic and
magnetic is a significant challenge, multiple investigation shows that substitution of
dopant can overcome this obstacle [3], [189]. The various investigation by researchers is
evident that substitution at A and B site in multiferroics is beneficial in achieving desired
material properties [190]. The addition of dopant can affect several factors like such as
structural deformation, vacancies, and particle size. These factors play a vital role in
deciding materials overall characteristics [138], [191]. The reported work shows the
synthesis of Ba doped Bismuth ferrite using sol gel method and how doping can influence
the structural, magnetic, and dielectric properties at room temperature. The modified

multiferroic material can be utilised for various device application.
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5.3.2 Characterization

The synthesized nanoparticles are investigated for structural analysis with the help of X-
ray diffraction. The morphological examination along with estimated particle size of the
prepared samples is intended by Field electron Microscope (FE-SEM). To investigate the
magnetization of the materials at room temperature the Vibrating sample magnetometry
(VSM) is used. The materials have undergone a magnetic field ranging from -20000 to
+20000 oe. The electronic properties are investigated using METROHM and the
FRA32M-Impedance analyzer ranging from 1000 Hz to IMHz.

5.3.3 XRD analysis

BiFeO3
Bi(1-x)Ba(x)F €O (x=0 1)

refrence code 01-071-2494

) i
293 * 855021920

Intensity(a.u)

Fig.5.3.1. Xrd pattern of Bi(i.x) BaxFeOswith x = 0, 0.1

The Fig. 5.3.1 displays obtained diffraction pattern of the prepared samples. The
observed diffraction pattern indicates strong reflection of rhombohedral hexagonal
structure peaks belonging to the R3C group (ICSD-01-071-2494). However, some
impurity phases of bismuth oxide correspond to (ICSD-00-027-0053), and (ICSD-01-
077-0868) were also observed in the samples. The development of these secondary
phases is due to the metastable, low decomposition temperature, off-stoichiometric

which cause the evaporation of Bi,O3 [192].
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The estimation of crystalize size is done via using the Scherrer formula [193].

kA
b= L cos@ (1)

The lattice parameter was calculated based on structural parameter using equation [138]

1_ 4 (h2+kh+k2
d 3

)tz ©

The obtained lattice parameter along with the estimated crystallite size are listed in

a2

Table.9. The greater ionic radii of dopant have significantly influenced the lattice

parameters resulting in reduced crystallite size

Table.9 shows the calculated lattice parameters and crystallite size.

Sample . Crystallite
size (nm)

X=0 5.582 5.582 13.886 38.048

X=0.1 5.604 5.604 13.9828 21.593

5.3.4 Surface morphology
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Fig.5.3.2 The SEM images of (a) Bi(-x) BawFeOswith x = 0, (b) Bi(1x) BaxFeOswith
0.1 a (c) distribution of grain size for Bi(x) BawFeOswith x = 0 (d) distribution of
grain size for Bix BapFeOs3with x = 0.1.

The nanoparticles are analysed for the morphological study Fig.5.3.2(a, b) shows the
FESEM images of Bia.x) BaxFeOs; with x = 0, 0.1 at 30000X magnification. We
employed these SEM images to analyse the distribution of grain sizes across the samples
as shown in Fig5.3.2 (c, d). Interestingly, the introduction of barium (Ba) dopant resulted
in an observable growth in grain size compared to the undoped sample. As both samples
were synthesized under identical processing conditions, this variation in size of grain can
be directly ascribed to the presence of Ba dopant [191], [194], [195]. This morphological
analysis provides valuable insights into the impact of Ba substitution on the
microstructure of the material, particularly with regards to grain size. To further
understand the effect of dopant on the prepared samples are investigated for magnetic

and electronic characteristics.
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5.3.5 Magnetic Properties
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Fig.5.3.3 The room temperature magnetism of Bi1.x) BawFeOswithx = 0, 0.1

Fig.5.3.3 shows the hysteresis loop Bi(i-x) Bax)FeOs with x = 0, 0.1 at room temperature
with magnetic fields ranges from -2 tesla to 2 tesla. The observed magnetic hysteresis is
found to be very thin loop indicating weak magnetic response by the material. The
magnified view of loop shown in Fig.5.3.4 (a,b) is used to obtain magnetic parameters
which are listed in Table.10. While bismuth oxide impurities are not magnetic, the
observed net magnetization can be attributed solely to the bismuth ferrite phase [142].
The abrupt change in magnetization, potentially due to variations in Fe*? and oxygen
valency’s distribution within the material. So, it can be said that the exchange interaction
between Bi and Ba cations and grain size effect observed in morphological analysis it

increases the net magnetization [52].
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Fig.5.3.4 (a, b) shows the enlarged view of the hysteresis loop.

Table.10 shows obtained magnetic parameters.

Sample (x)

0.0

2.11

178.23

0.1

6.20

2.11

220.182
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5.3.6 Dielectric analysis
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Fig.5.3.5 shows the real part of permittivity for the samples Bi.x) Bax)FeOs with x =0,

0.1.

The nanoparticles are then subjected to sinusoidal voltage. The dielectric parameters such
as dielectric constant (g"), dielectric loss (tan d) is calculated with the help of impedance
measurement Z (complex impedance) consists of Z', Z"' i.e., real, and imaginary part
[120]. Fig.5.3.5 shows the calculated dielectric constant. In this type of material, the
dielectric constant shows a decline at higher frequencies due Maxwell-Wagner relaxation
process[120], [152]. Interestingly, the dielectric constant of the undoped sample remains
relatively unchanged across the frequency range. However, the Ba-substituted sample
exhibits consistently higher dielectric constant values. This difference in behaviour at

low frequencies is attributed to the presence of phase impurities and variations in oxygen

valency within the Ba-doped material.
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Fig.5.3.6 shows the dielectric loss for the samples Bi(;.x) Bax)FeOs with x =0, 0.1.
The energy loss for observed samples is illustrated in Fig.5.3.6. The observation indicate
that Ba substitution has led to increase the dielectric losses. The dielectric losses were
found sensitive to numerous factors such as stoichiometry, annealing temperature,
geometric arrangement, and composition [196]. On addition grains, defects, and
impurities can also results in high resistance at the grain boundaries[126]. The observed
samples exhibit irregular grain size and other phase impurities which is also confirmed
by microstructure analysis. The increment in dielectric losses as Ba is incorporated is due
to modified structural properties of Bismuth ferrite which strongly agree with the
observed XRD analysis and morphological analysis. So, we need high energy for the
exchange interaction between the ions. However, at higher frequencies both systems

show similar response.

Conclusion

The successful synthesis of Ba doped Bismuth ferrite nanoparticles via a sol-gel method
are produced. The X-ray diffraction examination confirms the formation of a
rhombohedral crystal structure with the R3¢ space group. The morphology study reveals

that samples are spherically dense with fine grain boundaries. Intriguingly, the
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introduction of Barium cations at A site induces a lattice strain due to the size variation
between Bi3+ and Ba2+ leading to an observed increase in grain size. Furthermore,
magnetic investigation reveals a significant enhancement in the coercivity of the Ba-
doped system compared to pristine BiFeO3. Dielectric analysis unveils a notable increase
in energy losses with Ba substitution. The observed enhancement in room temperature
physical properties, particularly the tuneable magnetic behaviour and dielectric response,
underscores the potential for tailored modifications in BiFeO3 through controlled Ba
doping. These findings pave the way for the exploration of these Ba-doped BiFeO3
nanoparticles in various technological applications, including magnetoelectric devices,

multiferroic memory elements, and high-frequency capacitors.

5.4 Investigation of Cobalt and Aluminium doped Bi (0.9) Ba (0.1) FeOs.

5.4.1 Introduction

Due to the presence of two or more fundamental ferroic orderings, multiferroics [1, 2]
are well-known materials and an excellent choice for a variety of electrical devices [3].
Due to its low band gap and robust magnetoelectric coupling at ambient temperature,
bismuth ferrite is a well-known multiferroic with a wide range of applications in
electronic devices, medicinal applications, and solar cells [4—8]. Its potential applications
are constrained by the existence of substantial leakage current, a high transition
temperature, and a modest magnetization. These materials are more dependable for use
in electronic and magnetic devices because they have strong magnetic characteristics and
strong, stable electronic properties at room temperature. Many researchers over the world
have developed various mechanisms to adjust the properties of multiferroic materials
such as doping, and composite, anisotropy change, synthesis mechanism [3]. The
structure plays a vital part in deciding the properties of the materials by tailoring the
microstructure and morphology we can interplay with such material by replacing A and
B cations [197]. Although the perovskite Phase in multiferroic Bismuth ferrite is very
sensitive the interplay of structural disorder is considered one of the key features to
improve electronic properties. Various studies reported that the incorporation of other
Anion and Cation enhanced the overall physical properties[191], [198]. The
incorporation of Ba into Bi is found to influence the multiferroic and dielectric properties
[191], [195], [199], [200]. This implies that the choice of a suitable dopant can finely

tune the required properties. In this study, we have synthesized Bi (0.9) Ba (0.1) Fe 0.9xy)
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Co x) Al O3 for (x, y =0), (x=0.1, y=0) and (x =y = 0.1) using the sol-gel process as
it offers various advantages over another synthesis route[116], [117], [118]. Both Al for
its electronic[151], [201], [202] and Co[90], [167] for its magnetic are well known for
their physical properties so they are expected to enhance the overall electronic properties
in the incidence of Ba. The purpose of the study is to enhance the electronic and room
temperature and their significant effect on the microstructure and may find their potential

application in device fabrication.

5.4.2 Instrumentation

The synthesized powdered sample are characterized by X-ray diffraction for phase purity
and microstructure properties. The XRD (BRUKER) was recorded using Cu- K radiation
ranges from 20°-70°. The microstructure is analysed using JEOL (FE-SEM) and EDX
with magnification ranging from 25 to 1000000. The magnetic properties of the prepared
sample are analysed with the help of a VSM (Vibrating sample magnetometer) with the
field ranging from -21 to 21 KOe at room temperature. The METROHM along with the
FRA32M-Impedance analyser ranging from 100 Hz to 1MHz is used to analyse the

dielectric properties.

5.4.3 XRD analysis
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Fig.5.4.1 The observed XRD patterns of samples indexed with JCPDS.

The formation of Bismuth ferrite with rhombohedral R3C corresponds to JCPDS
(712494). However, the impurity phases of Bi,O3 like JCPDS (761730) and Bi2Fes O9
corresponding to the JCPDS card (250090) are present in the system. X Powder is used
to match the phases. Bi203's metastability, off-stoichiometry, low peritectic breakdown
temperature, or volatilization are alleged to be the causes of secondary phase production
[192]. Fig.5.4.1 shows the plotted XRD pattern corresponding to samples 1, and 2,3. The
lattice constant is calculated with the help of equation 6 [138]

1 4(h2+kh+k2) 12
az 3

a? T c2 (6)

The Crystallite Size is determined by the equation

kA
- BCos6 (2)

Where k is the Shape factor is the wavelength of target anode =1.05 A° and B is FWHM.
The angle used is the Braggs angle(0). The obtained parameters such -as lattice constant,

and crystallite size are shown in Table.11

Table. 11 The calculated lattice parameter from XRD data.

Sample 20 hkl d(A) D Lattice
name (nm) constant
Sample 1 31.80 110 2.811 19.71 a=b=5.622,
c=13.73
Sample 2 31.76 110 2.815 19.88 a=b=5.63,
c=13.78
Sample 3 31.60 110 2.966 12.158 a=b=5.93,
c=12.90

The perovskite structure is present in all the samples as per listed in Table.11 with
corresponding 26 values. There is evidence of the peak's relative displacement. The

calculated values for the lattice constant are found to be decreased indicating the
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occupation of empty Fe sites by Al and Co [203]. With the addition of aluminium, it is
discovered that the crystallite size is reduced. The tolerance factor plays an important
role in the structural interplay. Barium has larger atomic radii than Bismuth emerging
distortion in the structure cause the formation of impurity phases. The smaller atomic
radii of Al and Co, however, make it easier for them to occupy the vacant sites, which
reduces the amount of impurity phases in Bi,0s.

5.4.4 Morphology
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Fig.5.4.2 (a) The SEM images for sample 1, (b) The SEM images for sample 2, (c) The

SEM images for sample 3.

The SEM images of the samples at 200000 magnifications for a scale of 1pm are carried

out. In Fig.5.4.2 (a-c) the images show the presence of fine-grains with uneven size

distribution. The results from XRD support the change in morphology attributed to

crystal nucleation growth [143]. The variation in size is observed from the SEM images.

The addition of Al further reduces the resultant powder's porosity, which is made more

porous by the integration of Co.

5.4.5 EDX mapping
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Fig.5.4.3 shows the obtained EDX of sample 1,2 and 3.

Table.12 Atomic percentage obtained from EDX.

Atomic Atomic Atomic
% ) )
Fe 62.78 Fe 46.10 Al 3.32
Ba 0.01 Co 5.52 Fe 38.50
Bi 37.21 Ba 542 Co 6.28
Total 100.00 Bi 42.96 Ba 1.52
Total 100.00 Bi 50.38
Total 100.00

Fig.5.4.3 illustrates the EDX analysis confirms the existence of the host and incorporated
elements in the samples. However, the atomic percentage corresponding to the samples
is evidence of retained stoichiometric composition and foreign impurities are present.

Table.12 illustrates the change in atomic percentage with the incorporation of a dopant.

5.4.6 Magnetism
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Fig.5.4 4 shows the hysteresis loop for (a) sample 1, (b) sample 3, and (c) sample 3.

The room temperature magnetic properties are investigated with the help of a Vibrating
Sample Magnetometer as shown in Fig.5.4.4. The samples are subjected to a high
magnetic field ranging from -20 to +20 KOe. Fig.5.4.4 shows the enhanced magnetic
parameter and the acquired magnetic values for Samples 2 and 3. The obtained
parameters from the ferromagnetic loop are shown in Table.122. Although the impurities
of Bismuth oxide do not contribute to magnetism at room temperature [ 142] resulting in
net magnetization due to the bismuth ferrite only. This demonstrates that the sudden
change in magnetism is caused by the structure's variable oxygen and Fe valency
distribution [52]. The squareness ratio confirms that there is the presence of random
orientation of magnetic domains [150]. Also, it has been found that incorporation of Al
has significantly changed the magnetic properties by reducing the retentivity. These
samples qualify as hard magnetic materials because of their strong coercivity. These
materials are excellent for magnetic memory devices and magnets due to their enhanced

magnetic characteristics.

Table.13 The calculated magnetic parameter from the Hysteresis loop.

1 2.11 6.2 220 0.34
2 243 5.64 1570 0.43
3 0.57 4.3 709 0.132

5.4.7 Dielectric properties

The synthesized powdered samples are subjected to analyse dielectric properties using
impedance spectroscopy. The samples in the form of pellets without any binder are
subjected to a sinusoidal voltage. The complex impedance Z’ and Z’’ in terms of real and

imaginary parts is measured [120].
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Fig.5.4.5 (a) The real part of dielectric constant (b) The dielectric response as a

function of frequency. (c) The Nyquist plot for complex impedance (b) Conductivity as s

function of frequency.

Fig.5.4.5 (a) demonstrates the real portion of permittivity using frequency variation. The

real portion of a material's electrical permittivity (/) is correlated with the dielectric

constant, which promotes the accumulation of charge in a system. From fig. 5 (a) it is

observed that reduction in the magnitude of dielectric constant at higher frequencies

which has been observed in such types of materials due to the Maxwell -Wagner effect

[120], [152]. The system's dipolar spices contribute to the dielectric response at lower

frequency areas, but at higher frequencies, it is seen to be nearly constant with no
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reaction. Also, from Fig.5.4.2 it is observed that samples are having inhomogeneous
grain and grain boundaries. Thus, the space charge effect is the primary cause of the
dielectric response [128].

The maximum value of dielectric constant was obtained for samplel.This enlarge value
is attributed to the incorporation of Ba. However, a large decrease in €’ is observed with
the introduction of Co. Further on adding Al it does not show much change. The phase
impurities and oxygen valency created by Co may be responsible as the inhomogeneous
grain are observed in Fig.5.4.2. Also Fig. Fig.5.4.5(b) shows that the dielectric losses are
reduced for sample 1, 2 and higher for sample 3. This is due to the change is composition,
structure, and formation of new oxygen vacancies as it is common with Bismuth ferrite
which is also confirmed by Table. 2 [196].

The composite system's Nyquist plot, as depicted in Fig. Fig.5.4.5(c), is plotted at room
temperature with frequencies ranging from 100Hz to IMHz. Due to the interfacial grain
boundary effect, which promotes charge modulation at the interface, the the real part of
Z* tends to decrease as the dopant percentage rises. The plot clearly shows the
establishment of two arcs, which further suggests that on adding dopant, grain boundaries
occur in between BFO grains. As a direct result of spatial heterogeneity, significantly
altering the charge dynamics in our composite system.

From equation cac= €"wco , the relationships between o conductivity plotted in Fig.5.4.5
(d) with varying frequency which reveals that samples having high resistance. The
obtained results from XRD and SEM shows that grains, defects, and impurities are there
resulting in high resistance at the grain boundaries [126]. From Fig.5.4.5 (d) indicate that
the ac conductivity changes abruptly in high frequency region for sample 2 and 3 showing
the presence of traces of conductive metal ions corresponding to Al and Cobalt.
Electronic devices may benefit from the improved dielectric properties at room

temperature.

Conclusion
The structural analysis reveals the presence of Bismuth ferrite accompanied by impurity
phases. The lattice constant and other parameters are calculated and are found to be
affected by the incorporation of Al and Co. The impurity phases are found to decrease
with a change in composition which is evident in the occupation of empty Fe sites by Al

and cobalt. The production of non-uniform grains and an uneven size distribution in the
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structure are both seen in the SEM images. The room temperature magnetic parameters
such as Coercivity, retentivity, and squareness ratio is calculated are and obtained from
the Hysteresis loop obtained from VSM. The impedance Spectroscopy calculated
dielectric response as a function of frequency. The insertion of a dopant element has
significantly changed the dielectric properties. It has been observed that dielectric losses
are reduced but decrease the dielectric constant as well. The improved dielectric and

magnetic properties make these materials suitable candidates for device application.

5.5 Composite system of Bio.o9oNdo.1Fe203/ ZnO

5.5.1 Introduction

The search for novel compounds with distinct and flexible properties has prompted
researchers to investigate multifunctional materials that exhibit fine control of electrical
and magnetic properties in miniaturized smart devices. Multiferroics are materials that
exhibit both ferroelectric and ferromagnetic characteristics concurrently in a single
phase[204]. The presence of both the ferroic properties in a material simultaneously has
received a lot of consideration in the development of non-volatile memory devices,
ultrafast optoelectronic devices, spintronics, transducers, solar cells for energy
generation [205], biomedical applications [20], [21], [121], [164]. Till date, BiFeO3
(BFO) is one of the most premeditated single-phase multiferroic material that exhibit
magnetic and other electronic characteristics at ambient temperature [206]. It has
ferroelectricity at 643 K Curie temperature and anti-ferromagnetism at 1143 K Neel
temperature. Its perovskite crystal structure is deformed and rhombohedral, of the ABO3
type, with an R3¢ space group[207]. A-sites in BFO are typically held by Bi** ions, which
promote the steadiness of ferroelectricity in deformed structures, whereas B- sites are
filled by transition metal ions (Fe), which contribute to magnetism. The unoccupied d°
orbital causes ferroelectricity in multiferroics, whereas partially filled d" orbitals cause
ferromagnetism[208]. Ferroelectricity can, however, be formed by the stereochemical
activity of Bi*" ions, whereas Fe** ions cause ferromagnetism in BFO. Many fractional
replacements of rare-earth ions at Asites and transition metal ions at B sites can

significantly improve electrical and magnetic characteristics[209]. Ferroelectricity is
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caused by the displacement of Bi*" and Fe** cations along the [111] planar direction,
which is off-centered tothe oxygen octahedron[209]. Even though BFO exhibits
versatile properties for device applications, its real-world applicability is limited by the
occurrence of contamination and impurity phases in the synthesis process. The unwanted
impurity phases grown during synthesis lead tosome unfavourable condition, such as
weak magneto-electric coupling, high tangent loss, structural distortion, high current
leakage and other secondary phase formations, which later affect the dielectric
permittivity, ferroelectric, electrical resistivity, and magnetization of the material[210].
To solve the drawbacks of single-phase Bismuth Ferrite, research has been carried out
by doping rare earth elements (Nd, Sm Tb, La, Y, Gd, , and so on) at the A-site of Ferroic
materials to improve their properties[206][211][212][213][214].

Various reports observe that doping has effectively enhanced the overall properties of
the Bismuth ferrite. Shisode et al. has reported synthesis of Bij—xSrxFeOs (x =0.05, 0.15,
0.25) by sol-gel auto-combustion method in which for x = 0.15, the polarization value of
4.801 C/cm? is achieved that indicates partially saturated nature of the loop[215]. Hu and
colleagues reported that BiixGdxFeOs films coated on Pt/Ti/Si02/Si substrates found to
have improved electric remanent polarization (Pr > 70 pCecm 2)[216]. Li et al. found that
Mg**-doped BiFeOs has improved magnetic and ferroelectric characteristics and these
compounds are ideal for memory devices and magnetoelectric device applications[217].
Das et al. prepared bismuth ferrite samples co-doped with nonmagnetic and magnetic
elements at various sites respectively. Similarly co-doped samples were found to exhibit
higher electric polarization and utmost resistivity at normal temperature, which is
attributed to the decreased leakage current and oxygen vacancy [218], [219]. Sahu et al.
synthesized Nd-doped BFO (x=0.5-0.8) by solid-state method. It is observed that
inclusion of Nd enhances the electronic properties of all samples. The obtained Nyquist
plot displays the involvement of bulk material properties. The power law guides the study
of AC conductivity and frequency. The stability factor reduces as dopant Nd
concentration rises[220].

Based on current results, it is found that neodymium (Nd) may be a promising dopant to
boost overall characteristics, which can find practical applications in device-based
applications. However, the doping concentration must be kept low since larger Nd
concentrations are found to reduce the multiferroic characteristics of bismuth ferrite
[221]. The composite system approach is one of the keys to unlocking the potential of

multiferroic materials. By far several characteristics have been discovered to be advanced
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in BFO-based composited structures, including optical, ferroelectric, and magnetic by
the stimulus of the heterostructure interface [58], [60], [169], [177], [222], [223], [224],
[225], [226]. Several studies have been conducted on combining BFO with other
materials like metal oxide such as Fe3O4 [227], NiO[228], etc. It observed that BFO/ZnO
based thin film displays the peak polarization of 46.7 pCem 2 and ZnO/BFO thin film
shows the enlarged value of 2Pr of 18.47uCcm 2[229]. Also zinc oxide (ZnO), is a
semiconducting oxide with a piezoelectric wurtzite structure and permanent spontaneous
polarization and its enormous active adsorption sites, superior electronic mobility, and

flexible morphology making it interesting to researchers as a useful material.

Our current study focuses on the composite system Nd doped BFO with composition
Bi0.99Ndo.1Fe203/ZnO where ZnO is used as a filler with varying weight fractions (p =
0%, 5%, 10%, and 15%). Here, we investigate the effect of Nd doping on the structural,
magnetic, and impedance characteristics of a Bio.99Ndo.01Fe203/ZnO composite at room
temperature. The study points to a significant improvement in the composite’s electrical
and ferroelectric characteristics at room temperature and thus can serve as a possible

candidate for energy storage devices and other applications.

5.5.1 Instrumentation

The synthesized nanoparticles are characterized by X-ray diffraction for phase purity.
The XRD (BRUKER) was recorded using Cu-K radiation ranges from 20°-70° with a
step size of 0.02 °. The microstructure is analysed using JEOL (FE-SEM) and EDX
spectroscopy with magnification ranging from 25 to 1000000 is performed METROHM
and the FRA32M-Impedance analyzer ranging from 1000 Hz to 1MHz are used to
analyze the dielectric properties. The optoelectronic properties are examined using a UV
spectrometer. The ferroelectric properties (P—E) hysteresis are carried using a cryocooler
model SRDK-205 circuit via 4 K CCR in temperature and frequency range of 5 K - 300
K and 50 Hz - 250 Hz respectively.
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5.5.2. Structural analysis
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Fig.5.5.1 (a) XRD retrieved pattern for x=10%, x=30%, x=50% along with JCPDS. (b)
Peak shift for Bi;xNd.FeOswith change in composition.

The composite system is subjected to XRD as shown in fig. 2 with step sizes of 0.002 °
and 20 spanning from 20° to 70°. With the aid of X powder and X pert high score, the
data phase is identified. XRD data of every composite system is presented along with
the JCPDS card in Fig.5.5.1 (a).

The diffraction peak shown in Fig.5.5.1 (a) demonstrates that BiFeOs with JCPDS (74-
2016) phase belonging to R3C - rhombohedral having lattice constant a=b = 5.58 A’ c=
13.867 A° are present. It has been observed that identity peak belonging to rhombohedral
Bismuth ferrite is found to be sensitive to temperature and composition resulting in
changes in crystallite size, lattice constant 1[84], [119], [140], [142]. The presence of
Neodymium results in the formation of secondary phases [144]. The phase identification
reveals that ZnO belonging to cubic phase with JCPDS (36-1451) with lattice constant a
=b=3.249 A° c=5.207 A® are present. The presence of sharp diffraction peaks is evident
in the crystalline characteristics of the prepared composites. The equationl determines

the crystallite size

k4
- LCos6 (6)
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Where k is the shape factor, A is the wavelength of the target anode which is around 1.05
A°, 0 is the Bragg’s angle and B is the full-width half maximum (FWHM). The crystallite
size of the sample x = 0%, 5%,1 0%, 15%, is found to be 20nm, 15nm, 14nm, and 17nm
respectively. It is noted in Fig.5.5.1 (b) that in samples diffraction peak changes to a
higher angle with the introduction of the filler, but at greater concentrations, the peak
shifts towards a lower 2 theta value. The observed change makes a good agreement with

the lattice parameters that were estimated.

5.5.3 Morphological analysis
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Fig.5.5.2 (a) The magnified “SEM” images of composite samples for X = 0%, (b) The
SEM images for X = 15%.

Fig.5.5.2 (a, b,) shows the magnified SEM images of the post-annealed composite sample
corresponding to x = 0%, and 15%. The average size of the nanoparticle observed is
below 100 nm which results system consisting of mostly spherical dense particles with
uneven sizes where some particles exist independently and some get amalgamated. The
voids between the grains are visible in both samples. Even at large weight fractions, the
average particle size remains unchanged when ZnO is added as a filler. However, A
morphological change brought about by a chemical reaction or inter-phase diffusion has
been seen with the introduction of filler, and this observation aligns well with the
acquired XRD data. The primary reason for the creation of distinct phases is the
competition between crystal nucleation and growth [143]. The phase transition and

morphological changes seen in the XRD images of the composites are consistent.
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Fig.5.5.3 (a) The EDX of composite samples for X = 0%, (b) for X = 15%.
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Table.14 Elemental wt. percentage obtained from EDX spectra.

Sample Wt.%
Bi

0% 20.85

15% 13.79

Wt.%

Nd

2.93

1.78

Wt.%

Zn

1

5.67

Wt.%

Fe

26.42

17.27

Wt.%

49.80

50.49

Total
%

100

100

Fig.5.5.3 (a), (b) shows the obtained electric dispersive X-ray for the composite sample
x=0%and x=15%. The EDX analysis shows that elements like Bi, Nd, Fe, Zn, and O

coincide with the composition of the system acquired for observation. The atomic wt%

of elements are listed in Table.14 The samples' EDAX analysis produced quantifiable

results. It is determined that the Nd-doped BiFeOs/ZnO composite samples were

successfully formed and that there are no foreign impurities.

5.4.4 Impedance analysis
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Fig.5.5.4 The Nyquist plot for composite samples X= 0%, 5%, 10%, 15%.
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Alternating currents are applied to the composite systems to examine the electrical
characteristics. A sinusoidal voltage with an amplitude of one volt is delivered into the
composites. The complex impedance Z as measured is found in terms of real and
imaginary parts to observe the Nyquist plot in Fig.5.5.5. The partial semi-circular arcs
observed in all the samples are caused by the significant resistance at low frequencies.
So, it can be concluded, that most of these complete resistances coincide with the grain
boundary of the nanoparticles [230].To further investigate an equivalent circuit is derived

for all the samples.
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Fig.5.5.5 (a) The equivalent circuit obtained for composite samples X= 0%, 5%, 10%,
15%. (b) The obtained value of Resistance and capacitance as a function of weight
percentage.

The impedance spectra have been analysed followed by an equivalent circuit shown in
Fig.5.5.5 (a). The circuit is made up of a resistance, a constant phase element (CPE), and
another resistance combined in parallel. It is observed that the system consists of a large
resistance. The obtained value of resistance R and capacitance C; is in Fig.5.5.5 (b) as a
function of weight percentage is also derived which shows that Ri=46.5 K is maximum
for x=10% and C; = 4.74 pF is minimum. To investigate the dielectric characteristics of

the samples following formulas have been used. [120].

"
' Z

e = 3)

wcg Z2

144

tans = Z— (5)
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Fig.5.5.6. The (a) &" (real part of permittivity) as a function of frequency, (b) dielectric

loss as a function of Frequency(c) AC conductivity as a function of frequency for

composite samples X= 0%, 5%, 10%, 15%. (d) dielectric constant and loss as a

function of wt.% at low frequency (e) dielectric constant and loss as a function of wt.%

at high frequency.

A material's capacity to polarize in answer to an electric field is also stated by its real part

of permittivity. Fig.5.5.6. (a) shows the frequency-dependent real part of the electrical

permittivity (¢/) of the material at room temperature which corresponds to the dielectric

constant that helps the charge to build up in a system. The observation shows that on
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introducing the filler at x= 5% the maximum value of the dielectric constant is observed.
However, at higher concentrations, the value is decreased significantly. Fig.5.5.6. (a)
clearly shows that the real part of the permittivity follows a strong frequency-dependent
behavior at a low-frequency regime and becomes independent at high frequency. The
addition of ZnO has increased the dielectric constant up to an extent however at higher
weight percentages the increment in conducting charge species further reduced the
overall dielectric constant.

The system's dissipated energy is tand. Energy is delivered into a capacitive system,
which stores some energy, releases it for the device, and loses some energy in the process.
Therefore, these losses should be reduced for the devices' increased stability. The losses
are calculated using eq.4. Fig.5.5.6. (b) shows that the dielectric loss is a function of
frequency where it is observed that losses are reduced for x = 10%, 15%. Here both the
dielectric constant and dielectric loss follow the same trend where it is observed that at
low frequencies, the permittivity is mostly affected by the DC conductivity of the charge
carriers which exhibits the Maxwell-Wagner effect at the interface between the
conducting electrode and the sample, leading to a faster drop. Whereas at the high-
frequency regime, the electric dipole relaxation time increases as compared to the period
of the input AC voltage, leading to a reduction of dielectric constant and dielectric loss
[36],[103], [178]. From Fig.5.5.6 (d), (e) we observed a significant change in dielectric
properties at low and high-frequency regions by the addition of ZnO as a filler.

In most cases, the conductivity's frequency dependency follows Josher’s power law
Ogc = 0qc + Aw™ [48]. Fig.5.5.6. shows the fitting of observed ac conductivity with
Josher’s power with variable frequency range for all samples. The fitting shows that
obtained data is in accord with Josher’s power law indicating various charge mechanisms
[231]. The slope in this case, denoted by the dimensionless term "n," is significant in a
variety of models, applications, and interpretations. It is related to the polarization
process, which incorporates the whole contribution of mobile charge effects.

The calculated values of ac and dc parts of conductivity are shown in Table.15. In our
case, the value of n is found to vary between 0.9 - 1. The increase in the value of n
typically indicates that the composite system is dominated by a dynamic related to the
certain charge mechanism caused by disarrangement in the materials. [54, 55]. From
Fig.5.5.6. (¢) it is detected that in all the composite systems, the value of n < 1 suggests

that the system is stable at low and high-frequency regimes. The composite system's
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improved electrical and dielectric qualities indicate that energy storage devices may

benefit from its use.

Table.15 The calculated AC and Dc conductivity part.

Sample 04.(Sm™) 0,.(Sm™) n

X=0% 1.0x 107 6.68x 10 0.99203
X=5% 4.02x 108 2.56x 107 0.99423
X=10% 8.57x 1078 4.93x 107 0.99258
X=15% 8.84x 1078 6.86x 10 0.98604

5.5.5 Ferroelectric properties
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Fig.5.5.7 P-E loop for Sample (a) at high frequency(b) at low frequency X= 0%, 5%,
10%, 30%. (c) Polarization as a function of weight fraction at high frequency and low
frequency.

Fig.5.5.7 (a) shows the ferroelectric study of the composite systems where voltage-
dependent polarization is analyzed at room temperature at different frequency regimes as
bismuth ferrite is an intrinsic multiferroic compound, it has a simultaneous magnetic and
electric ordering at 300 K[184]. It has been observed that the sample exhibits a wider
ferroelectric loop at low frequencies and the polarization is reduced at high frequency.
This is because the electric field oscillates faster at higher frequencies, which might make
it more challenging for the material's internal dipoles to align. As a result, the material's
overall polarization decreases at higher frequencies. Ferroelectric and dielectric
properties driven by the frequency that was determined for the composite system also
show a correlation with the reported data. In Fig.5.5.7 (c) Polarization along with varying
weight fraction at high frequency and low frequency is observed where we observed that
for x =0% the Pmax = 18.2 pc/cm? at low frequency (10hz) and Pmax = 0.47 pc/cm? at high
frequency (250hz). The observed loop indicates lossy capacitive behavior for all
samples, however, on introducing the filler it has been observed in Fig.5.5.7 (c) that
polarization is maximum for (x= 10%) is Pmax = 22.13 pc/cm? at low frequency (10hz)
and Pmax = 0.89 nc/cm? at high frequency (250hz). However, for (x= 5%, 15%), the
polarization is measured as Pmax = 0.44 pc/cm? and Pmax = 0.41 pc/cm? at 250 Hz)
respectively is observed. A kink is observed for x = 10 % at both frequencies. The

existence of conducting charges of a particular polarity, whose polarization response
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varies as the voltage is changed from positive to negative polarity, is the primary cause
of the huge magnitude of polarization and its associated asymmetry. It has been shown
that adding filler to composite samples increases the loop area and charge leakage. It is
due to the disorder of the system as observed in electronic properties [232]. The enhanced

ferroelectric properties reported may find their practical application in device application.

5.5.6 Optical bandgap
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Fig.5.5.8 Band gap calculation for samples (a) X= 0%, (b) X= 5%, (c) X= 10%, (d) X=
15%.

The composites are exposed to absorption and transmission spectra over the wavelength
ranges of 200—-800 nm to examine the optical performance. The band gap is calculated
via Tauc plot method since the band gap and optical transmittance characteristics are
correlated. Eq. 8 is used to calculate the band gap [183].

ahv = B(hv — E;) (8)

Where h referred as Planck constant and B is a proportionality constant, Eg is the
bandgap, hv signify photon energy, and a is the provided absorption coefficient. From

figure 9, the estimated values for the composite system x= (0%, 5%, 10%, and 15%) are
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4.08eV,3.9¢eV,4.03 eV, and 5.08 eV, respectively. The observed values indicate that at
a lower weight percentage, the composite system exhibits a good optical response. At
higher concentrations of ZnO, the interaction between the two systems BFO and ZnO
and structural defects is held responsible for the increased band gap [233]. The analysis
reveals that the composite system has better optical absorption that may find its practical

application in photovoltaics.

Conclusion
In this work, Bio.9Ndo.1Fe2O3 and zinc oxide are produced by the sol-gel method which
is then followed by the construction of composite systems by varying wt% of ZnO
nanoparticles. A systematic investigation shows non-monotonic variation of structural,
morphological, ferroelectric, and impedance characteristics in Nd-doped BFO/ZnO
composite systems. Structural properties confirm the presence of Bismuth ferrite and
ZnO phases along with some structural impurity phases. The elemental composition is
confirmed by EDX spectra. The observed average particle size is below 100 nm. The
complex impedance spectroscopy confirms all the composite exhibit large resistance and
capacitive behavior. The dielectric strength was improved by the insertion of filler and
the dielectric losses are lowered. The Conductivity shows that the system is not disturbed
by the addition of filler and dielectric dispersion was caused by the presence of many
conductivity processes, as demonstrated by dielectric measurements. All the composite
sample exhibits ferroelectric characteristics, according to the ferroelectric loop analysis.
Filler ZnO has enhanced the ferroelectric properties, with maximum polarization at x =
10%. The band gap of composite systems shows better optical absorption resulting in
enhanced optoelectronic properties. Consequently, it can be concluded that ZnO addition
has improved Nd-doped BFO's overall properties considerably. These composites' stated
characteristics indicate that they have a lot of promise for improving magnetic memory

and electronic sensor technologies.
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Summary

BFO/NaCl-In this study, high-purity bismuth ferrite (BFO) nanoparticles are fabricated
using the sol-gel method. The impact of adding the ionic filler NaCl on the matrix's
microstructure, shape, and characteristics are examined. The structural and FE-SEM
studies verified that secondary phases were formed because of the annealing
temperatures. Phase change and an increase in particle size were caused by the addition
of NaCl, which also influenced coercivity and magnetic properties which can be
advantageous for memory and sensor systems. NaCl incorporation significantly changed
the dielectric properties, increasing dielectric permittivity at low frequencies by a factor
of 6 according to a complex impedance study. Higher electrical conductivity was
produced by the disorder that the filler incorporation produced. These results indicate the
potential of altering desired characteristics for electrical and energy storage device

applications via halide-based composites.

BFO/CFO- We have successfully mixed bismuth and cobalt ferrite in different
proportions to produce composite materials. The sol-gel method creates the individual
components and then fabricates them together. The analysis confirmed the expected
crystal structures of both materials with some additional impurities. The microstructural
analysis observed the formation of a well-connected network (percolating cluster) of
cobalt ferrite nanoparticles at a specific ratio. Further electrical investigation revealed
that this composite offered good stability and acted like an insulator at low frequencies,
referring them as a possible contender for energy storage applications. Additionally, the
composite's magnetic characteristics were improved by the inclusion of cobalt ferrite
nanoparticles. CFO increases the overall magnetization non-monotonically with
maximum Mr = 35.57(emu/gm) and Hc= 1277 Oe. The observed band gap for the
composite system is 2.5 to 3 eV. The incorporation of cobalt ferrite nanoparticles
modifies the ferroelectric characteristics, according to ferroelectric investigations, a
conducting percolating cluster that spans the composite system forms beyond x=30%,
transforming the system from a lossy capacitor to an ideal resistor. The investigated
system exhibits tremendous promise for the development of magnetic memory devices,

photovoltaics, and electronic sensor devices.
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Bi(1-x) Ba(x)FeO3- This work showcases the production of Bi(l1-x) Ba(x)FeOs3
nanoparticles wit variation of (x =0, 0.1). The Rhombohedral structure belonging to R3C
space group was confirmed by structural analysis. The prepared nanoparticles showed a
packed spherical shape with small grain boundaries. The substitution of barium caused
the grain size to grow, which influenced the nanoparticles' shape. The Ba-doped system
had higher coercivity although there was no change in retentivity. The dielectric study
showed that substituting Ba has improved the overall dielectric strength of the material.
The findings demonstrate the opportunity of altering electronic and magnetic

characteristics at ambient conditions, for targeted device application.

Bi (0.9) Ba (0.1) Fe axy) Co (v) Al (yO3- This work explores impact of adding Co and Al as
a dopant on the different features of bismuth ferrite (BFO). Changes in impurity phases
and lattice constants are observed using XRD analysis. The presence of dopants has an
impact on the non-uniform grain distribution, observed in morphological analysis. VSM
is utilized for evaluating magnetic properties such as coercivity and retentivity, which
show variations because of dopant addition. Impedance spectroscopy analysis of the
dielectric response displays changes in the dielectric features, by dropping the dielectric
constant and losses. It shows that the introduction of co and Al dopants enhances the

suitability of BFO for device applications.

Bio.99Ndo.01Fe203/ZnO-The study examines composite materials composed of zinc oxide
and bismuth ferrite (Bio.9oNdo.01Fe203) which were fabricated by sol-gel technique. The
quantity of ZnO nanoparticles was changed, and the material's subsequent qualities were
examined. Their results show that the addition of ZnO has a direct effect on the
composites' electrical, optical, morphological, and structural features. Although the
formation of several unwanted impurity phases, the materials exhibited interesting
characteristics. The ZnO filler reduced dielectric losses and improved electricity
properties like capacitance. it is observed that conductivity remained unaffected, and the
composites exhibited ferroelectric behaviour with enhanced polarization at a specific
ZnO concentration. ZnO was also shown to improve light absorption, indicating
improved optoelectronic characteristics. Overall, the study shows that incorporating
ZnO significantly improves the properties of Nd-doped bismuth ferrite, which makes

these composites desirable choices for use in electrical and magnetic devices.
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Scope of future work

The work presented deals with the investigation of structural, electric, optoelectronic,
and magnetic properties of the multiferroic composite systems. The composite
investigated at room temperature holds immense promise for next-generation devices. It
is well understood that temperature has a remarkable impact on electronic and magnetic
properties. So, the investigation at high and low order temperatures is necessary to find
the stability of such composite for device application. In one of our studies of BFO and
CFO where we can measure the ferroelectric polarization at low temperature, it shows
enhancement in ferroelectric properties as the temperature is lowered where the system
holds its ferroelectric qualities up to the temperature of 150 K. The multiferroic hold
potential in photovoltaics and the composite system approach enhanced the optical band
gap. Still, a further thorough investigation is required to design composites with strong
multiferroic properties that effectively convert absorbed light into electricity
(photovoltaic effect), recognize how magnetic and ferroelectric order interact to
influence charge transport and light absorption and enhance solar energy conversion
efficiency. Additionally, one more key factor will be understanding how to manipulate
the interface between different components within the composite to achieve strong
connection between the ferroelectric and magnetic order. Unfortunately, additional
investigation of these multiferroic composites is obstructed by limitations in currently
available instrumentation. Our lack of ability to precisely investigate the properties of
the materials at the microscopic level is restricted by the absence of advanced equipment.
This result lacks of crucial details about the interplay between magnetic and ferroelectric
order, which are believed to be key to their functionalities. Further understanding of this
information could lead to breakthroughs in the development of energy-efficient devices

for application in multifunctional electronic, magnetic and photovoltaics.
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ABSTRACT

Composite systems consisting of konike sodium chloride (NaCl) as a Bller with vas-
ying wn:-ig]ﬂ: percentages (¥ =, 10%, 3%, and 50%) embedded into the matnx of
multferrodc bismuth ferrte (BiFeO;) were synthesized. Post-annealed at 750 *C,
the XRD» analysis reveals that the presence of NaCl leads to the formation of sec-
ondary phases. The particle grain size varies in the range of .5-1.5 pm as found
from FESEM. The V5SM study shows the coercve field (He) enhancement with
maxienum H, = 79,18 O is found for the composite system 1= 10%. The electrical
iln.ptﬂialboe ei.l:l.u]}l reveals that at a L(:lw-Freque:nL'}' regime, the real Oomponent aof
dielectric permittivity has relatively increased for the composite systems com-
pared bo as-prepared bismuth fecrite (BFO). The dielectric loss increases at low
Fn:-quubc:,.' bt remains L"Llln.parahll:- at tha h.l;_.‘;li-Erer:lumE? limit, i.11|.1.i.{.‘aling A prs-
sible role in the energy storage application. Exponent (i) for frequency-de pendent
electrical conductivity is found to be large (it = 1) which is due to varous degrees

of the proximity of adjacent MaCl grains distributed in a mulbiferroic matris.

1 Introduction

The ]"Hh' dielectric constant, low lﬂkﬂﬁl:‘ Curment, ||ig]1
dielectric strength, flexible mechanical properties, and
light weight are some of the highly desired properties
for application in electrical power systems and green
energy storage devices. Ferroelectrics are among the
class of material species that show large dielectric
constant that originates either from permanent dipole
moamvent or the lone pairs of cations or the erystallo-
graphic distortion of the materials. The signrature of
ferroelectric exhibits spontaneous polarzation below
ordering temperature [1). Further, the capability to
possess multiferroic behavior with large dielectric

permittivity leads to potential applications in differ-
et fields, from Biomedical saence o mulbfusctional
microelectronic devices |2, 3], Multiferroic materials
possess the combined properties of ferroelectricity
and ferromagnetism. BiFeO, is considered as one of
the potential candidates for dielectric energy storage
devices due to its strong magnetoelectric coupling at
o bemperatuse [4]. 18 i3 established that the A site
Bi** (fs?) state in BFOD is considered to be the lone pair
due to which the ferroelectricity orginates at high tem-
perature. In contrast, EuTeOy is found to show mulki-
ferroic behavior where ferroelectricity is induced by
the tensile strain and negative chemical pressure on
the B site of the Ti ion. As BFO s a widely investigated
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The matrix of multiferroic BIFeO; (1 — x) and CoFey0, (x) as a filler with varying welght fractions (x=10,
30, 50%) was synthesized by the sol-gel technigue. The microstructure reveals that the filler at a critical
welght fraction of 30% forms a clustering network that spans the entire system. Termperature-dependent
de resistivity of the composite systems confirms the semiconducting behavior where the large change in
resistivity Is mainly attributed to scattering by grain boundares between percolating custers. The V5M
anakhysis implies that saturation magnetization in composite samples with x = 10% and 50% increases to
17 emufg and 35 emuw/g, respectively. The impedance analysls showed the presence of severe trapped
charges that lead to depolarization effect in composites. However, the dielectric loss remains low for all
eomposite systems till 10° Hz with the loss peak appearing around 10° Hz.

Introduction

Multiferroics are a class of materials that exhibit two or more
primary ferroic ordering, thus making them a suitable can
didate for various technological applications like spintronics,
microsensaors, and storage devices |1 =4]. BiFe(,, hismuth fer
rite (BFQY), is one of the well-known multiferroic materials
whaose lone electran pairs of Bi** lead to ferroelectric behaviar
and ordering of Fe™ leads to G- type antiferromagnetic behav
ior. The smulaneous presence of both electrical and magnetic
polarization &t rosm temperature leads to strong magnetoelac
tric coupling which further offers 2 wide range of applications
in electromagmetic transducers, biomedical applications, and
solar cells for energy generation [4-7]. However, the intriguing
properties of perovskite-stroctured BFO are strongly depend
ent an the fabricatbon process which has a direct impact an the
caupling coefficient, thus making it weak. Moreover, the pres
ence af a large leakage current, high transition temperature,
and small magnetization limit its potential usage in schentific
applications. Various methods such as substitutbonal doping,
surface modification, and multilayer with imperfect interfaces

B The Autherin), uscer sxchusv keror ic- The Materish Rewarth Soosty 2008

have been adapted in order to improve the properties of mualt

ferroic BFO materials [8- 13]. Farther, for better utilization of
multiferroic materials in commercial technologies, the magne

toeleciric coupling should be large enough in wide tempera

ture range of 200=400 K. The lack of consistent and desired
properties in so-far investigated multiferroéc materials at wide
temiperabare range has shifted our atention to nano-composite
systems. In additbon, it has also been reported that as compared
o single-phiase materials, composite systems are prone ko have
synergistic effect that leads 1o remarkable magnetoelectric coa

pling due to the product tensor properties | 16]. The interfacial
pheromena between the nanoparticles of the constituent phases
in compostes can also produce maltifunctional mindaturizad
devices like spintronics with high efficiency and fast electric
and magnetic switching. However, magnetoelectric effect in
percalation-bazed composite systems has not been studied in
details Hlll date. In our wark, CoPey Oy (CPOY nanaoparticles are
embedded into the matrix of BFO in order to investigate the
degree of magnetoeleciric coupling in the percolative composite
sysiem. The CHD is well known for its high magnetic coercivity,
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domed of Rated ok Ressach

155




Inarganic Chemisry Commumications 165 (2024} 112526

Contents listg available at ScienceDirect

Inorganic Chemistry Communications

journal homepage: www.elsevier.comiocateinoche

ELSEVIER

Short communication

Tailoring of dielectrie, ferroelectrie, and optical properties of
Big ggNdg 1Fes04/Zn0 nanocomposite at room temperature

Rikky Sharma”, Deepak Basandrai™ , Partha Sona Maji °, Rupam Mukherjee”

* Deparowent of Phiysics, Lovidy Professional Unieersity Phogwara, 144411, Puyah, iz
* Deparmmen of Fliysics, Amity School of Applied Scieces, Amiy Universily, Rajoefiar Nestown, Kol 700135, Indin
© DeprTment of Pheysics, Presidemy Lniversiry, Bangalore, Kamaiska, 560064, fadia

ARTICLE INFO ABSTREACT

Keywards We obmerve the fine-tuning of electrical and optical properties in a compaosite nanoparticle system consisting af

Multiferscde varying weight fractions of semiconducting Zn() grains (x) embedded imto Nd-doped multiferrodc Bip goMNdy

Cistipeaite Fez(}y matrix and annealed at 500 “C. X-ray diffraction (XRD) is used o validate the phase which further reveals

oy Bl the existence of cubic Zn0 phases and rhambohedral BFC with some impurity phases. With the aid of SEM and

Bandgap EDX, the marphological and elemental composition of grains are found to be affected by Zn0 nanoparticles. To
understand the natare of dislectric response imped ance analysis is performed which reveals the presence of large
ressstance offersd by a composite maximuem of 4608 K ai x = 10 %. The enhancement in dislecinic constant and
dielectric koss is observed at higher concentrations for (x = 5 %)L The Fermoeleciric investigation shaws that the
maximum polarization achieved at low frequency for x = 10 % is 2213 pefem®. The optical band gap in the
composite sample exhibits significant dependence on Zn() concentrations, thus indicating potential application
in optoelectronic devices.

1. Introduction ferromagnetism 9], Ferroelectricity can, however, be formed by the

The search lor novel compounds with distinet and fexible properties
has prompted researchers 1o look into multifunctional materials that
exhibit fine control of electrical and magnetic properties in mindaturized
smart devices. Multiferroics are materials that exhibit both ferroelectric
and ferromagnetic characterigtics concurrently in a single phase| 1] The
presence of both the ferroic properties in 8 material simultaneously has
received @ lot of anention in the development of non-volatile memaory
devices, ultrafast oploelectronic devices, spintronics, iransducers, solar
cells for energy generation 2], biomedical applications [3.4.5.6). Till
date, BiFedy, (BFO) is one of the most studied single-phase multiferroie
malerials with ferroelectric and anti-ferromagnetic characteristics at
ambient temperamure (7). It has ferroelectricity an 643 K Curie temper-
atwre and anti-ferromagnetism at 1143 K Neel temperaiure. 118 perov-
skine erystal structure s deformed and rhombohedral, of the ABOS rype,
with &n R3¢ space group(F). A-ites in BFO are typically held by Bi*
foms, which promote the stability of ferroelectricity in deformed strue-
mures, wheress B- B-gites are filled by transition metal jions (Fe), which
contribute 1o magnetism. The unoccupied d° arbital causes ferrosles-
ity in muliferroics, wheress pamially filled d" orbitals cause

* Carrespanding author.
E-mail address: deepakbasndraifgmail com (0. Basandrai).

hittpes: /A diod org 10 100G ) inoche 20024, 11 2532¢

sterenchemical sctivity of Bi® jons, whereas Fe'™ jons cause ferro-
magnetism in BFD. Many partial replacements of rare-earth jons at Bi
sites and transition metal jons at Fe'™ sites can significantly improve
electrical and magnetic characteristics]| 10]. Ferroelectricity is caused by
the displacement of Bi** and Fe'* cations along the [111] planar di-
rection, which is off-centered 1o the oxygen octahedron|10]. Even
though BFD exhibits versatile properties for device applications, its
practical applicability is limited due to the occurrence of contamination
or impurity phases in the synthesis process. During synthesis, the un-
winted impurity phases cause some unfavorable characteristics, such as
weak magneto-electric coupling, high tangent loss, struetural distortion,
high current leakage and other secondary phage formations, which
subsaquently affect the dielectric permittivity, ferroeleciric, electrical
registivity, and magnetic hysteresis of the material[11]. To solve the
drawbacks of single-phase Bismuth Ferrile, research has been carried
oul by doping rare earth elements (La, ¥, Gd, Sm, Nd, Th, and s0 on) at
the Asite of Ferroie materials ©  improve their  properties
[7,12,15,14,15]. Various reports observe that doping has effectively
enhanced the overall properties of the Bismuth ferrite. Shisode et al. las
reparted synthesis of Bi;  Sr.FeDy (x = 005, 0L15, 0.25) by sol-gel
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The work is focused on synthesizing Bi g aq) Ba (1) Fe ()., C0 1,y Al 1,0 with compasition (x = 0, y = 0],
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(x=01,y=0)and (x =y = 0.1) using solgel method and investigating magnetic and dielectric properties
at room temperature. The obtained Nanoparticles in the form of fine powder have undergone pre-
sintering at 200 °C for 2 h and after that sintering at 500 °C for 3 h. The structural and morphological stud-
ies were investigated using X-ray diffraction (XRD) and FE-SEM. The XRD analysis reveals the presence of
BiFe0s with rhombohedral RIC group along with the impurity phases. The erystallite size is found to
decrease along with the shrinkage in Lattice Constant. The SEM images show the formation of irregular
and heterogeneous structures. It has been observed that the addition of Co followed by Al is found to
reduce impurity phases. The presence of Co and Al is confirmed by EDX mapping. The VSM (Vibrating
sample magnetometer) 15 used to investigate room-temperature magnetism by plotting the Hysteresis
loop. The magnetic study reveals that subsequent addition Co and Al has offered improved magnetic
properties attaining maximum He =1570 Oe at room temperature. The dielectric response as a function
of Frequency from 100 Hz to 10 MHz is observed. The change in the dielectric constant and reduction in
dielectric loss are observed.
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1. Introduction microstructure and morphology we can interplay with such mate-

rial by replacing A and B cations |2 |. Although the perovskite Phase

Due to the presence of two or more fundamental ferroic order-
ings, multiferroics |1,2| are well-known materials and an excellent
choice for a variety of electrical devices |3). Due to its low band gap
and robust magnetoelectric coupling at ambient temperature, bis-
muth ferrite is a well-known multiferroic with a wide range of
applications in electronic devices, medicinal applications, and solar
cells [4-8|. Its potential applications are constrained by the pres-
ence of a substantial leakage current, a high transition tempera-
ture, and a modest magnetization. These materials are more
dependable for use in electronic and magnetic devices because
they have strong magnetic characteristics and strong, stable elec-
tronic properties at room temperature. Many researchers over the
world have developed various mechanisms to modify the proper-
ties of multiferroic materials such as doping, and composite, aniso-
tropy change, synthesis mechanism | 1). The structure plays a vital
role in deciding the properties of the materials by tailoring the
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in multiferroic Bismuth ferrite is very sensitive the interplay of
structural disorder is considered one of the key features to improve
electronic properties. Various studies reported that the incorpora-
tion of other Anion and Cation enhanced the overall physical prop-
erties|3.4]. The incorporation of Ba into Bi is found to influence the
multiferroic and dielectric properties [4-7]. This implies that the
choice of a suitable dopant can finely tune the required properties.
In this study, we have synthesized Bi o ga) Ba 0.1 F& jngy.y) C0 1 Al
(yi0a for (x =0, y = 0), characterization (x = 0.1,y = 0} and (x =y = 0.
1)using the sol-gel method as it is having various advantages over
another synthesis route|8- 10|, According to the researchers, both
Al [11-13] and Co|14-16) are effective at changing the electrical
and magnetic properties. As a result, the simultaneous insertion
of both dopants in our situation is expected to improve the electri-
cal and magnetic characteristics in the presence of Ba. The purpose
of the study is to enhance the electronic and room temperature and
their significant effect on the microstructure and may find their
potential application in device fabrication.
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