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PREFACE

Nanoscience and nanotechnology are innovative fields of research that has
accomplished a great deal in the decades since Nobel Prize Laureate Richard Feynman
introduced the concept in 1959. In 1960 he presented a visionary and prophetic lecture at a
meeting of the American Physical Society, entitled “There is Plenty of Room at the Bottom”,
where he speculated on the possibility and potential of nanosized materials. The prefix nano in
the word nanotechnology means a billionth (1x10). Nanotechnology deals with various
structures of matter having dimensions of the order of billionth of a meter. In general, we can
say that nanotechnology is the act of purposefully manipulating matter at the atomic scale.
Nanotechnology has a significant impact on other interdisciplinary fields of science, which will
eventually and also have a seminal role in human day-to-day life. Materials in the micrometer
scale mostly exhibit physical properties the same as that of bulk form; however, materials in
the nanometer scale may exhibit superlative chemical and physical properties distinctively
different from that of bulk. The fundamental physical, chemical and biological properties of
materials are surprisingly altered as their constituent grains are decreased to nano meter scale
owing to their size, shape, space, surface chemistry and topology. Therefore, nano technology
has generated much interest in the scientific community and it has become a very active area
of research. In order to explore novel physical properties and phenomena and realize potential
applications of nanostructures and nanomaterials, the ability to fabricate and process
nanomaterials and nanostructures is the first cornerstone in nanotechnology. Nanostructured
materials are those with at least one dimension falling in nanometer scale, and include
nanoparticles, nanorods, nanowires, thin films, and bulk materials made of nanoscale building

block or consisted of nanoscale structures.

Recent advancement in magnetism and magnetic materials has made magnetic
nanostructures a matter of immense research interest because of their wide scientific and
technological applications such as in magnetic fluids, magnetic random access memory
(MRAM), magnetic switches, magnetic recording, catalysis, biotechnology/biomedicine,
contrast agents in magnetic resonance imaging (MRI), water treatment, gas sensor, protein
separation, cancer cell destruction, hyperthermia therapy etc. Although intensive research on
magnetic fluids did not start until the 1960, the preparation of water based magnetic fluids had
already been described in 1938 by Elmore. Technological applications of nanomaterials and

nanofluids are numerous. Among nanofluids, a magnetic nanofluid popularly known as
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ferrofluid is a unique material that has both the liquid and magnetic properties. The ferrofluid
technology finds increasingly great applications in industrial, space and medical fields. As the
particle size of a magnetic material decreases, enormous changes in the properties occur. The
magnetic nanostructures exhibit curious properties with size, shape and surface modification,
which have immense applications and are of interest from the aspect of fundamental properties

at atomic, molecular, electronic level of interactions.

The investigation of ferrofluid is began by NASA in USA. But the successful
preparation of ferrofluid was done by Pappel in 1960. Later on Rosensweig put forward a novel
technique for synthesizing stable ferrofluid as compared to one prepared by Pappel.
Rosensweig contribution to the depth knowledge of fluid dynamics leads to the development
of Ferrohydrodynamics. Ferrofluids are stable colloidal suspension of nanomagnetic single
domain particles suspended in a liquid carrier medium. It is a new functional material, which
has the fluidity of a liquid and the magnetism of solid magnetic material at the same time. The
unique property of fluidity and the capability of interacting with a magnetic field is due to their
composition. It mainly consists of three components: base fluid, single-domain magnetic
nanoparticles and surfactant. The Brownian motion must be present in a fully developed
magnetic nanofluid in order to prevent particles from coalescing and from collapsing when
subjected to gravity. This means that it is necessary to take into account the interaction of
numerous forces, including thermal, gravitational, magnetic, and surface tension. The average
particle density is 10? per liter, and the average particle diameter is 10 nm. They adhere to the
ferrohydrodynamics laws and a modified Bernoulli's equation. Actually, the ferrofluid behaves
as a non-newtonian in the high-concentration regime and newtonian in the low-concentration
regime. A stable ferrofluid offers a wide range of applications. The magnetic nanoparticles can
be suspended in any solvent by employing new techniques. Kerosene is the solvent for the
majority of technical applications such as lubricants, coolants, heat exchangers, magnetic inks
etc. For biomedical applications, like drug delivery, magnetic cell separation, hyperthermia,
Magnetic Resonance Imaging etc., the solvents are dispersed in water. The quality of a fluid
depends on stability and shelf life. To avoid agglomeration caused by attractive Van der Waals
interaction, the magnetic particles have to be surfaced with suitable surfactant either by steric
repulsion or electrostatic repulsion. Surface instability studies are a kind of icon in ferrofluid
research. The instability of a fluid surface is an aggravation in many technical applications,

where stability is of great importance. Nevertheless, the study leads to understanding the



fundamental properties of the fluid in detail. Hence investigating the normal magnetic field on

the free horizontal surface of a fluid paves the way for technological applications.

One of the important advantages of combining magneto-optical materials with
plasmonics is the degree of engineering control that is attainable by modifying the design of
the metal structure. Such control of light-matter interaction has been possible in metamaterials
over the last decade. Furthermore, carefully chosen plasmonic devices may be able to disrupt
the rotational symmetry of polarization space, which creates an artificial magnetic field that
imparts circular birefringence to transmitted light. One of the most exciting aspects of
nanoscience is the size and shape-dependent properties of matter. Due to the spatial
confinement of electrons, phonons and electrical fields surrounding the particles as well as the
material exhibits a variety of unique features. Ferrofluid is optically isotropic in the absence of
an external magnetic field; once the external field is applied, they show anisotropic behaviour
and exhibit magneto-optic phenomena like linear dichroism, faraday rotation, birefringence,
magneto-optical transmission etc. Linear dichroism arises due to the intrinsic optical anisotropy
or the shape anisotropy of individual magnetic particles. In a ferrofluid the random orientation
of particles does not show any anisotropy in the fluid as a whole; hence the particles would not
be expected to give rise to dichroism. But when a magnetic field is applied the particles may
orient in the field direction; this causes the magnetic fluids to be structurally anisotropic. If the
transmitted light intensity is different from the polarization of light perpendicular and parallel
to the applied magnetic field, it is called the magneto-optic linear dichroism effect. In a
ferrofluid, the particles in aggregate forms can act as oscillating dipoles. The interaction of two
dipoles produces anisotropic polarizability giving rise to magnetic field-induced optical effects.
When a magnetic field is applied to a ferrofluid, some pre-existing aggregates align along the
direction of the applied magnetic field and with increasing field strength these clusters grow in
size resulting in long periodic chains are formed, which are responsible for magneto-optical
effects of ferrofluids. Surface plasmon resonance is a detection method, where excited
fluorophores are coupled with plasmon resonance oscillations of electrons in metal films.
Surface plasmon resonance-based sensor (SPR sensor) is a powerful tool for the study of
biomolecular interactions. Conventional SPR sensor is limited in their ability to resolve
complex samples, extremely dilute concentrations, or small molecular weight. The Surface
plasmon resonance sensitivity can be enhanced using a magnetoplasmonic material in the

presence of a magnetic field. The effect of iron oxide nanoparticles in the presence of an
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external magnetic field on SPR is quite interesting from both a fundamental and application

point of view.

Hematite is the most stable form of iron oxide in the air at ambient conditions. It was
attracted by researchers due to its abundance, low cost, low toxicity, high chemical stability,
and tunable optical and magnetic properties in catalytic reactions, gas sensors, magnetic storage
systems, photoelectron chemical water splitting and biological applications. The increase of
infectious disorders caused by different harmful bacteria and the appearance of novel bacterial
strains resistant to existing medications are major public health concerns. With the outbreaks
of infectious diseases caused by pathogenic bacteria and the rise of antibiotic resistance of
bacteria much attention in pharmaceutical and medical fields has been focused on creating new
antibacterial agents. Iron oxide nanoparticles have received a lot of attention as a potential
candidate for antibacterial agents, due to the generation of reactive oxygen species, which
damage the cellular and viral components that ultimately lead to bacterial growth. Water is
essential to life, rapid industrialization growth and an expanding human population have made
the quality of water wrecked. The presence of various contaminants in wastewater discharge
from industries is a global concern. The use of metal oxide nanoparticles in photocatalytic
degradation is one of the simple and effective methods for purifying water. Hematite
nanoparticles are a potential candidate for photocatalytic application due to their adequate band

gap, high surface-to-volume ratio and recyclability after the reaction.

A significant development in the field of carbon nanomaterials was the successful
mechanical exfoliation of graphene that was one atom thick from graphite using the Scotch
tape technique. Since then, we have seen a surge in two-dimensional (2D) material research,
which has resulted in the discovery of novel 2D materials. Two-dimensional materials have
been a cradle for extensive scientific research both in fundamental and applied perspectives,
due to their predominant quantum effects and fascinating material properties. Hematene, a 2D
material is exfoliated from a bio synthesized Hematite nanoparticles. Energy scarcity is a great
problem in our society, the development of sustainable energy technologies grabbed the
attention of society. Photoelectrochemical water splitting is one of the promising processes to
solve the problem of the energy crisis. In 1972, Fujishima and Honda discovered a TiO>
photoanode that could photoelectrochemically split water molecules into Hz and Oz under UV
illumination. TiOx> is an efficient material for water splitting, but due to wide band gap restricts
its photoactivity to the UV- region. This difficulty can be overcome by forming heterojunction

with small band gap material.
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The Density Functional Theory (DFT) has been commonly used to understand the
dynamics of electrons in a solid. DFT is a very useful method to predict the structural,
electronic, magnetic, mechanical, thermal and optical properties. The complex systems that are
otherwise impossible by experimental methods can also be studied with the aid of DFT. The
electronic properties such as electronic band structure and density of energy states of Hematite

nanoparticles is studied using DFT in this work.

The title of the thesis is “FABRICATION AND ANALYSIS OF MAGNETIC
NANOSTRUCTURES FOR SENSOR APPLICATIONS” and the thesis is divided into

eight chapters as follows.

Chapter 1 gives a brief introduction to 2D material and the physics of magnetism. It
outlines the magnetic properties of nanoparticles and ferrofluid in particular. Various
instabilities exhibited by ferrofluid are also dealt with in this chapter. Finally, a scanty

introduction to DFT and the motivation for this study is outlined.

Chapter 2 discusses the various synthesis methods and analytical tools used for this
study. The principle behind these state-of-the-art analytical tools is also briefly discussed in
this chapter.

Chapter 3 deals with the synthesis of ferrofluid by co-precipitation method. The

Rosensweig instability study of ferrofluid under a uniform magnetic field is also studied.

The magneto-optical property of hydrocarbon and aqueous-based ferrofluid at different
field strengths is described in Chapter 4. The synthesis of a hybrid iron oxide nanofluid based
on silver and the effect of the applied magnetic field on the hybrid fluid is also investigated in
this chapter. The fabrication of magneto plasmonic nanostructure and investigation of surface
coupled plasmon emission (SPCE) with magnetic field is also carried out in this chapter. The

Reverse Kretschmann (RK) configuration is used for the SPCE study.

Chapter S presents the synthesis of Hematite nanoparticles through the hydrothermal
method using black tea extract as the reducing agent. The photocatalytic properties,

antibacterial property and cytotoxicity of Hematite nanoparticles are also studied.

The exfoliation of 2D hematene from synthesized hematite nanoparticles is explained
in Chapter 6. The anodization of Ti foil is also described. The visible light
photoelectrochemical activity of hematene -TiO> heterostructure for energy applications is also

carried out in this chapter.
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Theoretical prediction of important properties such as density of states and band gap of

hematite nanoparticles using Density functional theory is discussed in Chapter 7.

Chapter 8 contains the conclusions drawn from this study. The scope for further studies

is also highlighted in this chapter.
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ABSTRACT

FABRICATION AND ANALY SIS OF MAGNETIC NANOSTRUCTURES
FOR SENSOR APPLICATIONS

NIMISHA O K

Recent advancement in magnetism and magnetic materials has made magnetic
nanostructures a matter of immense research interest because of their wide range of
applications such as in magnetic fluids, magnetic sensors, magnetic recording, catalysis,
biomedicine, contrast agents in magnetic resonance imaging, hyperthermia therapy etc. In the
current work, we studied the various fields of applications of iron oxide in different forms such
as solid, liquid and film. Ferrofluids are of great interest since they possess the properties of a
fluid and act as a ferromagnetic material and their motion can be controlled by a magnetic field.
Surface instability studies are a kind of icon in ferrofluid research. From a fundamental
perspective, magnetic nanofluid is an ideal platform for investigating Rosensweig instability
and pattern formation. Using a home-made experimental set up we studied the Rosensweig
instability in detail. Investigation of magneto-optical characteristics of ferrofluid is important
for the development of optoelectronic devices such as optical modulators, optical switches,
sensors etc. Combining the effects of magnetism with plasmonic structure can lead to many
applications, especially in the medical field. Surface plasmon resonance-based sensor is a
powerful tool for the study of biomolecular interactions. However, the conventional SPR
sensor is limited in its ability to resolve complex samples, extremely dilute concentrations or
small molecular weight. The surface plasmon resonance sensitivity can be enhanced using a
magnetic material in the presence of a magnetic field, using the phenomena of surface coupled
emission is also carried out in this work. Among the various nanometal oxides, hematite
nanoparticles are promising compounds due to their wide range of applications as antioxidant,
antibiofilm and antibacterial agents. Hence in the present work, the photocatalytic activity,
antibacterial property and cytotoxicity of bio synthesized hematite nanoparticles is studied.
Energy scarcity is a great problem in our society, hence the development of sustainable energy
technologies grabbed the attention of society. Photoelectrochemical water splitting is a
promising process to solve the problem of energy crisis. Here we exfoliated a hematene 2D
material, from hematite particles, quantum confinement in the 2D regime leads to modification
of optical bandgap and could be useful materials for water splitting. At the end the fundamental

study of hematite using DFT theory is also carried out.
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Chapter 1

Introduction

Modern society's living conditions have greatly improved as a result of the development of
nanotechnology, which plays a significant part in all scientific and technological
advancements. The technology of the twenty-first century is the multidisciplinary field of
nanoscience and nanotechnology, which is growing quickly and having a big social influence.
Throughout human history, exploration, migration, and travel were made possible by the
discovery of lodestone, one of the first magnetic materials. Even though scientists were aware
of the magnetic phenomena as early as 600 BC, a complete understanding of magnetism could
not be attained until the discovery of quantum mechanics. Magnetism is a natural phenomenon
that is primarily caused by the orbital and spin movements of electrons and their interactions.
For scientists, magnetism is an endless field of study. The fundamentals of magnetism,
ferrofluid physics, and a brief overview of density functional theory for fundamental research
are covered in this chapter. The goals and rationale for the current investigation are

highlighted at the conclusion.



1.1Introduction
Developments in magnetic materials have traditionally been associated with advances in

the field of magnetism. Better-performing nanomagnetic materials are gradually replacing
outdated ones. This is demonstrated by the advent of new kinds of materials, including spin
valve transistors, giant magnetocaloric materials, giant magnetoresistive materials, and
ferrofluids. Ferrofluid technology is finding extensive applications in the fields of space
exploration, manufacturing, and medicine. Scientists and engineers made unsuccessful
attempts to create magnetic fluid a long time ago. In the nascent phases of NASA's lunar
exploration initiatives, Papell is acknowledged for being the first to create a magnetic fluid in
1960. Since magnetic fluid does not exist in nature, it must be produced. Melting a magnetic
substance won't produce a fluid since its ordering temperature is far greater than the
surrounding air temperature. [t must therefore be produced by appropriate surface modification.
The emergence of nanotechnology simplified matters, and a variety of synthesis methods are
now accessible for the production of stable fluids. The mere dispersion of magnetic particles
does not guarantee the presence of magnetism in a fluid. For a fully evolved magnetic nanofluid
to be free of collapsing and coalescing when exposed to gravity, Brownian motion is required.
This implies that the interaction of many forces, such as thermal, gravitational, magnetic, and
surface tension, must be considered. The average particle diameter is 10 nm, and the average
particle density is 1023 particles per litre. They follow a modified version of Bernoulli's
equation and the laws of ferro-hydrodynamics. Actually, in the high-concentration regime, the
ferrofluid exhibits non-Newtonian behavior, while in the low-concentration domain, it exhibits
Newtonian behavior. The uses for a stable ferrofluid are numerous. By using novel methods,
the magnetic nanoparticles can be suspended in any kind of fluid. Most technical applications,
including lubricants, coolants, heat exchangers, magnetic inks, etc., use paraffin as their
solvent. The solvents are distributed for use in biomedical applications such as drug delivery,

magnetic cell separation, hyperthermia, magnetic resonance imaging, etc.

Scientists and engineers have been studying two-dimensional materials lately. The
discovery in 2004 of the graphene monolayer, which was isolated from the bulk graphite by
mechanical exfoliation, opened up new avenues for the research of 2D materials. It is found
that these materials are more effective for use in future electronics applications. The monolayer
of graphene has subsequently developed into the ideal material for the production and
investigation of many 2D layered and non-layered materials because of its special electrical,

electronic, and other properties. Graphene's electronic spectra lack an energy band gap, which



prevents it from being employed in nano-electronic devices, despite its benefits. This has led
to the study and discovery of a variety of 2D nanomaterials, including transition metal
chalcogenides and oxides. In a broad range of possible applications, such as energy storage,
field effect transistors, sensors, and optoelectronics, a number of 2D materials have
demonstrated promising performance. The majority of 2D materials research focuses on
layered materials with weak Van der Waals interlayer bonding and high covalent intralayer
interaction. Making 2D materials from their non-layered predecessors would be an interesting
endeavour, especially considering the advantages of 2D geometry. The enhanced
characteristics arising from 2D morphology can emulate the existing layered 2D materials, in
addition to other important intrinsic material attributes. Typically, bulk counterparts of 2D
materials have layered structures with weak Vander Waals contacts between the layers and
strong covalent bonds inside the planes. Therefore, exfoliating them chemically or physically
from their stacked bulk counterparts is easier. However, because of their high surface energy
and lack of bonding anisotropy, 2D Non-Van der Waals materials are very difficult to exfoliate
from their non-layer structure. Exfoliation of the bulk material down to atomically thin sheets
alters its physical properties due to quantum confinement, providing intriguing opportunities
for a range of applications. Since dangling bonds are present in non-layered 2D materials but
not in layered 2D materials, this is their most notable characteristic. The primary characteristic
of non-layered 2D materials is the existence of dangling bonds, which are not present in layered
2D materials. This enhances the surface reactivity of non-layered 2D materials, making them
appropriate for sensing and catalytic applications. It can be difficult to disrupt the crystalline
arrangement of atoms without upsetting the 3D bonding network, even when it crosses the unit
cell axes. The majority of synthesis techniques used to produce 2D non-layered materials are

bottom-up strategies that combine dry and wet chemical pathways.

To achieve the necessary anisotropic growth, the procedure includes perturbing
thermodynamic equilibrium and intentionally controlling atom dynamics. Achieving
controlled growth is essential for creating novel materials. Unlike their Van der Waals
predecessors, the synthesis of Non-Van der Waals 2D materials is by no means simple, yet
these materials have a strong propensity to satisfy surface dangling connections and form 3D
structures. However, techniques that deviate from the thermodynamic equilibrium are needed
to synthesize Non-Vander Waals 2D materials. As a result, bottom-up techniques are utilized
in the majority of procedures used to synthesize Non-Van der Waals 2D materials. According

to Balan et al., in certain circumstances, traditional liquid phase exfoliation can even be used



to exfoliate covalent and ionic crystals. This approach is a relatively new and significant
development in this developing field of study. Because of their strong physical and chemical
characteristics, transition metal oxides that are found in abundance on Earth are thought to be
perfect progenitors for 2D materials. Because of the well-known sensitivity of the electrical
and magnetic properties of transition metal oxides to their dimensionality, researchers and
engineers can modify these materials' ground states by confining their thickness to a single or
small number of atomic layers. Therefore, 2D magnetism is still an emerging topic of study
with potential applications in spintronics and storage. Nevertheless, 2D magnetism is still in its

infancy, and further basic research is needed.
1.2 Basics of magnetism

Magnetism is a microcosm of the history of science. The results of William Gilbert's
research with lodestones and iron magnets were published in his book "De Magnete" in 1600
[1, 2]. This marked the start of the study of magnetism. His ability to precisely define Earth's
magnetism led to the debunking of many other widely held notions about it. Hans Christian
Oersted's discovery that an electric current produces a magnetic field in 1825 marked a
momentous advance in the history of magnetism since it allowed researchers to reach strong
fields that were previously unattainable with conventional, permanent magnets [3]. For
thousands of years, magnetism has captivated humans due to its ability to utilize magnetic
properties creatively. Magnetic discoveries have yielded a vast array of applications, ranging
from magnetic storage medium to the compass needle. Human intelligence has never stopped
searching for ground-breaking innovations, whether it is through the fusion of naturally
existing magnetic materials or the creation of intricate artificial magnetic structures. An atom's
or an ion's magnetic moment is the total of two contributions. They derive one from the
quantized orbital angular momentum and the other from the angular momentum of their
intrinsic spin [1]. While electrons revolve around the nucleus to produce the orbital magnetic
moment, they process about their axes to produce the spin magnetic moment. The interaction
between the orbital and spin magnetic moments of the individual atoms in a substance
determines its magnetic properties. Magnetic material is any substance that reacts to an external
magnetic field. The way that electrons and atomic moments are arranged affects how a material
reacts to an external magnetic field. On the other hand, the materials' interactions and ordering

are used to classify them. The following sections examine several magnetic forms.



1.2.1 Diamagnetism

Since all of the atoms in diamagnetic materials have full orbital shells and no unpaired
electrons, their net magnetic moment is zero. Every substance has diamagnetism to some
extent. The mutual interaction between the applied magnetic field and orbiting electrons
produces a magnetic moment that opposes the applied magnetic field when it is present. It
seems contradictory, yet a diamagnetic substance typically expels the applied field. This is a
result of the law of Lenz [4]. Magnetic induction causes additional currents to flow through the
atoms of a diamagnetic substance when it is subjected to an external magnetic field. The
susceptibility is negative because of the way these generated currents are orientated, which
produces a field that opposes the applied field (Figure 1a). The susceptibility of diamagnetic
materials is temperature-independent, which is another crucial property (Figure 1b).

Diamagnetic materials include things like quartz, calcite, water, copper, silver, etc.
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Figure 1.1 Magnetic response of a diamagnetic material in the presence of a magnetic field: (1a) shows the

magnetization curve, and (1b) shows the variation of susceptibility with temperature [5]
1.2.2 Paramagnetism

Materials with net magnetic moments because of unpaired electrons are said to be
paramagnetic. Nevertheless, because of the thermal energy-induced random orientation of
magnetic moments, there is no externally imposed magnetic field and magnetization is zero [6]
(Figure 1.2a). A net positive susceptibility is produced when a magnetic field is applied
because the magnetic moments tend to align in that direction. Curie's law, which is derived
from Langevin's theory of localized moments, represents the temperature-dependent

susceptibility of paramagnetic materials (Figure 1.2b).
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Where € and T are Curie’s constant and Temperature respectively. Typical examples for

paramagnetic materials are sulphide, silicate, carbonate, clay etc.
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Figure 1.2 Magnetic response of a paramagnetic material in the presence of a magnetic field: (1.2a) shows

the magnetization curve, and (1.2b) shows the variation of susceptibility with temperature [5]
1.2.3 Ferromagnetism

Because of the interaction between a ferromagnet's spins, the materials show
spontaneous magnetization even in the absence of an external magnetic field [7]. Moments
aligned in paralle due to electronic exchange pressures. A ferromagnetic material's special
properties include the presence of an ordering temperature and spontaneous magnetization.
Their distinctive temperature is known as ferromagnetic Curie temperature, below which a
material exhibits ferromagnetic behaviour and above which a substance becomes
paramagnetic, with the primary heat influences disrupting the aligned spins [8]. The

relationship between temperature and susceptibility is explained by the Curie-Weiss theory. A

ferromagnetic substance has an extremely high susceptibility and follows the Curie-Weiss law.

(1.2)

Where C is the Curie constant, T temperature and T, the Curie temperature. Cobalt, Nickel,
and Iron are some examples of ferromagnetic materials. The alignment of magnetic moments

in a ferromagnetic material is illustrated in Figure 1.3.
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Figure 1.3 The alignment of magnetic moments in a ferromagnetic material [9]

Weiss put up the ferromagnetism domain theory in 1907 [10]. This hypothesis states
that a ferromagnetic material has several tiny, spontaneously magnetised areas termed domains.
However, the vector sum of the magnetic moments of the various domains determines the net
magnetisation. In addition, he proposed the possibility of a molecular field acting in
ferromagnetic materials to magnetise them even in the absence of a magnetic field, but he was
unable to explain the molecular field's origin. Heisenberg attempted to use the exchange
interaction of quantum mechanics to explain ferromagnetism in 1928. The expression for the

interaction energy between two atoms is
Eex = —=2]exS;. S [11] (1.3)

Where S; and S; are the spins of two atoms, and /. is the exchange integral. E,, has a minimum
at parallel spins and a maximum at antiparallel spins if J,,positive. On the other hand, the
lowest energy state is produced by J,,, a negative antiparallel spin. We already know that the
alignment of spin moments on neighbouring atoms is the cause of ferromagnetism. Therefore,

with ferromagnetic material, the exchange integral needs to be positive. The exchange integral

varies with T;Lb ratio, where r,,and r; are the radii of an atom and its 3d shell of electrons,
d

respectively. This is illustrated by the Bethe-Slater curve (Figure 1.4).
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Figure 1.4 The Bethe-Slater curve [1]



Slater states that ferromagnetic materials must satisfy the ratio :Lb > 3. In this case,
d

ferromagnetic materials are discovered to be Fe, Co, and Ni, while non-ferromagnetic materials
are Mn and Cr. The Heisenberg theory and domain theory provided a satisfactory explanation
for the ideas of domains, exchange interactions, and temperature-dependent susceptibility, but
they were unable to explain the exact value of the magnetic moment in metals. Both of these
ideas, which go by the name "localised moment theory," contend that ferromagnetism is caused
by electrons that are fixed to atoms and immovable within crystals. Every atom has a unique
magnetic moment that is localised due to the contribution of these electrons. The Band theory
of magnetism has solved this [1]. Band theory discards the idea that an electron is localised to
a single atom and instead assumes that electrons are part of the entire crystal and are mobile
across atoms. According to band theory, electrons are thought to be part of the entire crystal
and are mobile, meaning they are not limited to a particular atom. Atoms cannot be brought
together to violate Pauli's exclusion principle since the electron clouds overlap and the distinct
energy levels of different atoms with the same energy should separate. For different energy
levels, the amount of splitting varies, and the levels spread out to form bands as seen in Figure
1.5. The band theory states that in order for ferromagnetism to occur, the electrons must be
partially filled bands with empty levels. To ensure a negligible gain in energy due to spin
alignment, the bands' level density must be high. The atoms must be at the proper distance for
the exchange forces to cause electron contact.
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Figure 1.5 Splitting of electron energy levels as the interatomic distance decreases [1]



1.2.4 Antiferromagnetism

The materials are those in which the net magnetisation is zero because the neighbouring
spins align antiparallel to one another (Figure 1.6) as a result of negative exchange interaction.
Two sublattice models can be used to describe the distinctive behaviour of antiferromagnetic
materials. The magnetic atom lattice is split into two equivalent interpenetrating sublattices in
this concept. The spins on the sublattice only interact with the closest spins on the adjoining
sublattice; only the nearest neighbour interactions are taken into account. The net magnetisation
is zero because the two sublattices spontaneously magnetised in the opposite direction due to
the negative exchange interaction [12]. A tiny magnetisation is created when the temperature
rises because the field can rotate spins and cause a slight upset in spin alignment. The
magnetisation increases with temperature, reaching its maximum value at a specific
temperature known as the Neel temperature. As the temperature rises more, the magnetisation
gradually decreases and the material behaves like a paramagnetic one. Curie-Weiss law (with
a negative value of 0) is followed by the material. For an antiferromagnet, the susceptibility is
modest and positive because of the antiparallel alignment of moments. Examples of
antiferromagnets include ferrous oxide, manganese oxide, manganese sulphite, chromium

oxide, etc.

X=— (1.4)

NN
Vb
I
A

Figure 1.6 The alignment of magnetic moments in a ferromagnetic material [9]

1.2.5 Ferrimagnetism

The ferrimagnetic materials, which have two interpenetrating sublattices, are
microscopically identical to the antiferromagnetic materials [13]. However, the magnetic
structure is not similar because multiple types of magnetic atoms or crystallographic sites are

present throughout the entire magnetic structure. There will be a net magnetisation as a result



of the spontaneous magnetisation being distinct in each sublattice. Even in the case of a tiny
external magnetic field, net magnetisation is higher. Thermal energy over a specific
temperature known as the Curie temperature prevents spontaneous magnetisation. At and
below the Curie temperature, they exhibit paramagnetic and ferromagnetic properties. The

magnetic moment alignment in a ferrimagnetic material is shown in Figure 1.7. Ferrimagnetic

materials include Fe;O4, MgFe20a, ZnFe;O4 and others.

Figure 1.7 The alignment of magnetic moments in a ferrimagnetic material [ 14]

1.3 Magnetic Interactions

The kind of interaction between the magnetic moments in a solid substance determines its
magnetic behaviour. The moments interact with one another through these magnetic
interactions to establish long-range order. The collective behaviour of magnetic moments gives
rise to all kinds of magnetic phenomena that are manifested by solids. In this context, we

address several kinds of interactions between solid-state magnetic moments.
1.3.1 Magnetic dipolar interactions

The long-range magnetic dipolar interactions between magnetic moments are always

present. The interaction energy between two magnetic dipoles u;and u, are separated by a

distance r given by

E=-"2° [#1-#2 —r3_2(ﬂ1-7”)(ﬂ2-7”)] (1.5)

4mr3
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This energy cannot contribute to any magnetic ordering in solid magnetic materials at room
temperature since it is insignificant in contrast to thermal energy. Near absolute zero, however,

magnetic dipolar interaction becomes substantial at very low temperatures.
1.3.2 Exchange interactions

One of the most significant phenomena in molecular magnetism is exchange contact.
Its electrostatic character has a foundation in quantum mechanics. Strong exchange interactions
only occur between the closest neighbours. With distance, the interaction's strength quickly
decreases. Four different kinds of exchange interactions can happen, depending on the solid's

metallic characteristics and the degree of magnetic moment delocalization.
a. Direct exchange interactions

It results from the electronic wave functions' spatial overlap. Strong localization of the
magnetic moments occurs on the magnetic centers, and direct interaction between the electrons
of adjacent magnetic ions occurs without the need for any intermediary [15]. The Direct
Exchange Interaction is schematically represented in Figure 1.8. This kind of interaction is

explained by Heisenberg's model.
H=-]¥S;.5; (1.6)

Certain metals are antiferromagnetic (J<0) and some are ferromagnetic (J>0) based on their J
values. Since there is not enough direct overlap between nearby magnetic orbitals, as there is
in the case of rare earth and transition metals, this form of interaction is relatively weak and
cannot be a significant factor in determining the magnetic properties. Additionally, when

dealing with such magnetic materials, some sort of indirect exchange interaction.

Figure 1.8 Schematic illustration of direct exchange interaction [16]
b. Indirect exchange interactions

The interaction between the magnetic moments over a long distance through a mediator.

Mainly two types of indirect exchange interactions exist.

11



1. Superexchange interactions

A common non-magnetic ion mediates the interaction between two magnetic ions
(Figure 1.9). In ionic solids, this kind of indirect exchange contact mostly happens via the
occupied oxygen 2p orbital between two magnetic ions of the same valence. Because the
exchange interaction occurs over a significant distance, the superexchange is named. It appears
to be more common in difluorides of transition metals or magnetic oxides. According to Pauli's
exclusion principle, this interaction is a virtual exchange of electrons from the same 2p orbital
of oxygen, which possesses antiparallel spins, with electrons from magnetic ions [17].
Consequently, antiferromagnetic coupling results from the antiparallel spin orientation of
magnetic ions. When electrons from magnetic ions interact with electrons from various oxygen

orbitals, ferromagnetic ordering can also result from this interaction.

Figure 1.9 Schematic representation of superexchange interaction [16]

2. RKKY interactions

The RKKY interaction (Figure 1.10) is a conduction electron-mediated interaction
between two localised spins that plays a key role in the magnetic coupling between localised
moments in metals. Conduction electrons interact with the crystal lattice's ith site's effective
magnetic field and develop a spin polarisation of sorts. The spin polarisation and spin of the
lattice site will both change mutually when the electron relaxes its magnetic moments and
passes through the next lattice site. The connection is indirect since there is no direct coupling
between magnetic moments. The coupling is expressed as an exchange interaction that depends

on distance, as given by

k
JRKKY (1) “w (1.7)

where r and kp stand for the fermi surface radius and the distance between two rare earth ions,
respectively. The long-range interaction depends oscillatorily on the distance between the

magnetic moments. Therefore, it can be either ferromagnetic or antiferromagnetic, depending
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on the separation. If kj is modest, the interaction results in ferromagnetism, and if kg ~ g, in

antiferromagnetism. The sign of the exchange integral J varies with the separation between the
localised moments. Figure 1.11 displays the fluctuation of the exchange integral with

interatomic distance.

Figure 1.10 Schematic illustration of RKKY interaction [16]
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Figure 1.11 Variation of exchange integral with interatomic distance [3]

c. Double exchange interactions

It is the most common interaction between oxides with different valence states. Zener
suggested using the nearby oxygen ion to explain the interaction between neighbouring ions
with parallel spins (Figure 1.12). One electron simultaneously hops from the third shell of one
magnetic cation to the oxygen's second p orbital, and from there it hops to the third shell of
another magnetic cation. The ferromagnetic order of magnetic cations results from this

interaction since the hopping happens while the spin sign is conserved [18].

VR
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P

Figure 1.12 Schematic illustration of Double exchange interaction [19]
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d. Anisotropic exchange interactions

Magnetic exchange interactions can produce orders that are not necessarily
ferromagnetic or antiferromagnetic, in addition to being extremely complex. Instead of
collinear spins, some magnetic systems contain canted spins. In these magnetic systems, the
exchange Hamiltonian is antisymmetric under the exchange of two spins and moreover
incorporates an anisotropic term. The spin-orbit interaction in conjunction with the lack of
inversion symmetry produces this anisotropic exchange interaction, also referred to as the
Dzyaloshinsky-Moriya interaction [20], in which the excited state of one ion interacts with the

ground state of another ion. One way to express the interaction Hamiltonian is as:
H = D15(51XS2) (1.8)

With D,,=—D,;. However, this kind of interaction tries to force two spins to be at right angles
in a plane perpendicular to vector D to ensure that the energy is negative. Because of this, the
interaction favours a small canting of the spins, which is the foundation of all chiral magnetic
structures, including skyrmion. The fundamental conditions for the existence of
Dzyaloshinsky-Moriya interaction in a system are strong spin-orbit interaction and the absence
of inversion symmetry. A non-collinear spin structure is significant because for both parallel
and antiparallel spins, the cross-product disappears. It was discovered that the interaction is
maximised in thombohedral and perovskite oxides like a-Fe>O3;, MnCO3, CoCOs etc, because

it causes the phenomenon of weak ferromagnetism depending on how vector D is arranged.

0 O~ o &

Collinear AFM Spin canted AFM

1.4 Magnetic anisotropy

Magnetic anisotropy is the term used to describe a material's magnetic property that
changes as it crystallographically orients. This is a crucial characteristic of magnets that are
permanent. Magnetic anisotropy controls coercivity and remanence and has a major effect on
hysteresis loop forms. This reliance produces both simple and complex instructions. Since the
easy axis is an energetically advantageous direction of magnetisation, it is easier to magnetise
material in easy directions than in hard directions, where the system's total magnetisation will

tend to lie along it. Due to its exploitation for material with significant commercial value, this
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topic is often very interesting. The following sections examine several forms of magnetic

anisotropy.
1.4.1 Magnetocrystalline anisotropy

An intrinsic anisotropy known as magnetocrystalline anisotropy can be thought of as a
force that pushes the magnetization to align in a specific crystallographic direction. The spin-
orbit interaction and crystal field interaction are the sources of this type of anisotropy. Actually,
the material is magnetized by the energy differential between hard and easy directions. As an

illustration, magnetite has hard and easy directions [100] and [111] respectively [5].
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Here, we can see that, regardless of the axis along which it is applied, the saturation
magnetisation remains constant, but the field needed to reach the value varies. Since the applied
field must work against the anisotropy force in order to move the magnetisation vector away
from an easy direction, anisotropy energy, also known as crystal anisotropy energy, needs to

be stored. The anisotropy energy for cubic crystals is expressed as

E =Ky + K, (a?a? + a3a? + aza?) + Ky(a?aa3) +

Where K,, K;, K, are anisotropy constants at a particular temperature and a4, @,, as are
direction cosines of the magnetization vectors with respect to the crystallographic axes. The
term K, is independent of angle and is usually neglected. The sign of K; determines the
direction of the easy magnetization when K, is zero. If K; is positive E g9 < E110 < E1115
hence E;yo is the easy direction because it has minimum energy as compared to other
crystallographic directions. Similarly, if K; is negative, E;qo > Eq19 > E;11, and the easy
direction is E7;;. When K, is not zero, the values of both K; and K, determine the easy

direction. The anisotropy decreases with increasing temperature and vanishes at the Curie

temperature.
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1.4.2 Shape anisotropy

An extrinsic anisotropy is shape anisotropy. It results from long-range dipolar
interaction and is caused by the magnetic specimen's form. The demagnetising field will not
be equal in all directions when a particle is not perfectly spherical, resulting in the creation of
one or more easy axes. Because of their form, non-spherical polycrystalline materials with no
preferred orientation can cause anisotropy. Compared to a short axis, a long axis is easier to
magnetise. because a short axis has a stronger demagnetising field. The shape anisotropy of a
spherically shaped object is zero. Utilising this type of anisotropy, one-dimensional

nanostructures are employed for high-density data storage.
1.4.3 Exchange anisotropy

When a ferromagnet and an antiferromagnet interact, exchange anisotropy results. This
interaction is often seen in a single-domain particle system. Under an applied field, the
antiferromagnets drop below their Neel temperature, causing the exchange anisotropy, which
is unidirectional and includes the pinning of moments in a ferromagnetic layer by an adjacent
antiferromagnetic layer. Exchange anisotropy is the cause of the hysteresis loop shift. Because
ferromagnetic-antiferromagnetic bilayers have so many uses, including high-density data

storage, spin valves, and spintronics, there has been a lot of interest in their combination.
1.4.4 Surface anisotropy

Surface anisotropy is important in nanoparticle systems, because the relative spins at
the surface are bigger in nanoparticle systems, surface anisotropy is significant. Less
coordination with neighbouring spins and symmetry breaking at the surface are the causes of
it. Surface anisotropy is largely determined by surface ligands and other components of the
electrical environment. Neel's surface anisotropy, which considers the symmetry of the nearby
atoms at the surface, sheds more light on surface anisotropy. The surface anisotropy expression

is provided by

Hsurf = Yiesur Ksurf(Si-vi)2 (1.9)

V; = X jeneighb Tij (1.10)

Where Ky, is a surface anisotropy constant and v; is the anisotropy axis direction.
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1.4.5 Induced anisotropy

When applied stress creates an easy direction of magnetisation, the outcome is induced
anisotropy. It can be created through processes like annealing, casting, etc. It isn't inherent in

the substance.
1.5 Magnetism at nano level

In the research sector, nanoscale magnetism is a lively and incredibly exciting issue.
Because of their finite size and surface effect, the nanoparticles display a wide range of peculiar
and fascinating magnetic properties, such as single domain nature, superparamagnetism, and
modulation in coercivity with particle size. We examine the magnetism of nanoparticles in the

next section.
1.5.1 Single domain particles

A domain wall made of bulk magnetic material divides each domain in order to lower
the net free energy of the system. Below the critical size, the production of domain walls
requires more energy than the decrease in magneto-static energy, making the development of
domains energetically unfavourable [21]. As a result, only the construction of a single domain
is encouraged. In fact, ferromagnetic materials have a minimum domain size; further reduction
of the grain size will lead to a critical size at which the grain can no longer support a wall. This
suggests that domains could not form from a single particle of a size comparable to the
minimum domain size. The critical size of the domain is determined by the balance of the
magnetostatic energy, anisotropy energy, and exchange energy. The diameter of the critical
single-domain is provided by

D = @ (1.11)
HoMg
Where A,,, K and M, are exchange stiffness, magnetic anisotropy constant and saturation
magnetization respectively. The incredibly difficult process of spin rotation will cause the
magnetisation of a single domain particle to vary. because single domain particles are
magnetically hard and have higher coercivity and remanence than multidomain particles. The
magnetisation for the single-domain particles comes from the Stoner-Wohlfarth model [22].
Given a system whose magnetisation is at an angle to the direction of the magnetic field and a
magnetic field of strength H applied at an angle with the domain's easy axis, the system's energy

density is given by
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E = KSin?(8 — ¢) — uHM,Cosq (1.12)
1.5.2 Superparamagnetism

In ferromagnetic or ferrimagnetic single-domain particles, superparamagnetism is a
significant finite-size effect. The anisotropy energy causes the magnetisation in a single-
domain particle to hold in a specific direction. However, when the particle size falls, the
anisotropic energy reduces and the thermal energy increases [23]. Therefore, even in the
absence of an applied field, thermal fluctuations lead a particle's magnetisation to flip from one
easy direction to the other. Superparamagnetism is the state in which a material exhibits
paramagnet-like behaviour with an extremely high effective magnetic moment per atom when
the thermal energy exceeds the anisotropy energy. Because heat energy flips the magnetisation,
the systems show zero remanence and coercivity. The average relaxation time required to flip
the magnetization is given by the Neel-Brown expression [24].

T = Tpexp (I:TVT) (1.13)

Where 1, K, V, kg, T represent the pre-exponential factor, anisotropy constant, volume of the
particle, Boltzmann constant and temperature respectively. A particle's superparamagnetism
depends on the measurement time in addition to temperature. The particles exhibit
superparamagnetic behaviour if the measurement time is much greater than the relaxation time.
If the measurement time is significantly shorter than the relaxation period, the nanoparticle's
magnetic moment is said to be in the blocked condition. The superparamagnetic blocking
temperature is the temperature at which the relaxing time and the measurement time are equal.
For a measurement time of 100 s, the blocking temperature Ty can be computed using the

formula

KV
Ts = 550 (1.14)

Below Ty the anisotropy obstructs the free movement of the magnetic moment, while beyond

Ty, the system exhibits superparamagnetic behaviour.
1.5.3 Variation of coercivity with particle size

The Coercivity of tiny particles is very sensitive to size variation. When the particle

size reduces, the coercivity usually rises, achieves a maximum value at a specific size, and then
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tends to zero as the particle size continues to drop. The schematic representation of the

coercivity variation with particle size in fig. There are three regions in it.

1. Multidomain: The domain wall motion changes the magnetization. The size dependence

of coercivity is experimentally found to be given by

Ho=a+7 (1.15)

Where a and b are constants and D is the particle diameter.

2. Single domain: The coercivity reaches its maximum value in this size range and the particles
become a single domain below a critical diameter Dy. Here the smaller changes in their
magnetization by domain rotation. As the particle size further decreases below D the coercivity

decreases, due to thermal effects. The variation of coercivity in this range is given by

h

He=9-15

(1.16)
3. Superparamagnetic region: At a sufficiently small size the particle exhibit
superparamagnetism with zero coercivity. Thermal effects are now powerful enough to

spontaneously demagnetise a previously saturated assembly of particles.

MD = multi-domain
SD = single-domain
SP = superparamagneltic
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MD
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Figure 1.13 Variation of coercivity with particle size [25]

As the particle diameter shrinks, a magnetic multi-domain state transforms into a single-
domain size, as can be understood from the schematic representation of a variation of coercivity
with particle size. Dg represents the diameter at which this change from a multi-domain to a
single domain occurs. A Single Domain particle's coercivity value is often high, indicating that

reversing its magnetisation is more challenging. As a result, a magnetic field stronger than the
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Single Domain particle's demagnetisation field must be applied. Particle size reduction below
D causes the coercivity to drop because the thermal agitation energy outweighs the magnetic
anisotropy energy and randomises the magnetisation [26]. In an extreme situation where the
particle size decreases further, the coercivity is zero, resulting in a superparamagnetic state.

The zero-coercivity diameter is indicated by D,,.

1.6 Ferrites

Ferrites are ferrimagnetic oxides made up of trivalent iron oxide combined with one or
more bivalent oxides. Because ferrites have both simultaneous electrical and magnetic
properties, they are commonly referred to as magnetic insulators. They are significant prospects
for industrial applications because of their great mechanical hardness, high thermal stability,
low eddy current, low dielectric loss, high magnetic permeability, and high electrical resistivity
[27]. Researchers have focused on ferrites because of the need for electrical and magnetic
qualities in the realm of advanced electronics and microwave devices. As of right now, ferrites

are the greatest option for both traditional and novel applications.
1.6.1 Structure of ferrites

The typical formula for ferrites, according to Neel, is AB204, where A and B are metallic
cations that are situated at tetrahedral (A site) and octahedral (B site) sites, respectively [28,

29]. Four groups are distinguished among ferrites based on their crystal structure.

a. Spinel ferrites

It is the ferrites' most significant category. Bragg and Nishikawa were the first to determine
the spinel structure. They are represented by the formula MFe,O4, where M is any divalent ion,
such as Mg?*, Ni?*, Co?*, Fe?", etc., and they have a cubic structure. AI**, Cr**, Ga**, and other
trivalent ions can also be used in place of Fe3* ions. Octahedral and tetrahedral crystallographic
sites are the two different forms found in spinel ferrites. There are eight MFe2O4 formula units
in a unit cell. There are 64 tetrahedral sites in each unit cell, of which 8 are occupied, and 32
octahedral sites, of which 16 are occupied [30]. The distribution of cations in each site is
dictated by the electronic configuration, electrostatic energy, and ionic radii. For spinel ferrite,
the precise formula is (M2*, Fe3*)[M2*Fe3*,]0%™, the tetrahedral and octahedral sites are
represented by the parentheses and square brackets respectively. Here x represents the degree
of inversion defined as a fraction of A-sites (tetrahedral) occupied by Fe*" ions. A unit cell of

spinel ferrite is shown in Figure 1.14. Spinel ferrites are classified as:
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/ A: tetrahedral site
)y B: octahedral site

O O: oxygen

Figure 1.14 Unit cell of spinel ferrite [31]

1. Normal spinel ferrites

Tetrahedral sites are inhabited by all divalent metal cations, while octahedral sites are
occupied by trivalent cations [32]. There is only one kind of cation that can fit at each location.
In these kinds of structures, x equals to zero and the basic formula is M2t Fe3* 02~. ZnFe;Os,
CdFe204 are two examples of normal spinel ferrites.
2. Inverse spinel ferrites

Trivalent cations occupy both octahedral and tetrahedral sites, whereas divalent cations
only fit into octahedral sites [32]. In this type of structure, x equals to one and the cation
distribution can be written as Fe3*[M2?*Fe3%]0;2. Fe;0s, NiFe;O4 are two examples of
inverse spinel ferrites.
3. Mixed spinel ferrites

The divalent cations and trivalent cations are distributed at both tetrahedral and octahedral

sites. Here the value of x lies between zero and one [33]. The cation distribution can be written
as MZ* Fe3*[MZtFe3* 10Z~. NixZni<Fe>Os CuxZnixFe;O4 are two examples of mixed

spinel ferrites. Most cubic ferrites at the nanosized scale have mixed structures.
b. Hexagonal ferrites (Magnetoplumbite)

Particularly, ferrimagnetic oxides with a hexagonal magnetoplumbite-type crystal structure

are hard magnetic materials. MFe12019, where M is an element such as barium, strontium, lead,
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calcium, etc., can be used to represent them [34]. Because of their strong coercivity, hexagonal
ferrites are difficult to magnetise in a different direction. Due to their high electrical resistivity,
high magnetic permeability, and moderate permittivity, hexagonal ferrites are used in a variety
of applications such as magnetic recording media, military aircraft radar absorbing paints,
permanent magnets, and microwave devices like filters, resonance isolators, circulators, and

phase shifters.

c. Garnet

It is a class of hard magnets with an orthorhombic crystal structure. The general formula
for garnet is M3FesO12, where M is one of the rare earth elements like Sm, Eu, Gd, Tb, Dy, Er,
Tm, Lu, or Y [35]. It can only tolerate trivalent iron and trivalent rare earth elements. The
absence of additional valencies results in extraordinarily high electrical resistivity and very low
losses in the microwave area. As single crystals, these are transparent and display fascinating
magneto-optical properties. Yitrium ferrite is a well-known example of garnet. Garnet ferrites
are used in microwave technology, optical, magneto-optical and acoustic applications.

d. Ortho-ferrite

It has an orthorhombic crystal structure. It can be represented by a chemical formula
MFeQOs, where M is the rare earth element. Most of the Ortho-ferrites are weak ferromagnetic
materials [36]. Lanthanum orthoferrite, Gadolinium orthoferrite, Dysprosium orthoferrite are
some examples of Ortho-ferrite. Ortho-ferrites are used in communication techniques, in

sensors of magnetic fields and in optical internet.

1.6.2 Magnetic properties of ferrites

The existence of irregular 3d electrons dispersed in an uneven amount at the tetrahedral
and octahedral sites in ferrites is the cause of magnetism. Neel's two-sub lattice model of
ferrimagnetism describes the ferrimagnetic type ordering of spinels in general. The interchange
of cations between the two sites and their occupancy have a significant impact on the magnetic
characteristics of ferrites. Because of the great separation between the cations, direct
interactions are minimal in spinel ferrites. Even at low temperatures, the saturation
magnetisation of all ferrites is relatively modest. The magnetisation will be greater than the
reported value if every spin is parallel. Based on Heisenberg's exchange forces, Neel's two-sub
lattice model of ferrimagnetism was able to provide a reasonable explanation for the low
saturation magnetisation in 1948 on the basis of Heisenberg's exchange forces. Ferrites,

according to Neel, have a magnetic structure that is quite distinct from any structure that has
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been identified previously. Using Heisenberg's exchange forces as a foundation, Neel
explained the ferrites' spontancous magnetisation. The following formula provides the
exchange energy between two nearby atoms with spin angular momentum, E,, = —2J,,.S;. S,
where E,,is the exchange energy, S; and S; are the total spins of adjacent atoms and J, is the
exchange integral. If Jex>0 favours parallel spin and Jx<O favours antiparallel spin. The
magnetic ions in spinel ferrites have the potential to interact in three different ways, and the
superexchange process allows for these interactions to occur between the intermediate O%ions.
Three types of interactions can occur: A-O-A, B-O-B and A-O-B. Among them, the strongest
superexchange interaction is A—O-B [37, 38]. The weakest interaction is A-O-A, which is
about ten times weaker than B-O-B. Both the angle between the magnetic ions and the distance
between the metallic ions and the oxygen determine how much of these interactions occur. The
largest exchange energy will occur at an angle of 180, and as distance increases, the energy
rapidly declines. The difference between the ions at the A and B sites is therefore equal to the
resulting magnetic moment. Since the saturation magnetic moment for the B lattice (Mg) is
generally greater than that of the A lattice (Ma), the resulting saturation magnetisation (Ms)
can be stated as M5 = Mg - Ma. Ferrites are divided into the following categories according to

their magnetic properties:
a. Soft ferrites

All soft ferrites are given by the formula MFe,O4, where M is an ion of a transition metal.
Soft ferrites are ferrimagnetic materials with inverse spinel structures that belong to a cubic
crystal system. They have low coercivity and remanence because they are easily magnetized
and demagnetized by introducing a modest magnetic field. The material may change its
magnetization orientation without using a lot of energy. Soft ferrites are frequently used in
radio frequency inductors, electromagnetic cores of transformers, and switching circuits in
computers due to their high magnetic permeability, intrinsic high resistivity, low eddy current
losses over a wide frequency range, and stability over a broad temperature range. Examples of

soft ferrites are manganese-zinc ferrite and nickel-zinc ferrite.
b. Hard ferrites

Hard ferrites are permanently magnetized and exhibit magnetoplumbite structures.
They are challenging to magnetize and demagnetize due to their high coercivity and remanence

values. They have a harsh magnetic property because of large magnetocrystalline anisotropy
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caused by spin-orbit interaction. Permanent magnets are one of the main uses for hard ferrites.

Hard ferrites include, for example, barium ferrites and strontium ferrites.
1.7 Ferrofluids

Ferrofluids are liquid carrier medium-suspended nanomagnetic single domain particles
in a stable colloidal suspension [39]. It is a novel functional material that possesses both the
magnetism of a solid magnetic substance and the fluidity of a liquid. Their composition gives
them the special capacity to interact with a magnetic field and to have fluidity. The three main
parts of it are the surfactant, base fluid, and single-domain magnetic nanoparticles [40].
Depending on the uses, the carrier liquid may be polar or nonpolar. Stephen Pappel created
ferrofluid in 1960 to use it in space applications. To keep the particles from settling in a
magnetic or gravitational environment, Brownian motion is adequate [41]. The particles are
superparamagnetic due to their small size; each one functions as a single magnetic domain that
is randomly capable of flipping its magnetisation in response to temperature. Because of this
Neel relaxation and rotating Brownian relaxation, ferrofluids show no remanent magnetisation
at room temperature once the external magnetic field is withdrawn. By volume, a typical
ferrofluid has roughly 5% magnetic particles, 10% surfactant, and 85% carrier. Ferrofluids
offer the benefit of having a high degree of fluidity as well as the ability to modify their
performance and attributes with the use of an external magnetic field. A fluid's shelf life and
stability determine its quality. To prevent the magnetic particles from clumping together due
to the attractive Van der Waals contact, they must be surfaces using an appropriate surfactant
by either electrostatic or steric repulsion. Ferrofluid research is driven by both fundamental and
practical interests. Figure 1.15 illustrates ferrofluid's reaction in the presence of a non-uniform

magnetic field.

Figure 1.15 The response of ferrofluid in the presence of a non-uniform field
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1.7.1 Stability criteria of ferrofluid

One of the most important factors in determining a fluid's applicability for different uses is
its stability. The stability of the ferrofluid is determined by the thermal contribution and the
equilibrium between repulsive and attractive interaction [42]. To avoid particle sedimentation
and preserve a well-dispersed suspension, the particles' thermal energy must be high enough to

allow for sufficient mixing of the suspensions.
a. Stability in a magnetic field

When ferrofluid is subjected to an external magnetic field, a magnetic field's greater
intensity areas attract particles, whereas thermal movements balance the field's pull and give
statistical movements that enable the particle to move the entire volume of the fluid. A high

ratio of thermal energy to magnetic energy provides stability against segregation.

Ther energy kT

(1.17)

= >
Magnetic energy UoMHV —

Substituting the volume of a sphere and rearranging it gives an expression for particle size for

stability.

D < ( 6kpT )1/3
< (kT (1.18)

TuoMH

b. Stability in a gravitational field

Gravitational force forces the particles downward continually, and heat agitation prevents
sedimentation by stabilising the particles. Gravitational energy is negligible when one accounts
for magnetic energy. For stable fluid, the gravitational to magnetic energy ratio is therefore

smaller than one.

Gravitational energy _ ApgL

<1 (1.19)

Magnetic energy UoMH

c. Stability against magnetic agglomeration
Particle collisions occur often in ferrofluids because they typically contain 10?* particles
per cubic metre. This leads the particles to stick together and create clumps. Because the

particles are permanently magnetised, when they are aligned and there may be a dipolar

25



exchange that results in a dipole-dipole pair energy, the maximum energy to overcome the
magnetic attraction between a pair of particles occurs. When the surface of the particles come

into contact, this energy is given by

um?v

Edipole =

- (1.20)

To prevent particle agglomeration, thermal agitation must be stronger than this dipolar energy,

and this stability condition necessitates the ratio, Thermal energy/dipole- dipole pair energy;

24kT
uM2v

>1 (1.21)

This provides the fluid's steady particle size as,

Q< (144kBT)1/3
(1.22)

TUoM?

The particle size in a ferrofluid with a long shelf life is often found to be around 10 nm.

d. Stability against Van der Waals forces

Additionally, constant fluctuating electric dipole-induced dipole forces result in the
existence of Van der Waals forces of attraction between neutral particles. Through a quantum
mechanical interaction, the oscillating orbital electrons in one particle cause dipoles in the
neighbouring particle. Taking precautions against these factors is also crucial. London's model
predicts inverse sixth power laws between point particles, which Hamer extended to equal
spheres. For spherical particles of diameter d and distance x, the interaction energy can be

expressed as

(1.23)

|Ev|=§[ 2 n 2 +lna2+4a]

a?+4a  (a+2)? (a+2)2
Where a=2x/d and A is Hamaker constant. This constant has a value of 10"!° Nm for magnetite
in water. Unlike the magnetic dipole-dipole interaction energy, the interaction energy diverges
at decreasing interparticle distance. Therefore, as long as the Hamaker constant has a finite
value, thermal energy cannot stop coagulation. Thus, in order to maintain the colloidal stability
of the system, particle contact must be avoided. The net interaction curve is shown in Figure

1.16 for different energies.
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Figure 1.16 The net interaction energy curve [42]

1.7.2 Stabilization Techniques

The two main stabilisation methods for colloidal stability are steric repulsion and
electrostatic repulsion [43]. The reason behind steric repulsion is the existence of long-chain
molecules that have been adsorbed onto the surface of the particles, preventing them from
contacting. To act as an effective solvent for polymer expansion, the linked polymer chains
must be well suited to the base fluid. The inner particle core is typically better screened when
grafting long polymer chains and high surface coverage. The freedom of the surface polymer
chains decreases with the proximity of the grafted particles, which in turn lowers the mixing
entropy. An osmotic action is also produced concurrently by the increased concentration of
polymeric molecules in the space between the grafted nanoparticles. The physical foundation
for steric stabilisation is mostly provided by the combined effects of lowered entropy and
induced osmotic action. The most popular steric surfactants are oleic acid and related
compounds. Through the application of basic or acidic radicals to form charges at the particle
surfaces, electrostatic stabilisation works by causing the coulomb interaction between the
particles to resist one another. Water-based systems make use of it. Citric acid and tetra methyl

ammonium hydroxide are surfactants that offer ionic repulsion.
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1.7.3 Classification of Ferrofluid

Based on the steric and electrostatic stabilization the ferrofluid is classified into two:

surfacted ferrofluid and Ionic ferrofluid respectively.
1. Ionic ferrofluids

Ionic ferrofluids use electrically charged nanoparticles to keep the colloidal system
stable [44]. Here, the particles' surfaces are exposed to basic or acidic radicals, which causes
charges to form at the surfaces of the particles that oppose one another because of coulomb
interaction. The liquid carrier of choice is usually water, and the pH of the solution can vary
from 2 to 12, depending on which way the surface charge of the particle is orientated. Acid
ionic ferrofluid (pH 7) contains positively charged nanoparticles, and alkaline ionic ferrofluid
(pH > 7) has negatively charged particles. Citric acid and tetramethylammonium hydroxide are

surfactants that provide ionic repulsion.
2. Surfacted ferrofluid

In order to prevent aggregation, surfactants such as aerosol sodium di-2 ethylhexyl-
sulfosuccinate and oleic acid are deposited on magnetic particles to create surfactacted
ferrofluids. Steric repulsion creates a physical barrier that stabilises the colloid and keeps the
grains in the fluid [45]. A long-chain molecule adsorbs onto the particles, physically preventing
them from approaching. A stable ferrofluid is produced when the magnetic particles are
stopped from moving about in the solution by a physical barrier known as steric repulsion
between the particles. It's crucial to employ adequate surfactants because not enough will result
in a coating that isn't strong enough to resist van der Waals attractions. The particle is in contact
with the fluid carrier, and the polar head of the surfactant is adhered to the particle. The zeta
potential is generated by the surface charge of the suspended particles in the base fluid,
resulting in a repulsive force between the particles. Since the repulsive energy of small particles
is less, a large amount of zeta potential is required for a stable suspension repulsive force
between suspended particles.

To generate an exterior hydrophobic layer, one layer of surfactant is required if the
particles are dispersed in a nonpolar media like oil. The carbonic chain is in touch with the
fluid carrier, and the surfactant's polar head is affixed to the particle surface. On the other hand,
a double surfactation of the particles is required to produce a hydrophilic layer surrounding

them if they are dispersed in a polar liquid like water. Surfactant molecules can have nonionic,
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anionic, or cationic polar heads. Figure 1.17 displays the drawings of the ionic ferrofluid grain

and the surfacted ferrofluid grain.

P
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Figure 1.17 Sketches of surfacted ferrofluid grain(1a) and ionic ferrofluid grain(1b) [43]

1.7.4 Surface Instabilities

The scientific community is drawn to ferrofluids because of their various instabilities,
which allow for the suggestion of novel uses. Because they may generate a variety of patterns
when subjected to magnetic fields, ferrofluids, for instance, can be utilised as tunable soft
templates. These kinds of applications can be suggested by the way magnetic nanoparticles
self-organise in ferrofluid when exposed to a magnetic field. Following are some examples of
the various instabilities that can occur in ferrofluid:

1. Rosensweig Instability

Rosensweig instability is the interfacial instability on a ferrofluid's free horizontal surface
when there is a continuous magnetic field perpendicular to the surface [46]. The magnetisation
of the ferrofluid and the intensity of the applied magnetic field determine surface instability.
When the applied magnetic field is greater than the stabilising forces resulting from surface
tension and gravitational force, the instability mechanism takes place. The spikes begin to form
at the container's boundaries and spread towards the centre when the field reaches a critical
amount. The initial disturbance of the surface decreases towards a flat surface as the applied
field strength approaches the critical field. Ridges replace the flat surface when the magnetic
field is increased in a quasi-static manner [47]. Moreover, the pattern changes to a hexagonal
shape as the magnetic field increases. The applied field strength increases and the spike height
increases at the critical wave number condition. The pattern changes from hexagonal to square

when the applied magnetic field reaches a second threshold value.
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2. Labyrinthine pattern
Not specific to ferrofluids, but another kind of pattern that can be produced by them is the
labyrinth. When a ferrofluid containing an immiscible nonmagnetic fluid is put between two
closely separated glass plates and a vertical magnetic field is applied, a pattern emerges [48].
The conflict between the fluid's surface tension and the magnetic dipolar interaction causes it
to arise. With a rise in the applied magnetic field, the pattern's shape gradually changes from a
circular drop to several bifurcation configurations. More precisely twisted patterns were
obtained by systematically varying the horizontal cell wall spacing and applying a stronger
magnetic field. Using an energy minimisation approach, Rosensweig et al. (1983) estimated
the Labyrinth spacing and concluded that Labyrinthine patterns are at equilibrium. In reality, a
steady state response produces the labyrinthine structure. Goldstein et al. investigated the
matter using a "dynamic theory" method, showing how different final states of ferrofluids under
the same magnetic field can arise from the same initial configuration. In a global energy
landscape, these analogous states are steady states that are not in equilibrium.
3. Benard-Marangoni instability
This type of instability is brought about by the temperature dependency of surface tension,
which is additionally impacted by the fluid's rheological properties [49]. Consider a scenario
in which a free surface surrounds a liquid layer that is heated from below. Fluid rising at a
particular point in the layer will cause a hot spot to form on the free surface. Surface tension
thus decreases, causing a flow to diverge at the free surface and drive the fluid upward even

farther.

4. Rayleigh-Taylor instability
This type of fingering instability happens when a magnetorheologically active fluid is
positioned above a less dense fluid, causing fingering at their interface [50]. The fluids are of

different densities.

1.8 Fundamental study of theoretical calculation using DFT

In order to approximate wave functions and energy for atoms and ions, Hartree
developed the Hartree function in 1927 [51]. A few years later, his pupils Fock and Slater each
put forth a self-consistent function that took into account the multi-electron wave function and
Pauli principles. This was done in the form of a determinant of one-particle orbitals, or Slater-

determinant, in order to overcome the electron system's complete disregard for anti-symmetry.
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The Hartree-Fock model was not widely employed until the 1950s due to its difficult
computations. The underlying premise of the Hartree-Fock model, however, asserts that the
actual outcome can only be approximately predicted. In the same year 1927, Thomas and Fermi
created a statistical model to compute the energy of atoms by estimating the electron
distribution in an atom as the Hartree function. They were able to calculate the atom's energy
by defining its kinetic energy as a function of electron density and adding two standard terms
for nuclear-electron and electron-electron interactions (both of which can be represented in
terms of electron density). It did not have the atom's exchange energy at first, which comes
from the Pauli principle and is represented by the Hartree-Fock theory. Dirac expanded the
theory in 1928 by including an exchange energy functional factor. The Thomas-Fermi model
is an important initial step, however at the moment it has relatively few applications because it
is not very precise for most of them. The approximation of the kinetic energy functional term
is the main source of mistake; the total disregard of the electron correlation effect is the source
of inaccuracy in the exchange energy. On the other hand, it serves as the forerunner of the
Density Functional Theory (DFT). The DFT Mansion Corporation was founded by Hohenberg
and Kohn after they published a paper in 1964. The basic idea underlying DFT is to use the
functional of electron density, which has only three variables, in place of the complex and
challenging-to-compute many-electron wave function, which has three N variables (N is the
number of electrons, and each electron has three spatial variables). A function that transfers a
number to another function is called a functional. Consequently, the new system reduces the
number of variables we need to manage from the massive 3N variables to just 3. This makes
managing only three variables much easier. The first theorem published by Hohenberg and
Kohn states that the ground state energy is a function of electron density and solely depends
on electron density. their second theorem showed that by minimising the energy of the system
according to the electron density, the ground state energy could be obtained [52]. It is important
to recognise that H-K theorems do not specify the nature of the one-to-one mapping relations
that exist between electron density functional and system properties. So, instead of "minimising
the system energy," the most widely used method is the Kohn-Sham technique. In a work
published just a year after the important study by Hohenberg and Kohn, Kohn and Sham
reduced the multi-electron problem to one of non-interacting electrons in an effective potential.
This potential consists of the external potential as well as the results of the electron-electron

Coulomb interactions, such as the exchange and correlation interactions [53].
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Handling the exchange and correlation relationship is difficult with KS-DFT. As of
right now, there isn't a systematic way to solve the energy exchange and correlation problem.
On the other hand, the easiest approximation is the Local-Density Approximation (LDA). The
foundation of LDA is the uniform electron gas model, which is used to derive the exchange
energy—whose exact value can be found in the Thomas-Fermi model and the correlation
energy from fits to the uniform electron gas. A Slater determinant of orbitals can be used to
exactly define the wave function of the system, which can be simply described as a non-
interacting system in an effective potential. On the other hand, the exchange-correlation part

of the total energy functional is poorly understood.

DFT has been more and more common for solid-state physics computations since the
1970s. Unlike other methods for solving multi-body problems in quantum mechanics, LDA
yields strong conclusions backed by experimental data. However, DFT was still unreliable in
the field of quantum chemistry until the 1990s, when approximation techniques were
significantly improved to better explain the exchange-correlation interaction. DFT is currently
commonly utilised for electrical structure simulations. It is still difficult to use DFT to tackle
strongly correlated systems, semiconductor band gaps, and strong dispersion systems. DFT is

still being developed as a result.
1.9 Motivation of the present study

For a long time, scientists and researchers have had the ambition of creating a
homogeneous fluid with magnetic properties, but their efforts to melt metallic magnets in order
to turn a solid into a liquid have been unsuccessful because, when heated over a certain
temperature known as the Curie Temperature, all magnetic materials have the potential to lose
their magnetic characteristics. Since ferrobluids behave like ferromagnetic materials and have
fluid characteristics while being able to be moved by a magnetic field, they are quite interesting.
Ferrofluids have become more and more sought after in a variety of technological and
biomedical area applications during the past 50 years. Ferrofluids applications in our society
increasing day by day from space technology to the medical field and even our daily life.
Ferrofluid could play a crucial role in making stronger and more affordable armour as part of
the effort to make India as self-reliant in the defence sector. Natural patterns exhibit remarkable
intricacy and similarity over length scales that can span from the individual component to the
ecosystems that comprise them. The ferrofluid also exhibits a richness of different patterns,

which depends on the strength of the applied magnetic field and the interfacial tension of the
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fluid. From a fundamental perspective, magnetic nanofluid is an ideal platform for
investigating Rosensweig instability and pattern formation. The ferrofluid can also be used to
create patterns for computer-aided art by applying an external magnetic field, which is
something that contemporary technological artists are exploring. Due to their
superparamagnetic nature, the constituents exhibit complex relaxation behaviour under a
magnetic field and also they exhibit a variety of altered optical characteristics in the presence
of a magnetic field. These factors contribute to enhancing the interest to study fundamental

magnetism at the nanolevel.

Iron oxide oxides play a very important role in material science. Among them, Hematite
is the most stable form of iron oxide in the air at ambient conditions. Hematite nanoparticles
have attracted a lot of interest due to their abundance, low cost, low toxicity, high chemical
stability, and tunable optical and magnetic properties in catalytic reactions, gas sensors,
magnetic storage systems, photoelectron chemical water splitting and biological applications.
Nanoparticle synthesis is one of the most interesting areas in the research field. The
nanoparticles can be synthesized through different chemical, physical and biological methods.
Among them, the green method has gained more attention as a reliable, sustainable and eco-
friendly protocol for synthesizing a wide range of nanoparticles. A significant public health
concern is the growth of infectious diseases brought on by various dangerous bacteria and the
emergence of new bacterial stains that are resistant to already available medicines. Since
bacteria show opposition against several common antibacterial agents, contagious diseases
continue to be one of the greatest threats to human health worldwide. Thus, there is a clear
motivation to create new antibacterial agents. Due to the spread of antibiotic resistance among
microbial pathogens, the interest in studying the antimicrobial activity of nanoparticles are also
increased. Water is essential to life and is therefore necessary for all living things. However,
the quality of water has been severely compromised due to the swift expansion of
industrialisation and an increasing human population. It is a worldwide problem because

industrial wastewater discharges contain a variety of toxins.

Among all of these contaminants, dyes are the most persistent and difficult to break
down. Due to the fact that these contaminants do not mineralise as well using conventional
procedures. Many novel techniques are used for the removal of contaminants from water, like
coagulation, ozonation, electrochemical degradation, and photocatalytic degradation. Among
them, photocatalytic degradation is one of the simplest and most efficient methods for purifying

water. This fact encouraged to me for doing photocatalysis. Since magnetic nanoparticles have
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a higher surface area to volume ratio and may be recovered and recycled after a reaction, their
application as catalysts in organic transformations has garnered a lot of attention lately. This is

another objective of the present study.

A significant development in the field of carbon nanomaterials was the successful
mechanical exfoliation of graphene that was one atom thick from graphite using the Scotch
tape technique. Since then, we have seen a surge in two-dimensional (2D) material research,
which has resulted in the discovery of novel 2D materials. The exfoliation of a few layers of a
2D material from its layered counterpart is quite easy. But the scientist has faced trouble in
extracting a monolayer or a few layers from a Non-van der Waals material. But in 2018 Balan
etal. Successfully exfoliated freestanding 2D sheets with intrinsic magnetism from bulk
Hematite material. Different techniques have been used in order to induce magnetism in 2D
atomic layers. Till that time the research community believed that theoretically, the magnetic
ground state is impossible in 2D. Yet because of their intriguing material characteristics and
predominance of quantum phenomena, two-dimensional materials have served as a breeding
ground for a great deal of basic and applied scientific inquiry. So yet another motive for the
present study is to synthesize 2D hematene material from a synthesized non-layered material,
not from a commercially available bulk material. As environmental deterioration and energy
scarcity issues became significant barriers influencing human progress, people's attention has
been drawn to the development of sustainable energy technology. By using solar energy to
produce clean and renewable hydrogen fuel, photoelectrochemical water splitting is a highly
sustainable approach to mitigating the impending catastrophe. The integration of different
components with unique structure features can effectively promote the PEC process. Hence we
made a heterojunction with an extracted layer of Hematite and Titanium nanotube and studied

the PEC performance, which is another motive of the present study.

Investigation of magneto-optical characteristics of ferrofluid is important for the
development of optoelectronic devices such as optical modulators, optical switches, tunable
grating, wavelength-division multiplexers, holographic optical tweezers, sensors etc.
Ferrofluid is optically isotropic in the absence of an external magnetic field, once the external
magnetic field is applied, they show anisotropic behaviour and exhibit magneto-optic
phenomena like linear dichroism, faraday rotation, birefringence, magneto-optical
transmission etc. A field-induced clustering or chain formation is found to explain the variation
of the optical transmission with the applied field. The light's intensity changes with polarisation

potentially provide information on the kinetics of relaxation and particle-particle interaction.
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Analysing the light transmission as a function of the applied field allows one to assess the
relative strength of the interparticle interaction and the particle's interaction with the field. Both
ionic and steric ferrofluid’s linear dichroism behavior will be studied. They are of interest from
a fundamental perspective since the light-matter interaction of magnetic particles can be
studied. This is an area rich in Physics and offers an appropriate platform for studying such
interactions. A hybrid fluid that has both the properties of plasmonics and magnetism will be a
novel area of investigation. Due to the development of plasmonics, it is now possible to create
a hybrid magnetic nanofluid based on magnetic iron oxide particles and noble metals like Ag,
Au etc. It provides many applications in sensors, batteries, imaging and the medical field etc.
One of the motivations of the present study is to synthesize magneto-plasmonic nanofluids
using isotropic Ag nanoparticles. The effect of the magnetic field on different concentrations
of Ag nanoparticles will be investigated in detail. Here we intend to study the magneto-optical
properties of hybrid nanofluid using a homemade setup. Surface plasmon resonance is a
promising technique for detecting biological and chemical objects, based on refractive index
sensing through optical detection method. The effect of iron oxide nanoparticles in the presence
of an external magnetic field on SPR is quiet interesting in both fundamental and application
point of view. There are many works reported on the SPR, but very few works are reported on
the effect of the external magnetic field on the SPR phenomenon. This is another motive of the
present study. Nanostructure-based sensors are widely used in numerous fields including
manufacturing, environmental monitoring, the chemical and petrochemical sector, food and

beverage processing and industrial production.

Haematite has a tightly correlated electron system with 3d electrons and exhibits
fascinating features due to spin, charge, and lattice degrees of freedom. Electronic structure
computations using on-site The Coulomb interaction has been rigorously carried out in density
functional theory using the Hubbard U technique (DFT + U), where the U value takes into
account the high correlation effect. Theoretical prediction of densities of states and optical

bandgap is yet another motive of the present investigation.
1.9.1 Objectives

1. Synthesis of iron oxide nanoparticles, fluids and films based on iron oxide.
2. Structural, magnetic, surface tension and magneto-optical characterization of the
prepared nanoparticles, fluids and films.

3. Correlation of results.
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Chapter 2

Experimental Techniques

Any investigation of materials involves the careful selection of experimental methods to
guarantee the purity and easiness of the synthesis. Before any experimental research, proper
characterization is also required to avoid drawing erroneous conclusions. The present chapter
describes the synthesis methodologies and analytical techniques used to characterize the

prepared samples in this investigation.
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2.1 Co-precipitation

Chemical co-precipitation is one of the prominent methods of synthesizing uniform
magnetic nanoparticles. This method has several advantages as compared to other methods
such as high homogeneity of the final product, low-temperature and control morphology, large-
scale synthesis of the product and high product field. In this method, a homogeneous
composition is obtained by precipitation reaction of two or more cations. It typically involves
the precipitation of Fe** and Fe?* salts in the ratio 2:1 in an aqueous medium using a strong
base such as NHsOH, KOH etc; at room temperature or elevated temperature [1-3].
Stabilization methods like electrostatic stabilization or steric stabilization can be utilized to
prevent the agglomeration of magnetic nanoparticles. The solution is then put through several
processes like decantation and magnetic separation. A stable magnetic nanofluid is created by
diluting and ultrasonically processing the cleaned precipitate. The nanoparticle formation can
be explained based on LaMer’s theory of nucleation and growth process. According to LaMer
theory, the process can be divided into three stages, are shown in Figure 2.1[4, 5]; (I) A rapid
increase in the concentration of free monomers in solution, which goes to critical value for
nucleation, (II) burst nucleation of the monomer causes a large decrease in the concentration
of free monomers in solution. After this threshold, the low concentration of monomers virtually
eliminates nucleation, and the rate of nucleation is characterised as practically limitless; (III)

after nucleation, growth is regulated by the monomer's diffusion through the solution [6].

At this point, the curve starts to fall due to an increase in the amount of solute needed
for the expansion of produced nuclei before it once more reaches the critical threshold for
nucleation. The nucleation step is complete at this point. The expansion of the generated stable
nuclei under supersaturation below the critical level for nucleation without renucleation then
continues to lower the solute concentration. The nucleation and development processes should
produce monodispersed particles because of this distinct separation. Size control should be
carried out during the nucleation step in such a system since the final number of monodispersed
particles is only determined during the nucleation stage and maintained constant in the growth
stage, and because controlling particle size is equivalent to controlling particle number.
However, the reaction parameters such as temperature, pH, ionic strength, kind of basic
solution, etc., have a significant impact on the produced particles' properties, including size,
shape, and composition. Additionally, the iron oxide particles produced in this technique are
frequently unstable; as a result, they need to be stabilized with functionalized polymers or low-

molecular-weight surfactants. The crystallinity, size, and size distribution are determined by
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nucleation and growth. A smaller particle size can be attained by accelerating nucleation,
changing the supersaturation, and adding surfactants to stop the growth. However, Co-
precipitation is an excellent method for rapid production, but pH, temperature control and

purity are crucial to maintaining their stoichiometry.
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Figure 2.1 Lamer and Dinegar’s model [7]
2.2 Hydrothermal Method

In the past ten years, hydrothermal synthesis has become a cutting-edge method for
processing sophisticated materials for nanotechnology. Any heterogeneous reaction used to
synthesise inorganic material in an aqueous medium above room temperature and pressure is
referred to as hydrothermal [8-10]. In this case, a securely sealed stainless steel autoclave
containing an aqueous mixture of precursors is heated to the boiling point of water,
significantly increasing the autoclave's internal pressure over atmospheric pressure for the
reaction. Without the need for post-annealing processes, high temperature and pressure
combine to create extremely crystalline materials in a single step. Hydrothermal methods can
now be used to create a wide range of nanomaterials, including magnetic nanoparticles. By
modifying the parameters, such as the type and concentration of the precursors, the solvent, the
stabilising agents, the reaction temperature, and the reaction time, this approach offers simple
and accurate control over the end product's form, size, and crystallinity [11]. The direct
crystallisation method known as hydrothermal synthesis typically entails two stages: nucleation
and crystal development. Processing variables like as temperature, pH, reactant concentrations,
and additives can be adjusted to obtain the desired final product morphologies and particle

sizes. The phenomena behind the size and morphological control attained by varying the
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process parameters are the general nucleation and growth rates, which rely on supersaturation.
Supersaturation is the ratio of the species' actual concentration to its saturation concentration.
Nucleation occurs when the solute's solubility in the solution exceeds its limit or when the
solution is supersaturated. The solute precipitates in crystal clusters with the potential to attain
macroscopic size, and the process is irreversible. Following nucleation, the crystals go through
a sequence of processes that include the integration of growth units—which are composed of
the same materials as crystal entities but differ in their structures from the bulk solution—into
the already-formed crystal entities, leading to larger crystals. Particle size reduces at higher
temperatures because the nucleation process proceeds more quickly than the crystal formation.
Longer reaction times lead to a dominant crystal development. Particle size reduces at higher
temperatures because the nucleation process proceeds more quickly than the crystal formation.
Larger particles are produced when the reaction period is extended because crystal formation
takes precedence [12]. The most common solvent for hydrothermal reactions is water. Water's
characteristics vary with temperature and pressure, particularly above the critical point. The
water's critical temperature is 374°C, and its critical pressure is 22.1 MPa. The temperature and
pressure-related decline in the water's dielectric constant is significant. The solute species'
solubility is significantly decreased as a result of the dielectric constant's abrupt change, which
raises the solution's supersaturation and promotes the nucleation and development of crystals.
Ferrites are formed under hydrothermal circumstances primarily by the hydrolysis and
oxidation of mixed metal hydroxides. The following is the mechanism by which metal oxide
particles form from metal nitrate solution: Metal hydroxide is first produced by hydrolysing
hydrated metal ions. After that, metal hydroxides undergo dehydration and precipitate as metal

oxides [13].
M(NO3)x + xH20 = M(OH)x + xHNO; 2.1)
M(OH)x = MOx/2 + x/2 H,0 (2.2)
2.3 Liquid exfoliation

Liquid exfoliation technologies are extremely promising and highly scalable approach
to creating vast quantities of high-grade exfoliated 2D materials in an economically feasible
way [ 14]. Traditionally, the fragmentation and exfoliation mechanisms have been just ascribed
to the force generated by ultrasonic waves and their interaction with the solvent molecules. To
create a suspension of matching 2D sheets, this method involves dispersing the bulk material

in an appropriate solvent, sonicating it in an ultrasonic bath, and then centrifuging the mixture
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[15]. To employ these 2D sheets for a variety of applications, they can be removed from the
suspension using the appropriate techniques. Liquid exfoliation is just a broad term because
there are several mechanics for various methods. The three primary liquid exfoliation
techniques-ion intercalation, ion exchange, and sonication-assisted are depicted in Figure. 2.2
[16]. The ability of layered materials to adsorb guest molecules in the gaps between their layers
is exploited by the ion intercalation process. In a liquid environment, the ions are intercalated
between the layers, which causes the swelling of the crystal and it reduces the energy barrier
for exfoliation and diminishes the inter-layer Van der Waals attraction. The layers can then be
entirely separated by thermal shock or ultra-sonication in an appropriate solvent. Electrostatic
stabilisation of exfoliated sheets is possible by adding surfactants or surface charge. lon
intercalation techniques have a significant disadvantage in that they are sensitive to the ambient

conditions [17].

Ion exchange technique makes use of the characteristic that various metal oxides, clays,
and layered double hydroxides have an interchangeable interlayer of cationic counter ions.
Such counter ions can exchange with protons by being soaked in an acidic solution. Large
organic ions may later replace these protons, causing significant swelling. This type of swelling
makes it easier to create negatively charged nanosheets by effective exfoliation using ultra

sonication or shear mixing [18].

Applying ultrasonic energy to layered materials in a suitable solvent is a relatively
contemporary method of liquid phase exfoliation. Exfoliation occurs when cavitation bubbles
produced by ultrasonic waves burst and separate the stacked crystallites into high-energy jets.
Modelling indicates that the solvent's surface energy needs to be similar to the layered materials
in order to guarantee that the energy difference between the exfoliated and reaggregated states
is negligible and ultimately removes the driving force for reaggregation. When the multilayer
crystal is sonicated in a solvent, it exfoliates and forms nanosheets. Solvents having the
appropriate surface energy, or "good" solvents, prevent the reaggregation of the exfoliated
nanosheets. If "bad" solvents are used, reaggregation and sedimentation will occur [19, 20].
Using liquid exfoliation seems to be very simple. Nanosheets can be created by simply
combining a few solvents with the bulk materials and using the right ultrasonic treatments.
Nonetheless, choosing the appropriate solvent is essential because there are numerous varieties
accessible. According to the classic solution theory, the ionization and polarizability of various

components can be used to gauge the stability of a mixed solution.
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Figure 2.2 Schematics illustration of liquid exfoliation techniques [15]

2.4 Anodization

Anodization is a widely employed synthesis technique for preparing ordered TiO»
nanotubes. The metal's surface oxide layer, which acts as the electrolytic cell's anode, is
thickened via an electrolytic process [21]. This technique has several benefits, including the
ability to generate nanotubes in a single step, the creation of highly ordered nanotube structures
that are consistent in size, and simple control over tube shape and size. Nearly all anodization
parameters, including the kind of electrolyte, pH, temperature, applied voltage, and current
density, will have an impact on the results of a nanotube [22]. The oxidation and dissolution
kinetics under a constant applied voltage is connected to the formation of TiO2 nanotubes. In
the process of forming oxides, water undergoes electrolysis to produce the anions O> and OH-
at the electrolyte or oxide interface. To interact with the metal surface, these anions diffuse
through the oxide layer [23]. While this is happening, Ti*" is moving through the oxide layer
in the other direction and reacting with oxygen anions directly. TiO; is produced eventually as

indicated by the equation below.
Ti+2H20— TiO2+4H*+4e (2.3)

During the dissolution reaction, F~ ions directly interact with TiO» at the electrolyte or oxide
interface to generate [TiFs]>, which is easily dissolved into the electrolyte due to its high

solubility in water [24]. The F- ions can interact and react with Ti** directly at the oxide or
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metal interface because they move at a speed roughly equivalent to that of the oxygen ions.

The following are the necessary reaction equations [25].

TiO2r+4H*+6F- —[TiFs]*+H:20 (2.4)
Ti**+6F —[TiFs]* (2.5)

The honeycomb-like porous structure changes into a collection of tubes with an F-rich layer
between the TiOz layer and the Ti metal due to the involvement of F~. A hemispherical oxide
or metal interfacial structure is created as a result. The difference between the rates of oxide
production and dissolution response controls the overall growth rate and the length of the
nanotubes. The current density drops significantly in this stage. The electrolyte's ion F- reacts
with TiO> to create the complex [TiF¢]?, which causes pits the size of nanometres to grow on
the surface. In this step, the current density will slightly rise. The nano-size pits grow larger
and form a tubular structure as a result of simultaneous oxidation and dissolution, and the
process's current density again drops. The length and diameter of the nanotube will develop as

long as the growth rate exceeds the rate of dissolution; otherwise, the growth will cease.
2.5 X-Ray Diffraction Analysis

X-ray diffraction technique is one of the most widely employed non-destructive
techniques to study various parameters of the crystals such as crystal structure, crystallite size,
lattice constants and strain. Each crystalline solid has a unique X-ray diffraction pattern.
Electromagnetic radiation with energy between 200 eV and 1 MeV is referred to as X-rays.
Debye and Scherrer developed the XRD powder technique in 1916. In a crystal, the atoms are
organized in a periodic array. When an X-ray beam strikes a crystal surface, crystal atoms
occupying specific locations in the crystal lattices operate as X-ray scattering centers. The
phenomenon of diffraction takes place from the scattering centers and obtains a diffraction
pattern, which gives information about the atomic arrangement within the crystal. Under some
circumstances, X-rays that are scattered from various atoms reinforce one another and emit in
particular directions [26]. An X-ray diffractometer is made up of three fundamental parts: an
X-ray source, a sample holder and an X-ray detector. A non-diffracting glass slide is covered
with a thin coating of powder sample, which is then exposed to an X-ray beam. The X-rays
will be strongly absorbed and the intensity of the diffracted beam will diminish if an element
in the specimen has an atomic number that is somewhat lower than that of the target metal. In

X-ray diffraction (XRD), a specimen is exposed to a collimated X-ray beam with a wavelength
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of 1.5406 A. The specimen's crystallographic planes diffract the beam in accordance with
Bragg's law [27].

nl = 2dsiné (2.6)
Where n, 4, d and 0 represent the order of diffraction, X-ray wavelength, interplanar spacing
and diffraction angle respectively and it holds only if A < 2d. Those X-rays that satisfy the
Bragg Equation (equation 2.1) undergo constructive interference and a peak in intensity occurs.
These signals are gathered by a detector, which produces an output in counts. Every material
has a unique X-ray diffraction spectrum that makes it possible for researchers to recognize a
specific substance by examining its diffraction peaks. The intensity of the diffracted X-rays
was measured and plotted as a function of diffraction angle 26. From the 26 values of the

peaks, the lattice spacing (d) values are calculated using the equation. We have for any plane

with index (h k 1)
1

dh = —— 2.7
For cubic crystal, a = b = c,
a
Ane = s (2.8)

By comparing the experimental pattern to that in the International Centre for Diffraction Data
(ICDD) file, the sample can be easily identified. Except for single crystalline particles, the
randomly orientated crystals in nanoparticles produce widening of the diffraction patterns. The
effect becomes more evident when the crystallite size is on the order of a few nanometres. The
Full Width at Half Maximum approach [28] is the simplest and most extensively used for
measuring crystallite size.
2.6 UV-Visible Absorption Spectroscopy

The UV-visible absorption spectroscopy is used to do the optical characterisation.
Ultraviolet-visible spectroscopy is the spectroscopy of photons in the UV-visible region. It
utilises near-infrared and near-ultraviolet wavelengths in addition to visible light. It calculates
the total spectrum's absorbance of electromagnetic radiation in the visible and ultraviolet
wavelengths. In this area of the electromagnetic spectrum, the molecules go through an
electronic transition. The atom may undergo an electronic transition from one energy level to
another by the absorption of electromagnetic radiation with a high enough frequency. The

energy that is absorbed in this area matches the valence electron's excitation from an occupied
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molecular orbit [29]. The wavelength of the radiation and the material's characteristics
determine how much is absorbed. The wavelength at which absorption is strongest and its
maximum wavelength are both recorded in the spectrum as a function of the input light's
wavelength. The instrument used to obtain the ultraviolet-visible spectrum is the UV-Vis
spectrophotometer. Figure 2.3 shows a schematic diagram of UV-visible spectroscopy. The
operation of this device is rather straightforward. A prism or diffraction grating separates the
wavelengths of a visible or ultraviolet light beam. A half-mirrored system divides each
monochromatic (single wavelength) beam into two beams of equal intensity. One beam, known
as the sample beam, travels through a small, transparent cuvette containing the chemical under
study in a clear solvent solution. Through a comparable cuvette that is solely filled with solvent,
the reference beam passes. The intensity of the reference beam, denoted by 10, which should
have had little to no light absorption, is then measured and compared by the electronic
detectors. The letter I represents the intensity of the sample beam. In this approach, during a
little time, the spectrometer automatically scans all of the component wavelengths. The UV
portion is normally between 200 and 400 nm, while the visible section is commonly between
400 and 800 nm. I will always be less than 10 because part of the light that passes through the

specimen is absorbed. The absorbance of the sample is provided by

A="or A =—log(%T) 2.9)
With the right methods and the acquired absorption spectra, we can determine the specimen's
bandgap. Tauc et al. developed a method for estimating the band gap using optical absorbance
data shown precisely in terms of energy; the resulting figure is known as the Tauc plot. The

energy-dependent absorption coefficient in this plot can be written as follows:

(ahﬂ)% = A(h9 — Ey) [29] (2.10)
The absorption coefficient, Planck's constant, photon frequency, a constant, and band gap
energy are represented by the values of @, h, 9, A and Egrespectively. The sort of electrical
transition—direct or indirect—is indicated by the exponent's n value. In the case of indirect
(forbidden), indirect (allowed), direct (forbidden), and direct (allowed) transitions,

respectively, n can have values of 3, 2, 3/2, or 1/2.
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Figure 2.3 Schematic illustration of UV-visible absorption spectroscopy [31]

2.7 Fourier Transform Infrared Spectroscopy

The vibration and rotation of chemical bonds as well as the molecular structures of both
organic and inorganic materials can be studied using FTIR, a non-destructive analytical
technique. When exposed to infrared light, a molecule absorbs energy at frequencies unique to
that molecule. A reverse-peaks infrared absorption plot that shows the sample's transmittance
and reflectance at different frequencies of infrared light. It cannot directly evaluate the
measured interferogram, hence a decoding is necessary. To do this, a mathematical technique
called Fourier transformation is applied. After that, the acquired FTIR spectrum is scrutinised
and contrasted with the acknowledged signatures of recognised objects in the FTIR library.
Since neither nitrogen nor oxygen absorb infrared light, FTIR spectroscopy can be performed
without a vacuum. Figure 2.4 displays the FTIR spectrometer block diagram.The foundation
of FTIR spectroscopy is the idea that interference between two radiation beams results in an
interferogram signal, or signal as we refer to it. This is often generated via a Michelson
interferometer, which splits the incoming infrared beam into two optical beams using a beam
splitter [32]. An interferometer, a detector, and a radiation source are the three essential parts
of an FTIR spectrometer. A glowing black body source emits infrared light, which travels

through an aperture. Next, the parallel beam enters the interferometer, which is made up of a
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beam splitter and two mirrors. The light is sent in two directions at a right angle by the beam
splitter. The light is sent in two directions at a right angle by the beam splitter. One beam is
directed at the stationary mirror, and the other towards the moving mirror. After travelling the
same route back from both of these mirrors, the radiation is combined once more into a single
beam at the beam splitter. As a result, the two beams are merged again when they reunite at the
beam splitter, and the radiation that comes out of the interferometer eventually reaches the
detector and sample compartment. Following the amplification of the signal, the data is
digitally transformed by an analog-to-digital converter and then transferred to a computer,

where the Fourier transform generates the required infrared spectrum.
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Figure 2.4 Schematic illustration of Fourier transform infrared spectroscopy [32]
2.8 Raman Spectroscopy

A quick and non-destructive method for determining a molecule's structural fingerprint

is Raman spectroscopy. Raman scattering, or the shift in frequency of scattered light caused by
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molecular vibrations, is the fundamental concept behind the Raman spectrum [33]. By
analysing the molecular vibrations, we may ascertain the chemical composition of the
substance as well as other significant details. Since the Raman effect is too weak to be detected
with the human eye, a very sensitive spectrometer is used to study the scattered light. A
schematic of a contemporary Raman spectrometer is shown in Figure 2.5. Photons can scatter
or absorb light, which allows them to interact with materials at the molecular level. Either
inelastic or elastic scattering can happen. The inelastic process is known as Raman scattering,
and the elastic process is known as Rayleigh scattering [34]. The electric field component of
the scattering photon disturbs the molecule's electron cloud, exciting the system into a virtual
state. Raman scattering results from the system decaying to vibrational energy levels above or
below the starting state after exchanging energy with the photon. The term "Raman shift"
refers to the frequency shift that results from the energy difference caused by Raman scattering
between the entering and scattered photons. Depending on whether the system has lost or
acquired vibrational energy, the Raman shift might be either positive or negative. The
components that have been up- and down-shifted are referred to as the Stokes and anti-Stokes
lines, respectively [35]. A Raman spectrum can be obtained by plotting the number of photons
detected against the Raman shift from the incident laser energy. Because various materials
have distinct vibrational modes, they all exhibit distinctive Raman spectra. Raman

spectroscopy is therefore a helpful method for identifying materials.
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Figure 2.5 Schematic illustration of Raman spectroscopy [34]

2.9 Dynamic Light Scattering
DLS or photon correlation spectroscopy has been widely used to assess the

hydrodynamic size of colloidal systems [36]. There are various benefits to this method. Firstly,
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the experiment takes a short time, and practically everything is automated, so a lot of
experience is not needed for routine measurements. Moreover, the sample can be used for other
purposes following the measurement because this procedure is non-invasive. Furthermore,
because the scattering strength is directly proportional to the sixth power of the particle radius,
this approach is extremely sensitive to the presence of small aggregates. Thus, even in the case
of minor aggregation, imprecise measurement can be reasonably avoided. This unique feature
makes DLS one of the best techniques for determining the colloidal stability of magnetic fluids
[37].

The Brownian motion of scattered particles is the foundation of dynamic light scattering
(DLS). Particles scattered in a liquid flow arbitrarily in every direction [38]. Particles and
solvent molecules collide constantly, according to the theory of Brownian motion. Particles
move as a result of the energy that is imparted during these collisions. Smaller particles are
more affected by the energy transfer since it is more or less constant. Smaller particles are
therefore travelling faster than larger particles. In the DLS experiment, a solution containing
minute particles moving in a Brownian motion is exposed to monochromatic incident light,
which is usually produced by a laser. The Rayleigh scattering process will then cause the
incident light to be scattered in all directions with different wavelengths and intensities as a
function of time by particles whose sizes are tiny enough in relation to the incident light's
wavelength [39]. Either mutually destructive or mutually constructive phases will arise from
the scattered light, cancelling each other out and producing a visible signal. The intensity of

the diffracted light is determined by the following formula, per Rayleigh scattering theory:

2

=1t (5) () @1

Where Iy, 6, R, A, n, r represents the intensity of unpolarised light, scattering angle, distance to
the particle, wavelength of the incident light, refractive index of the particle and radius of the
particle respectively. Because of the Brownian motion, the frequency of the incident light and
the frequency of the scattered light experience a Doppler shift, resulting in a continuous
fluctuation in the particle's distance. Correlating the scattered light intensity changes over time
allows one to identify the speed at which the intensity fluctuates, which is related to the
behaviour of macromolecules during diffusion. The speed at which the particles move affects
the pace of this intensity fluctuation, which is connected to the way macromolecules diffuse.
Next, the digital auto-correlator connects the dispersed light's intensity variations over time.

The scattered light's autocorrelation function, G(t), can be found as follows:
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Where [ is the intensity, t and 7 represent the time and delayed time respectively. The
hydrodynamic radius Ry, or the diameter of a hypothetical sphere that diffuses at the same rate
as the particle under study, can be found using the Stokes-Einstein equation.

kpT

R, = 2L (2.13)

~ emnD
Where kg is the Boltzmann coefficient, T is the absolute temperature, 7 is the viscosity of the
medium and D is the diffusion coefficient respectively. The schematic depiction of DLS is

shown in Figure 2.6.

within refractive index ‘

Nanoparticles suspension ; "
matching fhid ‘

Laser source

" Incident light

Scattered light 4 |
% Digital signal processor
correlator

Detector

Figure 2.6 Schematic illustration of Dynamic light scattering [39]

2.10 Vibrating Sample Magnetometer

A vibrating sample magnetometer is a tool used to measure the magnetic properties of
materials [40]. Using VSM, the saturation magnetisation, coercive field, and remanence of the
measurement were used to calculate the hysteresis loop parameters. A vibrating sample
magnetometer operates on the basis of Faraday's Law of Induction, which states that a changing
magnetic field generates an electric field [41]. This electric field is measurable, and we can
utilise the measurement to find out more about the changes in the magnetic field. The schematic
diagram of a vibrating sample magnetometer is displayed in Figure 2.7. The samples that need
to be evaluated are exposed to a constant magnetic field in a VSM. If the sample is magnetic,
it will become magnetic due to the alignment of the individual magnetic spins or magnetic
domains with the field. A higher magnetisation will be the outcome of a higher constant field.
Because of its magnetic dipole moment, the sample will be surrounded by a magnetic field,

also referred to as the magnetic stray field. This magnetic stray field, which changes over time
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as the sample is moved up and down, can be detected by a sequence of pick-up coils. A
transducer converts a sinusoidal AC driving signal from a console-based circuit into a
sinusoidal vertical vibration of the sample, which moves sinusoidally in a continuous magnetic
field. The signal produced by the motion of the sample is detected by coils attached to the
magnet's pole components. Due to the alternating magnetic field and Faraday's law of
induction, the pickup coil will experience an electric field since the current will be
proportionate to the sample's magnetisation. As magnetisation grows, so does the resultant
current's magnitude. The induction current is increased by a lock-in amplifier and a
transimpedence amplifier. The interface between the various components is a computer. The
amount of magnetisation in the sample and how it changes with the intensity of the applied
constant magnetic field can both be determined by the operating and monitoring software of
the system. The probe's corresponding signal is transformed into a number that indicates the
magnetic moment of the material. A plot of magnetisation against a steady magnetic field varies
with time. When subjected to a uniform magnetic field, a sample material develops a dipole
moment. This dipole moment is proportional to the sample's susceptibility to the applied field.
This dipole moment is proportional to the sample's susceptibility to the applied field. A pickup
coil may produce an electrical signal if the sample vibrates on a regular basis. Any coil
positioned close to this magnetic moment will have a magnetic flux associated with it that is
determined by

¢ = ponaM (2.14)
Where p, is the permeability of free space, n is the number of turns per unit length of the coil,
a represents the geometric moment decided by the position of the moment concerning the coil
as well as the shape of the coil and M is the magnetic moment of the sample. An emf is induced
in the stationary detection coil by an anharmonic oscillator of the type z = z + Ae/*t. And

the induced emf is given by
_d¢ _

V=2 = —jounMAS et (2.15)

The magnetic moment of the sample is directly proportional to the induced voltage if the

N : d . .
vibration amplitude (4), frequency (w), and £ remain constant across the sample zone. This

is VSM's fundamental concept.
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Figure 2.7 Schematic illustration of Vibrating Sample Magnetometer [42]

2.11 Superconducting Quantum Interference Device

A superconducting quantum interference device is the most precise and sensitive
instrument for measuring the magnetic moment of a sample (SQUID). The fundamental idea
behind SQUID's ability to detect extremely tiny magnetic fields is the DC Josephson effect and
flux quantisation [43]. It is made up of two parallel Josephson junctions made of
superconducting magnets spaced apart by thin insulating layers. It is possible to set up SQUID
to measure magnetic fields on the order of 10'* T. The capacity of SQUID devices to detect
changes in the magnetic field due to a single flux quantum (h/2e) is connected to their great
sensitivity. The basic principle of a SQUID magnetometer is that, provided that the SQUID
device maintains a constant biassing current, the measured voltage will oscillate in response to

phase shifts at the two junctions, which are contingent upon variations in the magnetic flux
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[44]. Monitoring the oscillations allows one to evaluate the actual or perceived change in flow.
Consequently, when the sample passes through the superconducting magnetic coils, a flux shift
occurs in the pickup coils. Measurement in a SQUID is possible by passing the sample through
the superconducting detecting coil with connections. Even the tiniest variation in magnetic flux
brought on by the sample moving while keeping the current constant might be detected using
the resulting voltage changes between the junctions. With the right electronics, it is possible to

manipulate the change in voltage across the junctions that is proportionate to the change in flux
and therefore acquire the specimen's magnetisation.

2.12 Thermogravimetric Analysis

Thermogravimetric analysis is a type of thermal analysis in which a material is heated
to a specific temperature and its mass is determined as a function of temperature [45]. The
weight variation of a sample with respect to temperature is represented by the
thermogravimetric (TGA) curve. It can be used to investigate changes in weight brought on by
volatiles' absorption or desorption, breakdown, oxidation and reduction, stability, purity, and
solvent loss during heating [46]. Thermally generated transition-related weight changes are
quantitatively assessed using TGA. The procedure is heating a sample at a predetermined rate,
gradually raising the temperature for a substance whose beginning weight is known, and
recording the weight changes over time as a function of temperature at different intervals. There

are two possible ways to show the results [47]:

» TG Curve: Weight variations are seen in relation to temperature.
» DTG Curve: Plotting the first derivative of the TG curve against temperature or
time.

Because of the exact sequence in which physical transitions and chemical reactions take place
over predetermined temperature ranges, the TG curve is unique to a given substance or
material. Physical alterations and the creation and breaking of chemical bonds at high
temperatures also result in weight changes. TG typically operates in reactive or inert
atmospheres within the temperature range of 1200°C. Molecule structure often affects the rates
of thermally induced reactions. The most important experimental component in the TGA study
is the heating rate. The samples are usually heated at a rate of 10 or 20°C per minute. By
lowering the heating rate, the resolution of overlapping weight losses is improved. Technology
developments have made it possible to use variable heating rates in studies to increase

resolution by automatically reducing the heating rate when weight is reduced. Because nitrogen
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is inert, it is the gas most often employed to purge samples in TGA. Air is known to improve
resolution since the sample's constituents' oxidative stability fluctuates. In the event that the
samples catch fire, using a hoover is a possibility. Figure 2.8 depicts a basic internal diagram
of a standard TGA.

The TGA has two pans: a sample pan and a reference pan. Aluminium and platinum
are suitable substitute materials for the pan. The pan utilised depends on the maximum
temperature that a certain run may achieve. Platinum pans are used when the maximum
temperature is higher than 660 °C since platinum melts at 1760 °C and aluminium melts at 660
°C. Beneath every pan is a thermocouple that senses the temperature. Before each run starts,
each pan is balanced on a balancing arm. The balance arms need to be adjusted to take into
consideration the arms' varying rates of thermal expansion. The gadget will only record the
temperature at which an event happens if the arms are not calibrated; it will not record the
change in mass at that same moment. The empty pans are zeroed, weighed, and set on the

balancing arms to calibrate the apparatus.
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Figure 2.8 Schematic illustration of Thermogravimetric analysis [46]
2.13 Spin coating unit

One popular and efficient method for depositing uniform films on a flat substrate is spin
coating. It is a solution-based method in which a specific material's solution is spun at very
high speeds, using the liquid's surface tension and centripetal force to produce a homogeneous
coating on the substrate [48]. After the extra solvent evaporates, a thin coating with a thickness

of a few nanometres is produced. One of the main benefits of this method for creating thin
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films is its simplicity, which makes it less dangerous and relatively simple to set up. It also
produces thin and consistent films. A typical spin process consists of three major steps as

depicted in the Figure:

1. Dispensing stage

On the substrate surface, the resin fluid is deposited in this location. Static and dynamic
dispensing are the two popular dispensing techniques. The fluid is dispensed onto the substrate
while it is stationary in a static dispense. A dynamic dispense involves rotating the substrate
until it reaches the desired speed, at which point the solution is dispensed in the middle of the
substrate.

2. Rotation dominated thinning

This is the point where the rotating motion allows the excess fluid to escape from the
substrate. Depending on the fluid and substrate, the typical spin speed for this step is between
500 and 6000 rpm. The final film thickness for this step will be determined by the combined
effect of spin speed and time.

3. Solvent evaporation

The solvent evaporating takes over the thinning process after the fluid stream stops.
The solvent vapour pressure, volatility, and surrounding temperature all affect the rate of

solvent evaporation [49].
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Figure 2.9 Schematic illustration of Spin coating unit

2.14 Field Emission Scanning Electron Microscopy
The field emission scanning electron microscope is an enhanced microscope capable of

producing images with extremely high resolution at low accelerating voltages, with
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magnifications ranging from 10x to 500000x, it offers both elemental and topographical
information, and its depth of field is almost infinite. The sample surface topology of any
material in the nanoscale regime can be imaged by means of a high-energy electron beam
supplied via a variety of electromagnetic lenses and apertures in a high vacuum. FESEM uses
electron beams as an illumination source rather than light [50]. Target materials like tungsten
or lanthanum hexaboride are heated or subjected to a large electric potential difference in order
to produce the electron beam. Because FESEM uses field emission, which generates electron
beams of greater quality than traditional SEM, it creates images with a spatial resolution of at
least 1.5 nm that are sharper and less statistically deformed. The in-lens detectors of FESEM
are engineered to function at low acceleration potential and high resolution for optimal
resolution. Their outstanding resolution and suitability for low-voltage applications make them
unique for high-resolution imaging. In a field emission source, electrons are liberated and
accelerated within a strong gradient of electric field in a FESEM. These so-called primary
electrons are concentrated and deflected by electronic lenses within the high vacuum column,
creating a narrow scan beam that bombards the target. This causes secondary electrons to
release from the thing everywhere. There is a connection between the item's surface structure
and the secondary electrons' angle and velocity. Next, an electric signal is produced by a
detector that finds the secondary electrons. After being amplified, this signal is converted into
a digital image that can be further processed, stored, and displayed on a monitor or video scan
image.
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Chapter 3

Rosensweig Instability Study of Iron Oxide Nano Fluid
Under Uniform Magnetic Field

Magnetically controllable fluids paved way to the new branch of Ferrohydrodynamics. To
investigate the Rosensweig instability on a horizontal free surface of a ferrofluid under the
influence of a normal uniform magnetic field is very interesting. This chapter deals with the
synthesis, characterization and study of Rosensweig instability under uniform magnetic field
of hydrocarbon based ferrofluid. They are characterized using X- ray diffraction technique,
Dynamic light scattering and Fourier Transform Infrared Spectroscopy. The magnetic
properties have been analyzed by the Superconducting Quantum Interference Device. The
temperature-dependent relaxation studies were carried out by field-cooled (FC) and zero-field-
cooled (ZFC) moment measurements at a constant applied field. We have demonstrated the
Rosensweig instability experimentally and observed the pattern transition. The surface tension
of the fluid is measured by the pendant drop method and is correlated with the results obtained
through instability measurement. The magnetic concentration of the sample is determined from

the Thermogravimetric analysis.
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3.1 Introduction

Nanomagnetic single-domain particles contained in a liquid carrier medium form stable
colloidal suspensions known as ferrofluids [1]. The applications will determine whether the
carrier liquid is polar or nonpolar. Usually, the suspended particles are about 10 nm in size [2].
Brownian motion is sufficient to prevent the particles from settling in a magnetic or
gravitational field [3, 4]. The small size makes the particles to be superparamagnetic; each
particle acts as a single magnetic domain that can flip its magnetization randomly under the
influence of temperature [5, 6]. The quality of a fluid depends on stability and shelf life. To
avoid agglomeration caused by attractive Vander Waals interaction the magnetic particles have
to be surfaced with suitable surfactant either by steric repulsion or electrostatic repulsion [7].
Surface instability studies are a kind of icon in ferrofluid research. The opaque nature of
magnetic fluids limits applying standard measurement techniques of fluid dynamics such as
Shadography or Laser Doppler Anemometry. Hence the instability studies of magnetic fluids
are an excellent tool to enhance the understanding of the physics behind the fluids. The
instability of a fluid surface is an aggravation in many technical applications, where stability is
of great importance. Nevertheless, the study leads to understanding the fundamental properties
of the fluid in detail. Hence investigating the normal magnetic field on the free horizontal
surface of a fluid paves the way for technological applications. Rosensweig instability studies
are an excellent choice for the study of surface pattern formation in the equilibrium system
because field-induced instability studies are easier to conduct and using an external magnetic

field, we are able to control the experiment.

Rosensweig instability is a perturbation on the free surface of a ferrofluid. On the
surface of the magnetic fluid, a uniform vertical magnetic field causes a wavy disturbance.
Comparing the field intensity with the free surface value, it is lower in the valley but increases
near the perturbation bulges. Consequently, there is a tendency for the magnetic force
perturbation to be amplified near the surface, with the perturbation directed downward at
valleys and upward at bulges. The surface-tension and gravity forces, on the other hand, work
in opposition to the displacement of the surface's components from equilibrium; in other words,
they obstruct the displacement. All of the forces caused by a surface that is slightly warped are
proportionate to the displacement value. Nonetheless, the square of the magnetic fluid's
magnetisation also determines the coefficient of the magnetic force perturbation.
Consequently, instability sets at sufficiently high magnetisation because the destabilizing

magnetic force is greater than the sum of the other two forces [8]. When a uniform magnetic
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field is applied normally on the horizontal free surface of a ferrofluid causes a huddling of
magnetic field lines on the surface which represents a spatial gradient in the field strength.
Hence the ferrofluid is drawn towards the strong field region [9]. As a result, the height of the
perturbation of fluid will be increased and more field lines are concentrated at the tip.
Rosensweig instability can also create discrete peaks having no fluids between the peaks,
depending on the depth of the ferrofluid. Even a small magnetic field is applied on the fluid
surface producing large deformation on the fluid surface, because the deformed surface has
larger surface and hydrostatic energy as compared to the free surface. The increase is caused
by the costs of energy to lift up the fluid against the gravitation and to create more surface area.
Hence the surface tension and gravitation acts as stabilizing forces and the magnetic field serve
as destabilizing force [10].

When a uniform vertical magnetic field is applied to the horizontal free surface of the
magnetic fluid, surface may be unstable when the field strength exceeds a critical value and a
static periodic pattern appears on the surface [11, 12]. Surface instability depends on the
strength of applied magnetic field and magnetization of ferrofluid [13], the instability
mechanism occurs when the applied magnetic field exceeds the stabilizing forces due to surface
tension and gravitational force [14, 15]. The surface deformation of the fluid surface first
occurs at the edge of the container, due to the field inhomogeneity induced by the container.
When the magnetic field is increased in a quasistatic way the flat surface changes to ridges.
Further increase in the magnetic field results in a transition to a hexagonal pattern [16]. At the
critical wave number condition, the increase in applied field strength causes increase in spike
height. When the applied magnetic field increased to a second threshold value the hexagonal

pattern gets changed to a square pattern. For hexagonal pattern the distance between the two
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Using the linear analysis, the wave number under this condition is k.;; = 7 where Ap is

peaks under critical condition is given by d = [12].

the density difference between the interfaces vy is the surface tension and g is the acceleration
due to gravity [16]. The distance between the peaks is reported to vary from 9.5 mme to 12 mm
with air interface [9]. Gailitis (1977) theoretically studied the relative stability of a hexagonal
pattern and a square pattern, both at kerit. He predicted that near the onset of instability, the
hexagonal pattern has a lower energy as compared to square pattern and hence is assumed to
be the stable state of the system [17, 18]. When the strength of the applied field is smaller than

the critical field, the initial surface perturbation declines towards a flat surface [19]. When the
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field increases to a critical value, the spikes start developing from edges and grow to the centre
of the container [20]. The hexagonal pattern becomes less stable and gives way to the square
pattern at increasing magnetic field values. Compression of the hexagonal pattern results in the
square pattern, which is a metastable state. Growth and decay rate of the newly formed spikes
are different. During the growth of the spikes new surface area is generated and the diffusion
of surfactant from the bulk of the ferrofluid towards the surfactant may lag behind, but in case
of decay process the surface area is annihilated and the surface density of surfactant may exceed

the equilibrium concentration [21]. For the hexagonal pattern, the distance between the two

21
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Using the linear analysis, the wave number under this condition is k. = 7 where Ap is
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the density difference between the interfaces vy is the surface tension and gis the acceleration

due to gravity. The distance between the peaks is reported to vary from 9.5 mm to 12 mm with
air interface. Gailitis (1977) theoretically studied the relative stability of a hexagonal pattern
and a square pattern, both at keir. He predicted that near the onset of instability, the hexagonal
pattern has lower energy as compared to the square pattern and hence is assumed to be the
stable state of the system. When the strength of the applied field is smaller than the critical
field, the initial surface perturbation declines towards a flat surface. When the field increases
to a critical value, the spikes start developing from the edges and grow to the center of the
container. For higher values of the magnetic field, the hexagonal pattern losses stability in
favour of the square pattern. The square pattern is a metastable state induced by compression
of the hexagonal pattern. The growth and decay rates of the newly formed spikes are different.
During the growth of the spikes new surface area is generated and the diffusion of surfactant
from the bulk of the ferrofluid towards the surfactant may lag behind, but in case of the decay
process the surface area is annihilated and the surface density of surfactant may exceed the

equilibrium concentration [22].

3.1.1 Dispersion relation for linear medium

Ua —s U,

Hp

—> O < >a <
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Consider an incompressible, non-conducting and viscous magnetic fluid of thickness h
and density p. The fluid is bounded from below by the bottom of the container, and has a free
surface with air above the fluid. Let U and U, represents the fluid velocities from above and
below the equilibrium condition. A dispersion relation describing the spatial wavelength of
peaks can be obtained by balancing gravitational, surface tension and magnetic energy. The

dispersion relation is given by [8],

(a) - kyUa)Zpacothkaa + (a) - kyUb)Zpbcothkb
= gk(pp — pa) + k30

| KPuappy(HE —HD?  kgH7(ug — p)® 3.1)
Uptanhka + p tanhkb  p,cothkb + p,cothka '
For thick layers or infinite depth, a — o, b —o
2 2
(w - kyUa) Pa + (a) - kyUb) Db
k2 uapy (HE — H2)? kG HJ (g — php)?

= gk(p, — )+k3a—{ z -2 3.2

JEP = Pa My + Ha My + Ha 32

The parameters expressed in equation 2 arew-the growth rate of peaks, k, -the wavenumber
along y direction, p, — p,the density difference between the interface, U, and Ujare the fluid
velocities, g and py, are the permeability of fluid, H,-the perpendicular field,H,, -the tangential
field, g- the acceleration due to gravity,k-the wave number, o-the surface tension, subscript

a and b denotes above and below the fluid interface respectively.

Assume that the fluid velocity at a and b are zero, then U, = U, = 0,H,, = 0,4, = U, Up =

U, Substituting these values in equation (2), we obtain

w?(pg + Pp)
k2pop(HE — HR)?
= gk(py — pa) + k30 — 3.3
gk(pp — pa) o o I (3.3)
w?(pg + pp)
kZ
_ He — Hb 2
_ 9w =pa) | Hon(Hy — Hy) 34
k Po + 1
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From the above equation we can say that the value of w is either zero or imaginary. At the

onset of instability

w? =0 (3.4a)
=0 (3.4b)

Substituting the value of 3.4b in equation 3.4, we obtain

—g(t:,z—pa) +0=0 (3.5)
_,n1/2
ko= (e 66

Putting the value of k.and applying the condition of 3.4b in equation 4, we get the critical

value of saturation magnetization,

2 Ho 1
M%:”—O(l + 7) [9(pp — pa)a] /2 3.7)

This is the minimum value of magnetization at which the phenomenon can be observed. When
the applied magnetic field is increased from zero correspondingly the magnetization is also
increased. If the saturation magnetization is less than the critical magnetization, the fluid will
never display the instability patterns. However, the fluid interface remains unchanged until a

critical point at which the transition occurs [8].

3.2 Rosensweig instability

The interfacial instability on the free horizontal surface of a ferrofluid under a constant
magnetic field normal to the surface is referred to as Rosensweig instability [11]. Surface
instability depends on the strength of the applied magnetic field and the magnetization of the
ferrofluid. The instability mechanism occurs when the applied magnetic field exceeds the
stabilizing forces due to surface tension and gravitational force. When the field increases to a
critical value, the spikes start developing from the edges and grow to the centre of the container.
The strength of the applied field is smaller than the critical field, the initial surface perturbation
declines towards a flat surface. When the magnetic field is increased in a quasi-static way the
flat surface changes to ridges. Further, an increase in the magnetic field results in a transition
to a hexagonal pattern. At the critical wave number condition, the increase in applied field
strength causes an increase in spike height. When the applied magnetic field increases to a

second threshold value, the hexagonal pattern gets changed to a square pattern. Actually, it is
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a perturbation on the free surface of a ferrofluid. A uniform vertical magnetic field produces a
wavy perturbation on the magnetic fluid surface. The field intensity near the bulges of the
perturbations is increased, but in the valley, it is decreased in comparison with the free surface
value. Therefore, the perturbation of the magnetic force is directed upward at the bulges but
downward at the valleys; that is a tendency to amplify the perturbation of the surface. On the
other hand, the surface tension and gravity forces are directed opposite to the displacement of
the parts of the surface from the equilibrium; that is, they impede the displacement. As long as
the warping of the surface is small, all the forces produced by it are proportional to the value
of the displacement. However, the coefficient in the perturbation of the magnetic force is also
proportional to the square of the magnetization of the magnetic fluid. Therefore, at sufficiently
large magnetization, the destabilizing magnetic force exceeds the sum of the other two forces
and hence instability sets. When a uniform magnetic field is applied normally on the horizontal
free surface of a ferrofluid causes a huddling of magnetic field lines on the surface which
represents a spatial gradient in the field strength. Hence the ferrofluid is drawn towards the
strong field region. As a result, the height of the perturbation of fluid will be increased and
more field lines are concentrated at the tip. Rosensweig instability can also create discrete peaks
having no fluids between the peaks, depending on the depth of the ferrofluid. Even a small
magnetic field is applied on the fluid surface producing large deformation on the fluid surface
because the deformed surface has a larger surface and hydrostatic energy as compared to the
free surface. The increase is caused by the costs of energy to lift up the fluid against the
gravitation and to create more surface area. Hence the surface tension and gravitation acts as
stabilizing forces and the magnetic field serves as destabilizing force. The Rosensweig

instability possessed by a hydrocarbon-based ferrofluid is illustrated in Figure 3.1.
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Figure 3.1 Rosensweig instability possessed by a hydrocarbon based ferrofluid in the presence of a

uniform magnetic field

3.3 Characterization

The synthesized magnetic nanoparticles were characterized by XRD for structural
identification and determination of crystallite size. The diffraction pattern of the sample was
recorded at room temperature from 10° to 80° in the 20 scale with a scanning speed of 3° (per
minute) using Bruker AXS D8 Advance X ray diffractometer employing Cu—Ko X-rays of
wavelength 1.5406 A. Fourier Transform Infrared Spectroscopy is a non-destructive analytical
technique. FTIR is employed to identify the structure and chemical bonds of a material. FTIR
was performed on the dried sample of magnetite using an FTIR Bruker spectrophotometer in
the wavelength range of 3500-400 cm™! with a resolution of 4 cm™!. The dried sample was
mixed with KBr and compressed into a pellet, whose spectrum was recorded. The
hydrodynamic size of the Fe3O4 nanoparticles was determined using DLS (Horiba Scientific,
SZ-100 at 532 nm) principle. The concentrations of A, B, C and D are 0.33, 0.66, 1.33, 2 mg/cc
respectively. The Pendant drop method was employed to determine the surface tension of the
prepared ferrofluid using VCA Optima (Model S/N, 1021046135). The particle concentration
is determined from TGA analysis (Perkin ElImer STA6000, at a heating rate of 10°C per minute
and up to a maximum temperature of 1000°C). The magnetization measurement was carried

out via SQUID, (Quantum design, VSM_HW_VERSION-3101-150 F0).
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3.3 Experimental

3.3.1 Synthesis of hydrocarbon based ferrofluid

Chemical co-precipitation is one of the most prominent methods to synthesize
ferrofluid. In this method, ferrous sulphate heptahydrate (FeSO4-7H>0) and anhydrous ferric
chloride (FeCls) with a molar ratio of 1:2 are dissolved in deionized water separately. The
equimolar (1:2) solution of FeSO4-7H>0 and FeCl; was mixed together and homogenized by
using magnetic stirring for 30 minutes. Then the NH4OH solution was added dropwise under
vigorous magnetic stirring until the pH of the solution reached 10.5. Oleic acid was added to
the solution to prevent the agglomeration of magnetic nanoparticles; this was heated to 50°C
and subjected to continuous stirring while heating for 30 minutes. Further, the solution was
allowed to cool while stirring for 60 minutes. Dilute hydrochloric acid was added dropwise
until the pH of the mixture was reduced to below 7. The suspended particles were separated by
magnetic decantation and washed repeatedly with deionized water to remove the impurities
and free radicals. Finally, the unreacted oleic acid and water were removed by washing with
acetone and the slurry was placed in the oven at 70°C until the oleic acid-coated magnetite fine
powder was formed. Then the coated particles are dispersed in kerosene by sonication for 30

minutes at room temperature in order to obtain stable ferrofluid.
3.3.2 Analysis Techniques

Rosensweig instability studies were performed on the synthesized fluid in an
indigenous experimental arrangement (Figure 3.2(a)). The synthesized ferrofluid is taken in a
cylindrical glass container with a flat circular bottom of 70 mm in diameter, to a thickness of
4 mm, and was placed at the center of a pair of Helmholtz coils. A DLS camera was positioned
above the vessel for image observation. A digital gauss meter (Model: DGM-102) is used for
measuring the field. The Pendant drop method is one of the standard methods used to determine
the surface tension of a liquid [23]. The experimental setup for the pendant drop method is
shown in (Figure 3.2(b)). This technique involves the acquisition of a profile of an
axisymmetric fluid droplet and iterative fitting of the Young-Laplace equation with a high

digital camera (Model: UI-3240CP) automated with the computer for the purpose.
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Figure 3.2 Experimental set up for (a) Rosensweig instability and (b) Pendant drop method for surface

3.4 Results and Discussions

3.4.1 Structural characterization
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Figure (3.3a) X-ray diffraction pattern of Fe3O4
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Figure 3.3a depicts the XRD pattern of the synthesized magnetic particles. All the

characteristic peaks of the Fe3Os crystal with a cubic inverse spinel structure could be seen in

the pattern and are in good agreement with the database in JCPDS file no: 19-0629. No extra

peaks have been observed in the XRD pattern, which indicates the high purity of the

synthesized particles [24]. The broadening of the diffraction lines indicates the nanocrystalline

nature of the particles in the sample [25]. The average crystallite size of the particles was

estimated from the line width of the various diffraction peaks by Debye Scherrer’s formula

[26].
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Here, D is the mean crystallite size, K is a Debye constant, A is the wavelength of the radiation
(1.5406 A), B is the full width at half maximum in radians, and 6 is the Bragg angle. The
crystallite size is approximately found to be (9 £+ 1.8) nm. The Lattice constant of the
synthesized Fe;O4 particle is calculated to be 8.33 A. The lattice parameter is slightly lesser
than the standard value of 8.39 A indicating the strain in the nanocrystal. The strain induced in

the material is determined by the Williamson-Hall method [27].
3.4.2 Williamson-Hall Plot

The induced micro strain was calculated from the Williamson-Hall method, using the
equation [28].
B cos 6 =% + 4esin 0 (3.9
Where A is the wavelength of X-ray, B is the full width at half maximum of the diffraction

peaks; 0 is the Bragg angle in degree and ¢ is the strain. By plotting fcos 8 versus 4sin 6,

the strain component is obtained from the slope and the size component from the intercept.
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Figure (3.3b) W-H plot of Fe3O4nanoparticles

Figure (3.3b) shows the W-H plot, variation of Bcos6 versus 4sinf for the synthesized
sample. The induced strain calculated from the plot is -0.00692. The negative value of the strain
indicates lattice compression of the synthesized particles, which is in agreement with the

reduced lattice parameter as calculated from the interplanar distance [29].
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3.4.3 FTIR Spectra
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Figure 3.4 FTIR Spectra of Oleic acid coated FesO4 nanoparticles

The FTIR spectrum is illustrated in Figure 3.4. The absorption lines are summarised in
Table I. In oleic acid-coated Fe3O4 nanoparticles, the CH, asymmetric stretching vibration is
shifted to 2926 cm™! and the symmetric stretching vibration is shifted to 2845 ¢cm™!. These
shifts of characteristic bands to a lower frequency indicate that the oleic acid molecules were
adsorbed onto the solid surface, and the hydrocarbon chains in the monolayer surrounding the
nanoparticles, in a close-packed crystalline state. Two new bands appear at 1536 cm™' and 1418
cm~!' which indicates the asymmetric and symmetric stretching of the carboxylic group of oleic
acid attached to the Fe atoms [30]. A weak band at 1707 cm™!, indicates that most of the oleic
acid in the nanoparticle system is adsorbed on Fe3O4 nanoparticles. The band at 579 cm™! is
the characteristic band of the Fe—O bond [31]. FTIR study confirms the presence of functional
groups on Fe3O4 nanoparticles. The absorption lines of Oleic acid coated Fe3O4 nanoparticles

is shown in Table 3.1.
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Wave number
Peak assessment

(em™)

3405 Hydroxyl group

2926 C-H; asymmetric stretching

2845 C-Hz symmetric stretching

1707 Adsorbed Oleic acid

1536 Asymmetric stretching of carboxyl
group of Oleic acid

1418 Symmetric stretching of carboxyl
group of Oleic acid

579 Fe-O bond

Table 3.1 The absorption lines of Oleic acid coated Fe3O4 nanoparticles

3.4.4 DLS Measurement
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Figure 3.5 Hydrodynamic size of FesO4 nanoparticles of different concentrations
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The DLS measurements were carried out on ferrofluid of different concentrations. The
sample D has the highest concentration and A the lowest. It can be seen that in all these cases
the size was found to be around 11 nm with a standard deviation of 1.7 nm as shown in (Figure
3.5), which means that the agglomeration among nanoparticles is negligible and no clustering
has occurred in the fluid [32]. The presence of surfactant on the surface of nanoparticles affects
the diffusion speed, which will change the apparent size of the particles. Hence a slight
variation in the size of the particle as compared to the value of average crystallite size obtained
from XRD i.e., 9 nm. The asymmetry in the Gaussian fit is due to the variation of the size of
particles. The asymmetry inclined towards the left indicates the presence of smaller particles is

larger than that of the bigger ones.

3.4.5 Thermogravimetric Analysis (TGA)
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Figure 3.6 TGA curve of oleic acid coated Fe;O4 nanoparticles

The TGA curve of oleic acid-coated Fe3O4 nanoparticles are shown in Figure 3.6. In
the TGA curve, a weight loss below 150°C indicates the removal of adsorbed kerosene on the
surface of Fe304. The major weight loss is observed between 200 and 400°C, which is due to
the degradation of oleic acid. The peak is around 237°C, which is associated with the presence
of free oleic acid [33]. The weight loss around 360°C arises due to the decomposition of oleic
acid directly attached to the surface, which confirms the strong binding between the oleic acid
molecules and Fe3;O4 nanoparticles. There is no significant weight change from around 460°C,
indicating that only iron oxide is present [34]. From the TGA curve the magnetic content of

the iron oxide is about 36.8 wt%.
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3.4.6 Magnetization Measurement

. M(H) 5K
il M(H) 300K

M {emu)

t M,
R

[l T T
-

0.4

0.2 =

66 emulce

56 emuicec

v L] L L] L] L] L) LI L
-100000 -80000 -50000 40000 -20000 + 20000 40000 GO0ODD BODOO 100000

0.2 - Applied field {Oe)

12

104 -
’
5 ¢
Eo.s- = 13(,
- "
e
£ 064 '
*}
s '
.
044

024 0

Figure 3.8 FC-ZFC moment variation with temperature (Inset: The derivative plot showing blocking

The magnetic measurements were carried out using a SQUID magnetometer. The
hysteresis curves measured at room temperature and 5 K, are depicted in Figure 3.7. The M-
H curve exhibits negligible coercivity and remanence, which signifies the superparamagnetic
nature of particles. The saturation magnetization at room temperature is calculated by
extrapolating the magnetization versus the inverse of the applied field, plotted in the inset of

Figure 3.7. The field cooled (FC) and zero field cooled (ZFC) measurements are carried out at an
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applied field of 10 mT (Figure 3.8). In ZFC measurement the sample was cooled down from a
temperature of 300 K to 5 K without applying a magnetic field. After reaching 5 K, a field of 10 mT
was applied and the magnetization was measured as a function of temperature upon heating up to 300
K. In FC measurement, the sample is cooled in a field of 10 mT up to 5 K and the moment is evaluated
while warming up to a temperature of 300 K. The ZFC measurements exhibit a qualitative indication
of the size distribution of the particles. The broad peak of ZFC reflects the relatively wide size
distribution of magnetic nanoparticles, existence of randomly oriented surface spins, variation in
magnetic anisotropic energy, magnetic interactions among the nanoparticles, which also suggests the
polydispersion and the spin glass behaviour of the nanoparticles [35-39]. In ZFC measurement the
magnetic moment increases with temperature and at a particular temperature the magnetic
moment becomes maximum, the corresponding temperature is known as blocking temperature,
where the thermal energy equals the anisotropy energy. A blocked state is reached by the
nanoparticles at temperatures lower than the blocking temperature, in which their magnetic
moments are fixed in orientation. They exhibit intrinsic ferrimagnetic ordering, which is
reflected in their irreversible magnetization behaviour [40]. Temperature has a significant
impact on the anisotropy energy, which is essential in deciding whether magnetic nanoparticles
exhibit superparamagnetic nature or are in a blocked state. At high temperatures,
superparamagnetism occurs when thermal fluctuations surpass the anisotropy energy. The
anisotropy energy dominates at low temperatures, preventing magnetization variations and
resulting in a blocked or frozen state [41]. The blocking temperature depends on the effective
anisotropy and particle size. The blocking temperature obtained from the first derivative of the
difference between ZFC and FC moments to temperature is plotted in the inset of Figure 3.8.
The curve exhibits a maximum of 15 K, which corresponds to the average blocking
temperature. In ZFC measurement, as the temperature increases the thermal energy disturbs
the system, and more particles acquire enough energy to align along the field direction, hence
the magnetization increases. But when the thermal energy is greater than the anisotropy energy
the magnetic moments of the particles are randomized and the magnetic moment decreases
monotonically with temperature [42]. The FC curve is measured from room temperature down
to 5 K. The magnetic moment decreases with the increase in temperature. When the
temperature is lowered the thermal fluctuation decreases and the magnetic moments are aligned
along the field direction, hence an increase in the magnetic moment. For weakly interacting
systems with a relatively large increase in the FC magnetization at low temperatures, this

tendency has been reduced by the effects of interaction among the nanoparticles [43].
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3.4.7 Surface Tension Measurement

The Pendant drop method is employed to determine the surface tension of the
synthesized ferrofluid and the value of surface tension is found to be 22 x 10 3°Nm™'. The image

of the pendant drop of the prepared sample captured by a CCD camera is shown in Figure 3.9.

200pm
=)

Figure 3.9 Image of the ferrofluid drop captured by a digital camera

3.4.8 Rosensweig instability measurement

Figure 3.10 Progression of ferrofluid pattern in the presence of different magnetic field

Rosensweig instability studies were carried out in the experimental arrangement
depicted in Figure 3.2(a). The surface of the fluid exhibited different microstructures in the
external applied uniform magnetic field normal to the surface of the fluid. The strength of the
uniform magnetic field varies slowly and the formation of various surface patterns are studied
and analyzed. The ferrofluid surface may distort into peaks and valleys to produce a patterned

lattice in the presence of a vertical homogeneous magnetic field. At initial field strength, the
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applied field acts as a perturbation on the surface of the ferrofluid, which is in equilibrium by
forces of surface tension. As the field is increased and when the magnetic force exceeds the
stabilizing forces due to surface tension and gravitation, instability occurs in the fluid. In the
absence of a magnetic field, the fluid surface remains stable as shown in (Fig. 3.10(a)). The
progression of the ferrofluid pattern in the presence of different magnetic fields is depicted in
Figure 3.10. When the applied field was increased in a quasistatic way with step of 5 Gauss,
the perturbation was increased and the flat surface changed to ridges, (Fig. 3.10(b)). The
magnetization of the ferrofluid increases with an increase in the applied magnetic field. When
the critical magnetization is reached, the ferrofluid surface starts to deform yielding an outer
ring, which is evident in the white reflection showing involutions and internal islands. The
white reflections are due to light scattering from peaks and valleys of the emerging
topographical elements. The magnetic flux gets concentrated at the peaks which drive the
perturbation. At a critical field, no wave propagation is possible, but the surface becomes
unstable with respect to the stationary surface of the fluid. Further increase in the applied field
resulted in a transition to a well-ordered hexagonal pattern at a field of 120 Gauss (Fig. 9(c))
[39]. Above this threshold field, the wavenumber remained constant while the spike height
increased with the field until it reached the second threshold of 155 Gauss when the hexagonal
pattern started to disappear and the square pattern slowly started emerging (Fig. 9(d)). When
the applied field strength was gradually decreased; the transition from the square pattern to
hexagonal occurs at a higher field. This can be called inverse hysteresis. For a hexagonal
pattern the distance between two spikes under critical conditions and surface tension is given
by egs. (1) and (3) respectively. The average spike distance was found to be 9.9 mm for the
hexagonal pattern, and the corresponding wavenumber was 0.73 mm-'. The surface tension is
calculated to be (21 +.62) x 10~3 Nm'. The value of surface tension obtained from the
Rosensweig instability study is in good agreement with the value obtained from the Pendant

drop method.
3.5 Conclusions

Stable kerosene-based ferrofluid has been successfully synthesized by the controlled
chemical Co-precipitation method. The structural characterization was performed by XRD,
FTIR and DLS. The XRD pattern shows that the synthesized magnetic nanoparticles are
crystallized in a cubic inverse spinel structure with an average crystallite size of 9 nm. The line
broadening of XRD shows the ultra-fine nature of Fe3O4 nanoparticles. The size and strain

contribution to line broadening was also analyzed by the W-H method. From the DLS
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measurement of the prepared fluid at different concentrations, the fluid was found to be stable
and free of clusters. The hydrodynamic size of the ferrofluid was found to be 11 nm in good
agreement with the value obtained from the XRD measurement. FTIR analysis reveals that the
oleic acid has been successfully coated onto the surface of Fe3O4 nanoparticles by chemical
adsorption. The magnetic content of the iron oxide is about 36.8 wt% from TGA. The M-H
curve exhibits negligible coercivity and remanence, which signifies the superparamagnetic
nature of particles. The ZFC measurements exhibit the size distribution of particles. For a
collection of particles with a large size distribution, there would be a broad maximum in the
ZFC curve. From the Pendant drop method, the surface tension of the prepared ferrofluid was
found to be 22 x 107> Nm™! which is confirmed in the analysis of instability measurements. In
this work, we have demonstrated the Rosensweig instability experimentally. The Instability
mechanism occurs only when the applied magnetic field exceeds the stabilizing forces due to
surface tension and gravitational force. When the applied field becomes greater than the critical
field the surface changes to a hexagonal pattern and when the applied field reaches a second
threshold the hexagonal pattern changes to a square pattern. The hexagonal pattern won’t be
transformed to the square pattern until or unless the instrument capacity is beyond 155 Gauss.
It is also observed that on reducing the applied magnetic field, the hexagonal pattern reappears
at a higher field and is attributed to inverse hysteresis. From the Rosensweig instability
measurement the surface tension of the prepared ferrofluid was calculated and found to be in
good agreement with the value obtained from the Pendant drop method. The interplay of an
external magnetic field, surface tension, and gravitational force forms a pattern of characteristic
spikes. The Rosensweig instability in higher magnetic field is under progress. The combined
effect of electric and magnetic fields on the instability of ferrofluid for ferrofluid thrusters is
under experimental optimization. Studying the fluid properties in an external magnetic field is
exploited in a wide range of applications, especially for designing ferrofluid actuator. The
Rosensweig instability studies on different non-magnetic interfaces and the dependence of

spike height on-field strength is a prospect.
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Chapter 4

Magneto-Optical and Magneto-Plasmonic study of Iron
Oxide Fluid based on Silver

Ferrofluids have caught the attention of many due to their unique magnetic, electrical and
optical properties. Under the influence of an external magnetic field, ferrofluid exhibits
different phenomena, like linear dichroism, faraday rotation, birefringence, magneto-optical
transmission etc. The magneto-optical phenomena are interesting to study the aggregate
formation and inter-particle interaction in ferrofluid. The magneto-optical dichroism
measurements are carried out on hydrocarbon and aqueous-based ferrofluid. The present
chapter also includes the synthesis of a hybrid iron oxide nanofluid based on silver and the
effect of the applied magnetic field on the hybrid fluid. Combining the effects of magnetism
with plasmonic structure can lead to many applications, especially in the medical field. Surface
plasmon resonance-based sensor (SPR sensor) is a powerful tool for the study of biomolecular
interactions. However, the conventional SPR sensor is limited in its ability to resolve complex
samples, extremely dilute concentrations or small molecular weight. The surface plasmon
resonance sensitivity can be enhanced using a magnetic material in the presence of a magnetic
field. The present chapter discusses the effect of an external magnetic field on the surface

plasmon coupled emission using reverse Kretschmann configuration.
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4.1 Introduction

The magnetic state of the medium and the electronic structure of the matter are factors
that influence how light interacts with matter. These interactions produce magneto-optical
effects when electromagnetic energy interacts with magnetically polarised materials. Michael
Faraday made the initial discovery of this phenomena in 1842 [1, 2]. He observed that when a
linearly polarised light beam propagates parallel to an externally applied magnetic field, it
experiences a polarisation rotation [3]. John Kerr later detected the magneto-optical
phenomenon in reflection mode in 1888 [4, 5]. These effects were crucial to the development
of electromagnetism in the early years since they supported the electromagnetic theory of light
and the classical and quantum theories of matter, including the spin-orbit coupling and electron
spin movements. Magneto-optical effects are instrumental in exploring the electronic structure
and properties of atomic, molecular, and solid-state systems. These effects arise from the
interaction between a material's magnetic moment and light passing through it. One of the
earliest observations in this field was made by Faraday, who noticed that polarized light
undergoes rotation when it passes through a magneto-responsive medium subjected to an
external magnetic field, a phenomenon known as Faraday rotation [6]. In this instance, the
incident light follows the longitudinal mode, which is the direction in which the applied
magnetic field travels. This rotation results from an interaction between the medium's
magnetisation vector and the incoming light's electric field vector. In the reflection mode,
magneto-optical phenomena are also utilised, especially in the construction of magneto-optical
recording systems and the research of domain dynamics, which gives rise to the Magneto-
Optical Kerr effect (MOKE). Depending on the direction of the incident light and the magnetic
field's orientation, different types of Kerr effects, including transverse, longitudinal, and polar
Kerr effects, can be observed. These phenomena can be understood by considering the effective
dielectric tensor of the material, with complex, skew-symmetric elements, and their effects can
be explained using Maxwell's equations [7]. Magneto-optical effects in the transmission mode
are characterized by the way light passing through a magnetized medium is influenced by the
strength and direction of an applied magnetic field or the medium's magnetization. Several
significant magneto-optical effects manifest in this scenario, including Faraday rotation, field-
induced dichroism, magnetic birefringence, and Cotton-Mouton rotation. These effects
collectively alter the behaviour of transmitted light in terms of absorption, refraction,
scattering, and the rotation of its plane of polarization. The extent and nature of these alterations

depend on the prevailing magnetic field strength and the magnetization of the medium, with
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the most prominent effect taking precedence in a given situation. This interplay between light
and magnetized materials finds applications in various optical devices, such as Faraday
rotators, optical isolators, kerr microscopy [8], where precise control over light's properties is

essential.

A significant benefit of integrating plasmonics with magneto-optical materials is the
level of engineering control that can be achieved by altering the metal structure's design. Such
control of light-matter interaction has been possible in metamaterials over the last decade.
Furthermore, carefully chosen plasmonic devices may be able to disrupt the rotational
symmetry of polarization space, which creates an artificial magnetic field that imparts circular
birefringence to transmitted light. One of the most exciting aspects of nanoscience is the size
and shape-dependent properties of matter. Due to the spatial confinement of electrons, phonons
and electrical fields surrounding the particles, as well as the material, exhibits a variety of
unique features. The confinement of electrons and ensuring changes in electronic energy levels
cause the most significant change to be seen in colour. In the case of isotropic particles, the
properties will be mostly unaffected by direction. The ferrofluid offers a unique possibility of
tuning the particle interaction by an external magnetic field. In the presence of an external
magnetic field, magnetic fluids exhibit field-induced optical anisotropy, which gives rise to
numerous extraordinary magneto-optical properties like magnetic birefringence, dichroism,
magnetically tunable refractive index, the photonic hall effect and negative refractivity [9]. A
thorough knowledge of field-induced aggregation dynamics and related magneto-optical
characteristics in ferrofluid still has to be developed, which is crucial for practical applications.
Hence the primary goal of the present work was to gain a further understanding of the complex
aggregation. When an external magnetic field is present, the nanoparticles in magnetic fluids
encounter an attracting attraction parallel to the field direction and a repulsive force
perpendicular to it. Head-to-tail aggregation of the randomly orientated scattered Brownian
nanosized particles results in the formation of chain-like structures aligned along the direction
of the magnetic field. As a result of the chains' lateral coalescence, they go through secondary
aggregation to produce thick columns. Field-induced aggregation in magnetic fluids is mostly
caused by the dipolar interaction between the distributed nano-sized magnetic particles. The
magnetic particles exhibit optical isotropy and exhibit characteristics of permanent magnetic
dipoles. The static magnetic forces between them lead to the formation of certain linear head-
to-tail aggregates. It is believed that these individual particles in the aggregates become

oscillating dipoles in the laser beam's electric field and interact with each other due to their
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close proximity. Depending on how the aggregates are oriented in relation to the polarisation
direction of the light beam, the interaction is asymmetric. The optical anisotropy that results
from the asymmetry is what causes the dichroism and birefringence effects in magnetic fluids.
Ferrofluid is optically isotropic in the absence of an external magnetic field; once the external
field is applied, they show anisotropic behaviour and exhibit magneto-optic phenomena like
linear dichroism, faraday rotation, birefringence, magneto-optical transmission etc. Linear
dichroism arises due to the intrinsic optical anisotropy or the shape anisotropy of individual
magnetic particles. In a ferrofluid the random orientation of particles does not show any
anisotropy in the fluid as a whole; hence the particles would not be expected to give rise to
dichroism. But when a magnetic field is applied the particles may orient in the field direction;
this causes the magnetic fluids to be structurally anisotropic. If the transmitted light intensity
is different from the polarization of light perpendicular and parallel to the applied magnetic
field, it is called the magneto-optic linear dichroism effect. In a ferrofluid, the particles in
aggregate forms can act as oscillating dipoles. Optical effects caused by magnetic fields are
created when two dipoles interact to produce anisotropic polarizability. Ferrofluids have
magneto-optical effects because when a magnetic field is applied, some pre-existing aggregates
align along the direction of the applied magnetic field. As the strength of the field increases,

these clusters get bigger and form long periodic chains [10].

Recently researchers have investigated the remarkable localized surface plasmon resonance
properties of metallic nanoparticles. In metallic nanoparticles, the conduction electrons move
freely and moved toward the nanoparticle surface when the particle is irradiated by the
electromagnetic field of light. Due to the confinement of these electrons inside the nanoparticle,
when a positive charge accumulates on one side and a negative charge accumulates on the
other, an electric dipole will form. The dipole forces the electrons to revert to their equilibrium
position by producing an internal electric field inside the nanoparticle that is opposite to the
one the light creates. When the field is withdrawn after the electrons have been shifted from
their equilibrium position, they will oscillate at a frequency known as plasmonic frequency
[11]. Scientists have long wished for a magnetic plasmonic nanofluid because it opens up a
wide range of potential uses, including sensors, batteries, a substrate for surface-enhanced
Raman spectroscopy (SERS), imaging, and therapies. They are also important from a
fundamental perspective. One of the best plasmonic materials is silver, which exhibits
relatively little magneto-optical activity at moderate magnetic fields. But if we add plasmonic

components with ferro or ferrimagnetic materials, it exhibits a strong magneto-optical effect.
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Thus, magnetism in plasmonics opens up new possibilities for creating effective and adaptable
magneto-plasmonic structure. A magneto-plasmonic nanofluid, a hybrid fluid, offers a novel
framework for investigating the magneto-optical effects. When such a nanofluid is exposed to
an externally supplied magnetic field, important new information about the nature of light-
matter interactions will emerge. The combination of magnetic and optical response produces
high SAR values (Specific absorption rate), which means a considerable increment in heating
power compared to the value obtained from individual responses used in medical applications.

Some of the important magneto-optic phenomena are described here:

1. Magnetic circular dichroism
When a medium propagates circularly polarised light with unequal absorption on the left and
right, it is said to display circular dichroism. In the absence of a magnetic field, these two
components would experience the same absorption coefficient, and there would be no
difference in their absorption [12]. Due to its solenoidal nature, a magnetic field can cause
circular dichroism in a medium when applied along a direction of propagation for circularly
polarised light; this phenomenon is known as magnetic circular dichroism. When a magnetic
field is applied, it interacts with the magnetic moments of electrons in the material, leading to
the Zeeman effect, which splits the energy levels for electrons with different spin orientations.
As a result of this energy level splitting, the LCP and RCP components of the incident light
may experience different absorption coefficients. This difference in absorption between LCP
and RCP is the essence of magnetic circular dichroism. While MCD is a characteristic of all
matter, natural CD is a quite uncommon occurrence. This provides valuable information about
the electronic structure of the material, such as the energy-level splitting due to the magnetic

field and the nature of transitions that occur in the presence of the field.

2. Faraday rotation
The Faraday effect is the rotation of the plane of polarization of light as it passes through a
material in a direction parallel to an applied magnetic field [13]. Faraday effect can be
explained in terms of the space anisotropy that the magnetic field introduces. The right and left
circularly polarised components are affected by the magnetic field in various ways. As a result,
there is a rotation of the linearly polarised wave's plane of polarisation and distinct refractive
indices and propagation constants for each sense of polarisation. The emerging beam will be
elliptically polarised if there is absorption in the medium, since the absorption coefficient will
vary for each sense of circular polarization. This effect has practical applications in optical

devices and magnetic field measurements.
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3. Cotton-mouton rotation
The light path in this transverse M O effect is perpendicular to the direction of the applied
field. Once through a magnetised substance, the plane polarised light becomes elliptically

polarised. The field-induced change in refractive index is the cause of this.

4. Linear dichroism

The term "linear dichroism" describes a situation in which the direction of polarisation
affects how much light is absorbed. This dependence results from the fact that the angle
between a transition moment M and the polarised field E determines the molecular absorbance
due to that moment [16, 17]. Materials with orientated molecules, whose absorbance changes
with orientation, demonstrate this. The intensity of absorption is directly related to the square
of the scalar product formed by the light's electric field vector and a transition moment vector
unique to the molecule. The absorption is greatest when the light vector is polarised parallel to
the transition moment and zero when it is perpendicular to it. Thus, in situations when the
orientation of the molecule is known, linear dichroism can yield either directions of transition
moments or information on molecular orientation when the transition moments are known [18].
Linear dichroism and birefringence are linked by the dispersion equations and, hence,
theoretically, share the same fundamental data. However, as linear dichroism is more easily
related to roughly well-separated quantal transitions, it is more useful in practical applications
than birefringence, which is an intricate average over all of the molecule's transitions. The
dichroism of linearly polarised light created in a material by an external magnetic field or
magnetization is known as magnetic linear dichroism. The variation in the optical absorption
indices for linearly polarised light parallel “and perpendicular to magnetization is the source of
the effect [19]. In the presence of a magnetic field applied perpendicular to the direction of the
incident light, the energy levels of the electrons in the material are modified due to the Zeeman
effect, which is a splitting of electron energy levels caused by the magnetic field. The modified
energy levels influence the material's absorption properties. As a result, the material may
exhibit different levels of absorption for linearly polarized light, depending on the orientation
of the polarization concerning the applied magnetic field. This is known as magneto-optical

linear dichroism.
4.2 Magneto-optical effects in ferrofluid

Ferrofluids are isotropic in nature due to the randomly oriented particles. But when an

external magnetic field is applied, the ferrofluid shows anisotropic behaviour and exhibits
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magneto-optical phenomena like linear dichroism. The light changes in intensity after passing
through the sample. The transmitted light intensity depends on the direction of polarization
under the applied magnetic field [20]. If the direction of polarization is perpendicular to the
applied magnetic field, the number of particles obstructing the flow of light drops. As a result,
there is less absorption and more easy particle transmission since fewer particles interact with
the applied magnetic field. More particles interact with the applied magnetic field when the
direction of polarisation is parallel to it. This results in a decrease in the intensity of light
transmitted and an increase in absorption. In a ferrofluid, a chain structure often forms when
an external magnetic field is present [21, 22]. These chains would spin their magnetic moment
along the direction of the applied external magnetic field. As the field's strength rises, the
chain's length varies dynamically. If the applied field is zero, no clear chain arrangement forms
because the ferrofluid is isotropic at that point. However, due of the comparatively lower
particle-to-particle interactions, a configuration with shorter chains forms in the field direction
when a smaller magnetic field is applied. If the field intensity is raised, a configuration with
longer chains can result. As the field strength rises, so do the chain lengths. When the ferrofluid
reaches its saturation magnetisation, the process tends to stop, and that is when the chains have
the longest lengths. This dynamic chain-growing mechanism implies a dynamic rise in the
ferrofluid’s anisotropy with the field. This procedure suggests that the fluid's anisotropy will
dynamically grow with the field. Field energy plus dipole interaction energy adds up to the
chain's total energy [23]. As a result, the chains' lengths are varied in the field direction and

perpendicular to it.

The total chain length in the applied field direction can be written as:

L = NPde ) (4.1)

Where N,P,d,K, T, U are the total number of particles, a constant, mean diameter of the
particles, Boltzmann constant, absolute temperature and the potential energy respectively.
Where the potential energy consists of two parts: U, due to an external field and U; due to the
dipole-dipole interaction among the particles. The chain length in the parallel and perpendicular

direction is given by:

L": NPde[_(%)] (423)
L, = NPde [;{’ﬂ (4.2b)
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Where m is the magnetic moment of a particle. When H, =0, L =L, aggregates are nearly
spherical in shape and no obvious chain configuration is formed. Hence the ferrofluid is

isotropic at that time. When Hy = o, L; < L.

An optical anisotropy is produced by the dielectric that is created by the field-induced structural
anisotropy. Anisotropy is caused by the moments' attempt to align in the direction of the applied
field. Under various assumptions, the dielectric properties of a ferrofluid exposed to a magnetic
field are investigated. Finally, solving the dielectric constant of the ferrofluid in a magnetic

field is obtained as:

L(a) L(a)
om0 0 -
L L
para = & + @C [2%85 + ((1 -2 %) & — 80] (4.4)

Where ¢, C, L(a) the packing density of the chains, the volume concentration of the particles
in the fluid and the Langevin function with a=(mH/kgT) respectively. The relation between

the dielectric constant and complex refractive indices is given by the relations

& = Nf = (nl +]kl)2 and 8" = N||2 = (n" +_]k||)2 (45)
Where n and k represent the refractive indices and the extinction coefficient in the two
directions. The change in the absorbance of the sample when the plane polarized light parallel

and perpendicular to the applied magnetic field is given by [24]
I
A4y = —In (Il) (4.6a)
A, = —In (%) (4.6b)

Where I, and I represents the transmitted light intensities in the directions perpendicular and
parallel to the field direction. I, is the intensity of the incident light. The transmitted light

intensity in terms of extinction coefficient is given by:
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Where a; and a; depict transmission coefficient of ferrofluid in the directions perpendicular
and parallel to the field direction, c is the concentration, L is the path length in the sample,
k, and k| represents the extinction indices in the two directions, A is the wavelength of the

incident light.

The difference in absorption coefficients of two orthogonal polarizations is known as linear
dichroism, which can be written as [25]:

AK = (AA, — AA)) (ﬁ) (4.8)
The degree of moment orientation in a fluid under an applied field is reflected in dichroism.
This reflects the creation of the microstructure and its relaxation in the field. Fundamentally,
the dichroism measurements in both static and dynamic modes are interesting because they
enable a range of applications such as relaxation time measurement for bio-molecular
recognition, optical modulators, and viscometers, in addition to the study of aggregation
effects, chain formation, and clustering in the field [26]. It is impossible to generalize the
precise process causing the magneto-optical effects in ferrofluids. It is believed to be the
direction of moments in the applied field with no agglomeration in the case of non-interacting
particles. The clustering of pre-existing tiny aggregates or short chains that are generated by

the field is also investigated.
4.3 Surface plasmon-coupled emission of magneto-plasmonic structure

In the realm of material science and biology, there is a notable interest in fluorescent
spectroscopy. Recently, optical sensors based on the plasmonic properties of nanomaterials
have been introduced to improve the investigation of molecular interactions, especially for
detecting low concentrations of molecules [27-29]. One such method is the surface plasmon-
coupled emission (SPCE) technique, which is a precise and advantageous means to assess the
interaction between nanomaterials and molecules [30]. One way to think of SPCE is as the
surface plasmon resonance in reverse; excited fluorophores couple with surface plasmons close
to the metal to produce directed radiation, and the coupling efficiency is dependent on the

distance between the fluorophores and metallic layer [31-38]. Surface Plasmon Resonance, is
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a different technique that is closely connected to SPCE. Whereas SPCE is the angle-dependent
emission of light by a thin metal film, SPR is the angular-dependent absorption of incoming
light by a thin metal film. The near-field interaction of a radiating molecule with a layered
structure that contains a thin metal film produces surface plasmon-coupled emission or SPCE
[39, 40]. Benner [41] was the first to report on plasmon-mediated emission when he saw
distinct emission peaks in the glass prism caused by molecules close to the metal layer when
they were excited by a surface-plasmon field. Surface Plasmon Coupled Emission (SPCE)

emerges from the fusion of two rapidly evolving research fields: plasmonics and fluorescence.

SPCE is caused by the near-field interaction of a radiating molecule with thin metal
surfaces. The basic idea behind SPCE is to optimise fluorescence excitation and fluorescence
collection for molecules at the surface by placing a semi-transparent thin metal sheet on a glass
substrate [42]. It is well known that, for plane wave illumination from the glass side at an
incidence angle close to the angle of surface-plasmon resonance, the local electric-field
intensity at the surface can be significantly boosted compared to a similar setup without metal.
Additionally, it was demonstrated that fluorescence emission can couple into the metal film's
surface plasmon (SP) mode and then radiate back into the glass at angles that are close to the
SPR angle [43]. Using SPCE, single-molecule detection has even been demonstrated [44].
SPEC has garnered significant attention since the dawn of the 21st century because of its
enormous potential in a variety of fields. Promising applications for this field of study can be
found in imaging, genomics and drug development, medical diagnosis, protein and DNA
sensing, immunological detection, and other areas [45-50]. To reach new heights in the field,
research is still ongoing today to completely investigate it. Thus far, numerous studies have
been carried out in both experimental and theoretical settings. The three main attributes of
SPCE are polarised emission, background suppression, and directed emission. Owing to these
special qualities, SPEC has drawn a lot of interest from academics, especially in the areas of
analysis and bioanalysis, where it is regarded as a sensitive and trustworthy method. The
sensitivity and reliability of SPCE make it a valuable technique for studying biological systems
at the molecular level. Both theoretical and experimental studies have been conducted to
deepen our understanding of SPCE, contributing to ongoing efforts to unlock its full potential.
Continued exploration holds the promise of uncovering new applications and refining SPCE's

capabilities across various scientific and medical disciplines.

In SPCE, along the surface, the excited surface plasmons propagate as a wave,

oscillating normal to the surface with the resonance of incident light. The intensity decreases
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exponentially both perpendicular and parallel to the surface due to the damped oscillation. [51]
A distribution of evanescent fields around 200 nm beyond the surface is indicative of the
plasmon wave [52-54]. Fluorophores can sense the energy field within the near-field distance,
and when excited dipoles couple strongly with surface plasmons, energy is released from the
prism as radiation. It is believed that wave-vector matching causes this phenomenon. The
direction in which the surface wave vector and prism vectors are aligned determines the
discharge of radiation with p polarization. An increased electric field will be felt by the
fluorophores in the near field, and these excited dipoles will couple strongly to these
oscillations, producing radiation in the direction of the prism side [55]. The two basic
configurations in which we can achieve SPCE are as follows: either the prism side or the sample
side excites the fluorophores [56]. In the first mode, light enters the metal film through a prism
and strikes it, creating surface plasmons that excite the nearby fluorescent proteins. This
structure, is called the Kretschmann (KR) configuration, (Figure 4.1a) In the second
arrangement, incoming light directly excites the fluorophores, causing their excited dipoles to
pair close to surface plasmons, resulting in a directed emission. Reverse Kretschmann (RK)

configuration is the name given to this arrangement (Figure 4.1b) [57].
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Figure 4.1 KR configuration and RK configuration to obtain SPCE [57]

Since the magnetic field is known to alter the optical characteristics of materials, it is
one of the intriguing possibilities to regulate surface plasmons [58—62]. That is correct—the
surface pasmon dispersion relation can be altered by applying a magnetic field in the right
direction. When addressing the interaction between magnetic fields and optical properties, it is
necessary to define optical characteristics using a dielectric tensor. We must use a dielectric
tensor to characterize the optical properties while working with magnetic fields and optical
characteristics. When there is no magnetic field, this tensor is diagonal or has the potential to
become one. However, this dielectric tensor becomes non-diagonal when a magnetic field is

added because it rotates the light electric fields. These non-diagonal elements generally termed
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magneto-optic constants, capture the impact of the magnetic field on the optical properties. The
general dielectric tensor € is given by [63]
Exx Exy Exz
€= <_€xy Eyy _Ey2>
&z Eyz Ezz

These constants are quite tiny and proportionate to the applied magnetic field for diamagnetic
and paramagnetic materials [64]. Therefore, a strong magnetic field is required to achieve
significant MO constants in those materials. On the other hand, for ferromagnetic materials,
these MO constants are substantially greater and proportionate to the magnetization, allowing
for the magnetic saturation of these materials and the achievement of larger MO constants at
lower magnetic fields.

For magneto plasmonics, we want to combine both plasmonic and magnetic properties.
The use of materials with good capabilities for plasmon propagation and MO constant of large
value is necessary for the realization of magnetic field-induced modulation on plasmonic
systems in the optical regime. Unfortunately, the MO constant of noble metals is quite tiny,
and to boost this response, a magnetic substance must be added to the system. Because of their
metallic character, ferromagnetic metals are an appropriate candidate for support. Nevertheless,
because of their high optical coefficient of penetration, they cause an excessive dampening of
SPP propagation, making them unsuitable for employment as the system's sole metallic
component. As a result, noble and ferromagnetic metals have been combined to create
appropriate magnetoplasmonic systems. The application of a magnetic field induces some

modification in the dispersion relation of plasmons, it is given by [65]

k,(B)=k® + Ak,m (4.9)
Where k2 is the wave vector in the absence of an applied magnetic field, Ak, is the modulation
term, which is related to the dielectric constants of both materials at the interface. At the most
basic level, the modulation expression may be obtained analytically as a function of the
dielectric constants of the interface material by using the scattering matrix formalism on a
single interface between two semi-infinite materials, a metal and a dielectric. This analytical
approach provides insights into the dependence of the magnetic modulation of the surface
plasmon wave vector on the dielectric constants of the materials at the interface, facilitating a
comprehensive understanding of the phenomenon. For iron oxide-mediated magneto

plasmonic structure, an analytical expression for the modulation factor Ak, is expressed as [66]
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Where ¢, 831,2, g0 represent the thickness, non-diagonal and diagonal elements of the complex
dielectric permittivity tensor for iron oxide, k)™, eym, h represent the surface plasmon field
penetration in the noble metal layer, dielectric constant and thickness of the noble metal layer

and ¢4, k, represent the dielectric constant of the dielectric layer and wave vector of light.

M
Where m=—2-,
Msqt

by providing magnetic fields large enough to saturate the sample and make m
equal to 1 or —1, the maximal effect can be attained. The effect of magnetic field on surface
plasmon coupled emission leads to a new perspective towards the kinetics and dynamics of
biomolecules and it can also be used in biosensor applications.

Combining SPR with fluorescence technology produced one of the most intriguing uses
for the technology. This interaction led to the emergence of a novel SPCE phenomenon and a
notable increase in the degree of plasmonics applications. It is currently one of the most
appealing study fields since it presents novel, intriguing possibilities for guiding and managing
the passage of optical energy utilizing near-field effects rather than traditional far-field optical
components. To fully explore this field's potential, investigations are underway. The present

chapter discusses the iron oxide-mediated surface plasmon coupled emission in the presence

of a magnetic field.
4.4 Characterization

In the present work, ferrofluids, magnetoplasmonic nanofluids based on silver
nanoparticles and magnetoplasmonic nanostructures were synthesized. The structural
characterization of synthesized iron oxide particles was carried out by the X-ray diffraction
technique. (Bruker AXS D8 Advance X ray diffractometer employing Cu-Ko X-rays of
wavelength 1.5406 A). UV-visible spectrometer (Ocean Optics Maya 2000-Pro UV compact
spectrometer, S10420, Sensitivity 0.32 counts/e,) was employed for studying the absorption
properties. The magnetization measurement is carried out via SQUID, (Quantum design,
VSM_HW_VERSION-3101-150 F0). The magneto-optical property of the hydrocarbon and

aqueous-based iron oxide nanofluid was investigated by using a home-made setup.

93



4.5 Experimental

4.5.1 Synthesis of aqueous based ferrofluid

Aqueous-based ferrofluid was synthesized by a controlled co-precipitation method, as
shown in Figure 4.2. Initially, anhydrous ferric chloride (FeCls3) and ferrous sulphate
heptahydrate (FeSO4.7H20) are taken in the molar ratio of 2:1 is dissolved in 250 ml deionized
water separately. Then the equimolar solution was mixed and homogenized by magnetic
stirring for 20 minutes. Aqueous ammonia was added to this solution by constant stirring until
the pH of the solution reached 12, and the blackish iron oxide nanoparticle was formed. Further,
about 6 g of citric acid dissolved in 20 ml water was added to the solution to prevent
agglomeration among the magnetic nanoparticles. The resultant mixture was maintained at 90
°C and subjected to continuous stirring for 90 minutes. Finally, the mixture was centrifuged
for 30 minutes at 5000 rpm. After centrifugation, we obtained a black precipitate that dissolved
in distilled water and was sonicated for 30 minutes at room temperature to obtain a stable

ferrofluid. The fluid is then diluted with the carrier fluid to a known volume fraction (1 vol%).
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Figure 4.2 Schematic representation of the synthesis of aqueous based ferrofluid
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4.5.2 Synthesis of silver nanoparticles

The neutral silver nanoparticles are synthesized through the reduction method using
trisodium citrate as a reducing agent, is depicts in Figure 4.3. Silver nitrate and tri-sodium
citrate were used for the production of silver nanoparticles. Two millimolar (2 mM) silver
nitrate solution was heated at 90 °C for 5 minutes using a hot plate. The prepared twenty-
millimolar (20 mM) tri-sodium citrate solution was added dropwise to this solution. The

transformation of colour from translucent to pale yellow indicated the creation of silver

nanoparticles. e}
‘.
[—— 4
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Figure 4.3 Schematic representation of synthesis of silver nanoparticles
4.5.3 Synthesis of magneto plasmonic nanofluid

The magnetic plasmonic nanofluid was prepared by mixing iron oxide nanofluid with
silver nanoparticles, as shown in Figure 4.4. The neutral silver nanoparticles get attracted to
the negatively charged citric acid-coated iron oxide particles [67]. The number density of silver
nanoparticles can be tuned by altering the concentration of silver nanoparticles in the hybrid
magneto plasmonic nanofluid. The prepared citric acid-coated ferrofluid and synthesized silver
nanoparticles are mixed together and sonicated for 20 minutes. Here we have taken 1.5 ml

ferrofluid with different concentrations of silver nanoparticles.
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{
Iron oxide
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; Magneto plasmonic
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Figure 4.4 Schematic representation of synthesis of magneto plasmonic nanofluid

95



4.5.4 Fabrication of magneto plasmonic nanostructure

The magneto plasmonic nanostructure was fabricated through the spin coating method.
In the fabrication of nanostructure, polyvinyl alcohol (PVA) was used as the dielectric. The
PVA exists in powder form, particular weight percentage of PVA solution was made by
dissolving PVA in deionized water and heating at 90 °C while continuously stirring. The
Rhodamine B dye was used as an emitting material. Then .5 wt% Rhodamine dye and 25 pl
iron oxide solution were mixed with 3 wt% PV A solution. This was deposited on top of the Ag
film by the spin coating method. After that, the transmission spectra of the fabricated sample
were recorded in the absence of a magnetic field and the presence of a magnetic field. The

schematic representation of magneto plasmonic nanostructure fabrication was depicted in

Figure 4.5.
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Figure 4.5 Schematic representation of magneto plasmonic nanostructure fabrication
4.5.5 Analysis techniques

The experimental setup for measuring the linear dichroism of ferrofluid is shown in
Figure 4.5. The ferrofluid sample is taken in a quartz cuvette which is placed at the centre of
the pole gap of an electromagnet, where the magnetic field is varied by changing the current
passing through it using a dc power supply. A He-Ne laser of wavelength 633 nm with an
output power of 10 mW 1is used as a light source. Light from a laser was adjusted for
perpendicular and parallel linear polarization using a polarizer and fell normally on a fluid

sample held between the pole pieces of an electromagnet. Light transmitted through the sample
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fall on a detector and the intensity of the transmitted light is measured. A gauss meter is used

for measuring the field.

Sample

Diode Laser (630 nm) Detector

Polarizer

Electromagnet

Computer

Figure 4.6 Experimental set up for linear dichroism study

An experimental setup based on the Reverse Kretschmann configuration (RK)
(Figure 4.7) is utilized to investigate the fluorescence from plasmonic structures. Using
glycerine (refractive index ~ 1.5) as a refractive index matching fluid, the sample is fixed on a
hemicylindrical prism. The prism with the sample attached is set up on a rotating stage,
enabling normal excitation and emission observation at any angle with the cylinder's normal.
A diode laser source with a wavelength of 540 nm was used to illuminate the sample. The light
emitted is collected from the prism side of the sample by an optical feed through and fiber to a
high-sensitivity spectrometer (Ocean Optics Model No). The optical feedthrough is mounted
on a rotating stage and the spectrum is constantly captured at one-degree intervals at angles
ranging from 5° to 90°. A reference angle of 0° was determined by taking the direction opposite
the laser's excitation direction. Using Ocean Optics Spectra Suite software, the emission spectra

from the spectrometer were collected and controlled.
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Figure 4.7 Experimental setup based on the Reverse Kretschmann configuration (RK)
4.6 Results and Discussions

4.6.1 Structural characterization
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Figure 4.8 X-ray diffraction pattern of Fe3O4

The structural analysis of the prepared sample was done by X-ray diffraction technique.
Figure 4.8, depicts the X-ray diffraction pattern of the synthesized particles. All the observed
diffraction peaks match with the inverse spinel structure of Fe3O4 nanoparticles (JCPDS file
no: 19-0629). The broad peak indicates the nanocrystalline nature of the particles [68]. The
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crystallite size was calculated using Debye Scherrer’s formula and was found to be 10 nm with

a lattice parameter of 8.39 A.

4.6.2 Optical study
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Figure 4.9.b UV-Visible absorption spectrum of iron oxide with silver nanoparticles

The conduction and valence bands of metal nanoparticles, such as silver, are relatively
close to one another, allowing the electrons to move freely. This creates an SPR absorption
band because the free electrons in the nanoparticles oscillate collectively in resonance with the
light wave, which results in the vibrant colours seen in the dispersions of silver nanoparticles.
A silver nanoparticle's electrons are traditionally polarised around its considerably heavier

ionic core by an incoming wave of an electric field [69]. Every electron oscillates like a dipole
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in the same phase as a result of the restoring force generated. The combination of coherent
electron mobility and the electromagnetic field results in a considerable absorption. Figure
4.9a shows the UV-Vis absorption spectra of silver nanoparticles. Particle characteristics such
as size, shape, dielectric medium, and chemical environment, among others, greatly influence
this absorption. Mie's scattering theory states that the surface plasmon resonance bands also
affect the plasmonic fluid's particle-containing morphology. When there is only one SPR band,
the particles are isotropic; when there are two or more bands, the particles are anisotropic [70].
There is just one SPR band visible in the spherically shaped nanoparticles. A single SPR band
is observed around 412 nm. From the Figure 4.9b we can observe the absorption peaks at 325
nm (Iron oxide),412 nm (Silver) and 380 nm (Iron oxide with Silver). The shift in the
absorption peak of Iron oxide with Silver arises due to the charge transfer effect that occurs

between silver and iron oxide [71].

4.6.3 Magnetization measurement
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Figure 4.10 M-H Curve of magnetite nanoparticles
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Figure 4.11 FC- ZFC Curve of magnetite nanoparticles

The magnetic measurement was carried out at room temperature and 5K using a SQUID
magnetometer. After being removed from the fluid, iron oxide particles are examined using a
vibrating sample magnetometer. Figure 4.10 displays the magnetization curve of the prepared
ferrofluid. The prepared nanoparticles exhibit a Langevin-like approach to saturation
magnetization with negligible coercivity and remanence as observed in the M-H curve, which
signifies the superparamagnetic nature of particles. The saturation magnetization of the bare
Fe;04 particles was measured by VSM and it is found to be 66.7 emu/g, which is slightly small
compared to the bulk value. The reduction in saturation magnetization is due to the presence
of a magnetically dead layer at the surface of the nanoparticles. Field-cooled (FC) and zero
field-cooled (ZFC) moment measurements were used for the temperature-dependent relaxation
investigations at a constant applied field of 10 mT, as indicated in Figure 4.11. Without using
a magnetic field, the sample was cooled from 300 K to 5 K in a ZFC measurement. A 10 mT
field was applied once the temperature reached 5K, and the magnetization was then monitored
as a function of temperature when the material heated to 300K. The sample was cooled from
300K to 5K for an FC measurement while a 10 mT field was present, and the magnetization
was noted as the temperature increased. The ZFC measurements exhibit a qualitative indication
of the size distribution of the particles [72]. The broad maximum in ZFC reflects the relatively
wide size distribution of magnetic nanoparticles. In ZFC measurement most of the particles are
randomly oriented at low temperatures, but when the temperature is increased the particles

have enough thermal energy to overcome the anisotropic barrier, hence the magnetization
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increases. Besides the broad peak in the ZFC magnetization, a cusp at around 275 K which

associated with the freezing of carrier liquid [73].
4.6.4 Linear dichroism studies of iron oxide fluid

When there is no external magnetic field, ferrofluid is optically isotropic; however,
when a magnetic field is applied, the small magnetic particles within the fluid will partially
orient themselves along the direction of the magnetic field. As a result, the magnetic fluids
exhibit structural anisotropy and exhibit magneto-optical phenomena like linear dichroism.
Field-induced linear dichroism causes the magnetic fluids to absorb extraordinary and ordinary
light beams differently if the direction of light propagation is perpendicular to the applied
magnetic fields [74]. In linear dichroism measurements, the transmitted light intensity depends
on the direction of polarization under the applied magnetic field. Particles impeding light
passage decrease in number if the direction of polarisation is perpendicular to the applied
magnetic field [75]. As a result, there is less absorption since fewer particles interact with the
applied magnetic field, making particle transmission easier [76]. When the direction of
polarization is parallel to the applied magnetic field, more particles interact with the field,
which causes the intensity of transmitted light to be reduced and absorption to rise. Generally,
a chain configuration is formed in a ferrofluid in the presence of an external magnetic field.
These chains would spin their magnetic moment along the direction of the applied external
magnetic field. The length of the chain changes dynamically as the strength of the field
increases. If the applied field is zero, no clear chain arrangement forms because the ferrofluid
is isotropic at that point. However, due of the comparatively lower particle-to-particle
interactions, a configuration with shorter chains forms in the field direction when a smaller
magnetic field is applied. A configuration with longer chains may arise if the field intensity is
increased. The process tends to stop when the ferrofluid reaches its saturation magnetisation,

at which point the chains are at their longest lengths [76].
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Figure 4.12 Linear dichroism in Fe3O4 (b) in water

The dichroism measurements are carried out in kerosene-based and aqueous-based
ferrofluid is depicted in Figure 4.12. For the oleic acid-coated kerosene fluids, there is a
noticeable increase in absorbance for light of both polarizations. This indicates that when light
passes through these fluids, it is absorbed more significantly, regardless of its polarization.
However, the citric acid-coated water-based fluids display dichroic behaviour. This means that

these fluids exhibit different absorbance properties for light with varying polarizations. In other
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words, the extent of light absorption varies depending on the light's polarization. This
behaviour suggests that the fluid's properties are anisotropic or non-uniform, leading to
differential interactions with polarized light. When particles in surfacted fluids are coated with
oleic acid, dipolar interactions come into play, causing the local clustering of particles. These
local clusters then amalgamate to form macro clusters, which in turn lead to the scattering of
light and, consequently, a reduction in light intensity irrespective of the polarization of the
incoming light. In ionic fluid, this differential absorption can be attributed to the electrostatic
repulsion of particles within the fluid. In diluted ionic fluids, there is limited particle clustering,
allowing individual moments to align with the field direction and saturate independently.

4.6.5 Linear dichroism studies of magneto-plasmonic fluid
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Figure 4.13 Magneto-optical study of ferrofluid with spherical-shaped silver nanoparticles

Figure 4.13 displays the hybrid magnetic nanofluid's linear dichroism measurement at
varying quantities of spherical-shaped silver nanoparticles. It's observed that an increase in the
concentration of silver nanoparticles leads to a reduction in the amplitude of intrinsic
dichroism. This decrease can be attributed to the fact that spherical nanoparticles have a
uniform structure and properties in all directions, resulting in reduced direction-dependent light

absorption [77]. However, when a magnetic field is applied, the nanofluid exhibits magneto-
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optical anisotropy, causing its optical properties to vary with direction. In this case, the
spherical nanoparticles align themselves along the magnetic field direction, forming chain-like
structures. As the magnetic field strength increases, these chains become more prominent,
leading to improved magneto-optical characteristics and a stronger dichroic effect. This
behaviour is due to the alignment of spherical particles, which introduces optical anisotropy
and results in differing light absorption along different directions. As a notable application,
these magneto-plasmonic fluids can be used to combine magnetic hyperthermia and
photodynamic therapy, offering a versatile approach to medical treatment by harnessing the
heating properties of magnetic nanoparticles in the presence of a magnetic field and the light-

sensitive properties of the magnetoplasmonic nanofluid for targeted cancer therapy.

4.6.6 Surface plasmon-coupled emission of magneto-plasmonic structure
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Figure 4.14 Iron oxide-mediated surface plasmon coupled emission in the absence of a magnetic field
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Figure 4.15 Iron oxide-mediated surface plasmon coupled emission in the presence of a magnetic field

The magnetic field control on the plasmonic property is investigated using a
homemade reverse Kreschmann configuration setup. Figure 4.14 depicts the iron oxide-
mediated surface plasmon coupled emission in the absence of a magnetic field. Here we can
observe that the emission occurs at a certain range of angle from 45° to 53°, the directional
emission from fluorophore molecule. It can be explained on the basis that the attenuated total
reflection due to SPR is excited by Kretschmann configuration. The SPR occurs at the prism
interface when the angle of incidence is greater than the angle of total internal reflection and
usually, we expect high reflectivity in this condition. However, as a result of evanescent waves,
free electrons in a metal oscillate and produce surface plasmons, which pierce the sample's
dielectric up to several hundred nanometres below the metal surface. However, the excited
fluorophores present within this range create an electromagnetic field, which induces surface
plasmons due to the strong interaction with free charges in the metal film. The plasmons and
fluorophore’s emission frequencies are correlated. As a result, we observe a strong directional
emission. The resulting SPCE is highly polarised with a clearly defined emission angle back
into the glass substrate, although it displays the same spectral structure as the fluorophore
emission. In SPCE, the interaction takes place between the layered structure containing metal

film with near-field radiation. When a fluorescent molecule is placed close to an interface, it
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alters the emission profile and dynamics. SPCE is a reverse effect of SPR, the optimum
thickness of film is 50 nm. In SPCE a radiating dipole can excite surface plasmon modes at the
metal-dielectric interface, this again couple to light and is observed as a hollow cone of
emission. The surface plsmon dispersion and fluorophore emission spectra determine the
angular distribution of SPCE. In comparison to a simple dielectric, the metal induces a unique
decay channel for the release of energy.

The response surface plasmon coupled emission of an iron oxide-mediated
multilayer structure in the presence of a magnetic field is depicted in Figure 4.15. The
influence of the magnetic field and the magneto-optical activity of the planar structure
determine how the magnetic field modulates SPCE. To increase the magnetic field modulation
impact of SPCE, it is possible to add strong response magnetic nanoparticles to the multilayer
structure. In the present work, by the application of a magnetic field on an iron oxide-mediated
multilayer structure, we can see the enhancement in emission intensity, which arises due to the
improvement of MO activity of the multilayer structure. The generated plasmons are affected
by applying a magnetic field on a multilayer structure with magnetic nanoparticles. These are
evident from the dispersion relation for an interface made up of magnetic and metal film and it

is given by [78]

w | g4&m
kopp = — |—2T (1 4+
s ¢ sd+sm( gy)
1 1
a= >
1/—e,,l+sm<1_€_d)
Eh

Where kg)p,,0, €4, &y and g,, are surface plasmon momentum, incident light frequency, dielectric
constants of the dielectric and metal layers and gyration vector (which is proportional to magnetization)
respectively. The wave vector kg, depends on the magnetization and thus on the applied magnetic
field.
4.7 Conclusions

The water-based ferrofluid and magneto plasmonic nanofluid based on silver was
synthesized and their structural, optical, magnetic and interaction of the electromagnetic field
with the spherical-shaped silver nanoparticles was studied. Through the use of a
superconducting quantum interference device, the magnetic characteristics have been
examined. The measurement of magnetisation indicates that a particle is superparamagnetic.

The temperature-dependent relaxation studies were carried out by field-cooled and zero-cooled
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moment measurements at a constant applied field. The magneto-optical property of the iron
oxide nanofluid was investigated by linear dichroism measurements. In the absence of an
external magnetic field, the suspensions were isotropic. Once the external field is applied, they
show anisotropic behaviour and exhibit magneto-optic phenomena. From the study of linear
dichroism of the hybrid magnetic nanofluid with spherical-shaped silver nanoparticles, we can
observe that as the concentration of silver nanoparticles increases, the amplitude of intrinsic
dichroism decreases. This arises due to the isotropic nature of spherical nanoparticles. The
magneto-optical study of the different aspect ratios of silver nanoparticles with iron oxide
nanofluid is a future prospect. The magneto plasmonic heterostructure was fabricated through
the spin coating method. The surface plasmon-coupled emission was obtained using the
Reverse Kretchmann configuration. In the present work, we can observe a direction-specific
plasmon-coupled emission with and without a magnetic field in a fabricated heterostructure.
But in the presence of a magnetic field emission enhancement with directional emission is
obtained. This is due to the improvement of the magneto-optical activity of the metal substrate.
The magnetic field modulation aided by magnetic nanoparticles offers the ability to create a
universal technique for improving SPCE-based systems' signals. The wave vector of magnetic
field-induced modulation on plasmonic materials depends on the off-diagonal elements of the
dielectric tensor and magneto-optical constants of the materials. If there is ferromagnetic
material nearby that can concentrate the electromagnetic field, the modulation will be greater
when a magnetic field is applied. More electromagnetic fields spread along a dielectric than a
metal if the ferromagnetic substance is dielectric. Magnetic field-controlled plasmonics can be
extended to study the magnetic field effects on surface plasmon coupled emission, under
varying concentrations and distance, leading to the sensing applications which is another future
perspective.
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Chapter 5

Hematite nanoparticles for photocatalytic and biological
applications

The stability and relative lack of toxicity, make hematite nanoparticles highly — pursued
material  which can  provide significant  contributions in both  biomedical research
and other interdisciplinary domains. The green method for synthesizing hematite
nanoparticles is particularly promising, due to its low cost, biocompatibility and environment
friendliness. Hematite nanoparticles are a potential candidate for photocatalytic application
due to their adequate band gap, high surface-to-volume ratio and recyclability after the
reaction. Among the various nanometal-oxides, hematite nanoparticles are promising
compounds due to their wide range of applications as antioxidants, antibiofilm and
antibacterial agents. This chapter deals with the photocatalytic, antibacterial property and

cytotoxicity analysis of green synthesized hematite nanoparticles.
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5.1 Introduction

Hematite is the most prevalent form of crystalline iron oxide and is also the most
thermodynamically stable form under ambient conditions [1,2]. It is isostructural with
corundum (a-Al203) structure. There are two formula units per unit cell in the hematite
structure: the trigonal-hexagonal and the primitive rhombohedral. It is an n-type semiconductor
and inert compound, insoluble in dilute acids. In numerous industries, including lithium-ion
batteries, gas sensors, photocatalysis, water splitting and treatment for the production of Ha,
anticorrosive agents, pigment, and biomedical applications, haematite is widely employed [3,
4]. Hematite is one of the most promising material as a potential photocatalyst due to several
remarkable properties, such as abundance, low cost, non-toxicity, chemical stability, good
visible light absorption, anti-corrosive property, biocompatibility etc. It is known that a number
of metal oxide nanoparticles have antibacterial qualities. Their multifunctionality allows them
to overcome drug resistance in bacteria. Inorganic oxide nanoparticles are more advantageous
than organic antibacterial agents due to the potency of resistant strains of microbial pathogens
as well as their durability and stability. In this regard, hematite is a good material as an

antibacterial agent.

The most recent breakthrough in nanotechnology has increased the number of chemical
and physical methods for the synthesis of nanoparticles. Using conventional methods for
synthesizing nanomaterials such as template-assisted synthesis method, hydrothermal
synthesis, vapour—solid growth techniques and sol-gel process [6-8] has several alluring
advantages. These processes generate a wide range of nanoparticles with numerous uses: such
as in electrical applications, and targeted disease therapy, some approaches have a wide range
of scaling, great control over nanoparticle shape, extended scalability etc. But there's a big
negative consequence with these traditional methods. The excessive use of organic solvents
and the release of toxic and harmful chemicals during the synthesis of these nanomaterials
poses a significant risk to neurobehavioral and reproductive health and the usage of high-
pressure and heat conditions may also contribute to hazardous working conditions. Another
unfavorable impact of these methods is the excessive creation of carbon dioxide, which
significantly contributes to the greenhouse effect. However, these processes are damaging to
the ecosystem and all living things. Therefore, it is essential to create nanoparticles in an
environmentally friendly manner [9, 10]. When creating nanomaterials using a green process,
metal atoms combine to create clusters, which then become nanoparticles. This technology's

main objective is to produce metallic nanoparticles from various biological sources.
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Throughout the synthesis process, microbial and phyto-constituents are involved in capping
and stabilizing the surface of nanomaterials. The motivation for using the green method for the
production of nanomaterials is the simplicity of handling and processing plant materials for
extract collection, as well as the accessibility of plant materials in different geographical
locations. Due to the use of non-toxic chemicals, environmentally friendly solvents, renewable
resources, and easily scaled-up processes for large-scale production, green synthesis of

nanoparticles is recognized as an environmental advantage technology [11].

The routine disposal of hazardous organic wastes causes irreversible and serious adverse
effects, such as carcinogenic and mutagenesis consequences [ 12]. Many harmful and dangerous
chemicals can be found in industrial effluent, including dyes, phenols, insecticides, metal ions,
and so on. Among all of these toxins, dyes are the most persistent and difficult to break down.
Because the mineralisation efficiency of these pollutants by standard mineralisation processes
is insufficient. Many novel techniques are used for the removal of contaminants from water,
like coagulation, ozonation, electrochemical degradation and photocatalytic degradation.
Among them, photocatalytic degradation is one of the simplest and most efficient methods for
purifying water. Magnetic nanoparticles have gained popularity as catalysts in organic
transformations in recent years due to their greater surface area-to-volume ratio and

retrievability and recyclability after the reaction [13].

The word photocatalysis combines photochemistry and catalysis, suggesting that both light
and a catalyst are required to facilitate a chemical reaction. It can be broadly classified into two
categories: heterogeneous photocatalysis, which occurs when it is present in a different phase
than the reactant, and homogeneous photocatalysis, which occurs when it is present in the same
phase as the reactant. Whereas the photocatalyst and the reaction medium are in a different
phase in the latter scenario, they are in the same phase in the former. The surface area, porosity,
defects, type of exposed planes, amount of dye, concentration of pollutants, reaction medium
pH, calcination temperature, reaction temperature, light intensity, and presence of an oxidising

agent are some of the factors that affect a material's photocatalytic properties and efficiency.

Photocatalysis involves the generation of electron-hole pairs in a conduction band through
the oxidation and reduction process. To carry out oxidation and reduction reactions,
photocatalysts use light energy. When an electron is stimulated from the valence band to the
conduction band of the photocatalyst it is bombarded with light energy, leaving a photo-

generated hole [14]. Conduction electrons reduce oxygen to superoxide radicals and valence
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band holes oxidize water to hydroxyl radicals. Oxidation and reduction activities are enabled
by the photo-generated electrons and holes. Water and hydroxide ions react with photo-
generated holes in aqueous solutions to yield hydroxyl radicals, which are the major oxidants
in the photocatalytic oxidation of organic molecules. The oxidation potential of OH is higher
than that of other oxidants such as ozone and hydrogen peroxide, and it has been demonstrated
that repeated OH attacks on organic pollutants eventually lead to total oxidation. The
production of OH can take one of two routes: first, Oz in water is reduced to generate Oz, which
then combines with H* to form OOH, which is then rapidly decomposed to OH. The oxidation

of OH is the second route.

A significant contributor to chronic illnesses and mortality is bacterial infections.
Antibiotics have been the primary form of treatment for bacterial illnesses due to their efficacy
and effectiveness. However multidrug-resistant bacterial strains have evolved as a result of the
widespread usage of antibiotics. The majority of bacteria exist as biofilms, which frequently
contain different species that communicate with one another and their surroundings. Microbial
clumps known as biofilms often depend on extracellular products and a solid surface. The
bacteria can travel back and forth across the surface, but when the bacteria have settled, the
synthesis of the bacterial flagellum is blocked, the bacteria multiply quickly, and a mature
biofilm is created. At this point, the bacteria have formed a barrier that can withstand antibiotic
treatment and serve as a source of systemic persistent infections. Biofilms pose a significant
risk to human health. Additionally, the bacteria in biofilms can create superantigens to subvert
the immune system. Therefore, despite the widespread use of antimicrobial medications and
other contemporary antibacterial medicines, bacterial infections continue to be a significant
problem. Metal nanoparticles have received a lot of attention as a potential treatment for
antibiotic resistance due to their capacity to target several biomolecular characteristics of
resistant strains. The interaction between hematite (a-Fe2O3) nanoparticles (NPs) and bacteria
can occur through two potential mechanisms, because of their extreme stability in the natural
environment, these haematite nanoparticles contribute little to the antibacterial action of metal
ion release. But defective haematite nanoparticles can produce electron-hole pairs when
exposed to UV or visible light. These electron-hole pairs are responsible for the production of
reactive oxygen species (ROS), including hydroxyl radicals (OH"), hydrogen peroxide (H202)
and singlet oxygen (O2*). These ROS are highly reactive and can have damaging effects on
bacterial cells [15,16]. The generated free radicals can lead to various detrimental effects, such

as the depolymerization of bacterial polysaccharides, inactivation of enzymes within the
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bacterial cells, induction of DNA strand breaks, potentially causing genetic damage, Initiation
of lipid peroxidation, which can damage bacterial cell membranes. Ultimately, the
accumulation of these harmful effects can lead to bacterial cell death. The other possible
mechanism of interaction involves non-reactive interactions between hematite nanoparticles
and bacteria. These interactions may include: electrostatic interactions: attraction or repulsion
based on electrical charges, dipole-dipole interactions: interactions between molecules with
permanent dipoles, hydrogen bonds: weak chemical bonds formed between hydrogen atoms
and electronegative elements, hydrophobic interactions: interactions between hydrophobic
regions of molecules, van der Waals interactions: weak forces of attraction between atoms and
molecules. These non-reactive interactions can disrupt cellular functions and the organization
of bacterial membranes [17, 18]. For example, electrostatic forces may lead to the binding of
hematite nanoparticles to the bacterial cell surface, potentially interfering with membrane
integrity or cellular processes. Hydrophobic interactions could also play a role in disrupting

bacterial membranes.

Nanoparticles' unique and peculiar features allow them to be used in a variety of
applications. At least 15% of the products available on the worldwide market today, such as
cookware, food packaging, apparel, electrical gadgets, sunscreen, and so on, are expected to
include nanotechnology into their manufacturing process [19-21]. One of the most serious
concerns about human health is the emission of nanoparticles into the atmosphere. Because of
their small size, they spend more time in the atmosphere, increasing the risk of respiratory
exposure [22]. Hematite is one of the most commonly used nanoparticles in a variety of
applications [23]. As a result, it was created in bigger quantities than other nanoparticles [24].
We now live in the world of nanotechnology. As a result, the toxicity investigation of hematite

nanoparticles is more relevant in the current environment.
5.2 Characterization

The Bruker AXS D8 Advance X-ray diffractometer employing Cu—Ka X-rays of
wavelength 1.5406 A can be used to obtain the XRD pattern of synthesized nanoparticles.
Diffraction pattern was collected in the range 10-90°. UV-visible spectrometer (Ocean Optics
Maya 2000-Pro UV compact spectrometer) is employed for studying the absorption properties
and assessing the photocatalytic activity of the synthesized sample. 5 mg of the prepared
Hematite nanopowder was mixed with 40 ml of 20 ppm Methylene blue dye and stirred for 20

minutes. Then the solution is placed under solar illumination. The absorbance of the solution
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was taken every 30-minute time intervals. Using the agar well diffusion method, the
synthesized haematite nanoparticles' antibacterial properties were investigated. The cell
viability test was conducted on mouse fibroblast cell line L929. FTIR analysis was performed
to identify the functional groups of the tea extract, using an FTIR Bruker spectrophotometer in

the wavelength range of 3500-400 cm ™! with a resolution of 4 cm™!

, which are responsible for
the reduction and stabilizing of the a-Fe2Os; nanoparticles. In addition, a phase study was
performed by Raman spectroscopy using a 542 nm laser excitation on the Horiba Labram HR

Evolution Raman spectrometer.
5.3 Experimental

5.3.1 Preparation of Tea extract

The tea extract was made by boiling 2 g of black tea powder in 100 mL of distilled
water for 20 minutes at 60 °C. The broth is then cooled to room temperature and filtered to

provide the extract, which is utilized to produce iron oxide nanoparticles.
5.3.2 Synthesis of Hematite nanoparticles

For synthesizing Hematite nanoparticles, 250 mM aqueous solution of ferric nitrate and
the prepared tea extract were mixed in a ratio of 2:1. We obtained a dark greenish-black
coloured solution, which was then stirred for 20 minutes. After that, this solution was
transferred to a Teflon liner, properly sealed, and held in the autoclave for 2 hours at 300 °C.
The autoclave was switched off and allowed to cool down to ambient temperature. To remove
loosely attached organic content from the surface of the nanoparticles, the products were
washed multiple times with ethanol and distilled water. The synthesized nanoparticles were
then dried for 6 hours under a vacuum at 80 °C. Figure 5.1 shows a schematic representation

of nanoparticle synthesis.
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Figure 5.1 Schematic representation of hematite nanoparticles synthesis
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5.3.3 Reduction Mechanism of Hematite Nanoparticles

The tea extract can be utilized as a reducing and capping agent while making Hematite
nanoparticles. It contains a high quantity of polyphenols and other chemical elements. The
polyphenols help in the reduction of the salt precursors into nanoparticles. Flavonols are the
functional groups having the greatest biological significance. Tea contains four different
flavanol derivatives: epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), and
epigallocatechin gallate (EGG). Epigallocatechin gallate is an active catechin that aids in the
reduction process since it has a standard potential of 0.57 V and may reduce Fe?' to Fe?,
whereas iron's standard potential is -0.036 V. When the precursor is injected, it initiates a
complex by breaking the -OH bond and creating a partial bond with a metal ion [25, 26].
Finally, the partial link is broken, and electrons are transported to reduce metal ions to
nanoparticles, which then oxidize to ortho-quinone. The steps involved in the reduction

mechanism of hematite nanoparticle is shown in Figure 5.2.
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Figure 5.2 Reduction mechanism of hematite nanoparticles
5.3.4 Antibacterial study

The agar well diffusion method is used for investigating the antibacterial activity of
synthesized hematite nanoparticles against gram-negative bacteria, Escherichia Coil. The
cultured bacteria were injected into test tubes that contained a Muller-Hinton broth, which is
placed in a rotating incubator at 37 °C for 24 hours. Then the Mueller-Hinton agar was
transferred into a petri dish, where they were allowed to solidify under a sterile environment.
The agar surface was bored using a sterile cork borer to make wells of approximately 6mm
diameter and different concentrations of sample such as 1 mg/mL, 10 mg/mL and 100 mg/mL.
The prepared samples are dissolved in 10% DMSO (Dimethyl sulfoxide) and sonicated to
achieve uniform concentration. Then take 50 pL from this solution and it was loaded into each

well. After a 24-hour incubation period at 37 °C, the diameter of the zone of inhibition on the
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plates was used to assess the antibacterial activity. Ampicillin was used as the positive control.

The schematic representation of agar well diffusion method is shown in Figure 5.3.
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Figure 5.3 Schematic representation of agar well diffusion method
5.3.5 Cytotoxicity assay

The cytotoxicity of haematite nanoparticles is tested using the [3-(4,5-dimethylthiazole-
2-yl)-2,5-diphenyltetrazolium chloride or bromide (MTT) assay. The cell viability test is
conducted using Mosmann's suggested method. Cell viability was studied at various
concentrations of haematite nanoparticles during a 24-hour time period. The assay was
performed using mouse fibroblast cell line L929 obtained from ATCC (Manassas, Virginia,
USA). The cells are cultured in RPMI (Gibco, UK) supplemented with 10% heat-inactivated
foetal bovine serum (Charcol stripped FBS), pencilin (100 U/mL), and streptomycin (100
pg/mL) (Gibco, USA). The cells are incubated at 37°C in a humidified environment with 5%
CO2. In this assay, the mitochondria hydrogenase enzyme in living cells breaks down the MTT
reagent and converts it to the insoluble formamide molecule, which, when combined with
dimethyl sulfoxide, creates a purple hue proportionate to the degree of cell viability. The cell
viability was determined using an Elisa plate reader at 570 nm. In this test, the background

absorbance of the generated MTT reagent in the unknown reactions with the surrounding cell
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was subtracted from the absorbance measured from the exposed cells. Cell viability is

expressed using the formula [27]

Average absorbance treated

Percentage of cell viability = x 100 5.1

Average absorbance of control

In the present study, the test was repeated 5 times to increase the accuracy.

5.4 Results and Discussions

5.4.1 Structural characterization
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Figure 5.4 X-ray diffraction pattern of hematite nanoparticles

The XRD pattern of tea extract-mediated iron oxide nanoparticles are depicted in
Figure 5.4. The diffraction pattern's major peaks may all be indexed using the JCPDS file
number 85-0596, which is associated with thombohedral symmetry hematite nanoparticles.
The absence of any additional peaks in the diffraction pattern suggests that the green
synthesised haematite nanoparticles were highly pure [28]. Based on the line width of the

strongest peak, the average crystallite size of the synthesised particles was determined using

the Debye-Scherrer equation.
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KA
~ Bcosé (52)

The variables D, K, A, B, and stand for the mean crystallite size, Debye constant, radiation
wavelength, full width at half maximum in radians, and Bragg angle, in that order. Based on
calculations, the average size of a crystallite is approximately 35 nm. The average values of

the lattice parameters are calculated for its rhombohedral structure using the equation,

1

d = a(n2+k2+hk) 12 (5.3)
=tz
3a C

Where d is interplanar distance, h, k, [ are Miller indices and a, ¢ are lattice parameters. The
calculated values of a=5.03 A and ¢ = 13.67 A for the lattice parameters accord well with the

stated values.

5.4.2 Optical study
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Figure 5.5a UV-visible absorption spectra of hematite nanoparticle
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Figure 5.5b Derivative curve

The absorption spectrum of synthesized Hematite nanoparticles is shown in Figure
5.5a. Four absorption bands are observable in the near UV, near IR, and visible portions of the
spectrum. The fourth zone is typically not taken into account due to its extremely low
absorption coefficients. The absorption band around 323 nm arises due to ligand-to-metal
charge transfer transitions. The second absorption band around 443 nm can be assigned to Fe**
ligand field transitions or d—d transition. The absorption band at 552 nm, which is mainly

responsible for hematite's red colour, is produced via the twofold excitation process. Using the
Tauc Plot relationship,

(ahv) = A(hv—E,)" (5.4)
Where a, h,v,A, E; and n stand for absorption coefficient, Planck’s constant, frequency of
incident light, energy independent constant, band gap energy and type of electronic transitions

respectively. The above equation can be rewritten in the following form [29],

d(In(ahv)) _ n
d(hv)  hv-E, (5-5)

The plot of d(In(ahv))/d(hv) vs hv will produce discontinuity at a particular value of [30]
hv =E (5.6)
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Where a possible electronic transition can occur corresponding to the band gap E=Es. The

derivative curve of hematite is depicted in Figure 5.5b.

5.4.3 Raman spectra
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Figure 5.7 Raman spectra of hematite nanoparticles

Figure 5.6 Unit cell of a-Fe:0s[35]

Raman spectra can be used for structural, phase and compositional identification of the
prepared particles. The hematite nanoparticles in Figure 5.6 are members of the DS; space
group and have two Fe2Os units, or ten atoms per rhombohedral unit cell, with unit cell
parameters of a = 5.038 A, b =5.038 A, and ¢ = 13.772 A. At the first Brillouin zone centre,
the distribution of irreducible representations of Hematite particles among the various

symmetry species is given by [31-34]
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Foip = 2414 (R) + 241,,(i. @) + 34,4 (i- @) + 245, (IR) + 5E,(R) + 4E, (IR)

Where R, IR, and i.a. refer to raman-active, infrared-active, and optically inactive modes,
respectively. In fact, two A;; modes and five Ejmodes—or seven phonon lines—are
anticipated in the raman spectrum. The raman spectra of hematite nanoparticles are depicted in
Figure 5.7. The bands seen in the Raman spectrum of synthesized hematite nanoparticles at
222 and 495 cm™ are attributed to the 4,4, modes and the symmetric bending modes E; can be
seen at 241, 289, 407 and 609 cm™' [34]. Another E; mode at 299cm™! is present in the Raman
spectrum of hematite nanoparticles, but such bands are resolved only at 100 K or less [32].
However, the present study reports the Raman spectrum of hematite nanoparticles at room
temperature. Being centrosymmetric, the Hematite nanoparticle is expected to have IR and
Raman modes that are mutually exclusive, making the antisymmetric 24,,,and 4E,, modes are
IR active. Optically passive modes include 24;,and 34,,. The additional peaks at 652 cm,
arise due to longitudinal optical mode E;, 826. Two-magnon scattering, which results from the
interaction of two magnons generated on antiparallel near spin sites, is responsible for the peak
at approximately 1306 cm™'. The origin of the less intense peak at 1071 cm™! is uncertain and
there are fewer observations of it. The sharp and narrow peaks indicate the higher crystalline

nature of the prepared sample.

5.4.4 FTIR spectra
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Figure 5.8 FTIR spectra of o-Fe,0,

124



The FTIR spectrum of Hematite nanoparticles is illustrated in Figure 5.8. The bands at
449 cm™ and 540 cm! arises due to the vibrational intrinsic stretching of metal oxygen bond
(Fe-O band vibrations), which indicated that the prepared nanoparticles are iron oxide. The
peaks at 819 ¢m™ and 1013 cm™ corresponds to C-H bend of alkenes and C-O stretches
respectively. The distinct peak located at 1382 cm-1 is accountable for the decrease in metal
ions from the precursor. The peak at 1621 cm™ and at 3393 cm! is attributed to bending

vibration of absorbed water and hydroxyl groups [36].

5.4.6 Photocatalytic activity
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Figure 5.9(a) Absorption spectra of methylene blue with Hematite nanoparticles at different time intervals
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Figure 5.9(b). Variation of a percentage of degradation with time
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Figure 5.9(c) plot of -In(C/Co) versus irradiation time of a-Fe203

When the light of a suitable wavelength strikes a semiconductor, it stimulates the
production of an electron-hole pair. On the surface of the particles, this charge separation can
be exploited to accelerate redox processes. In comparison to other catalysts, hematite is well
suited for visible light absorption due to its low bandgap. When photons strike the nanoparticles
in the colloidal mixture during solar irradiation, electrons at the particle surface are energized.
This causes holes to remain in the valence band as some electrons move from the valence band
to the conduction band. While the conduction band electrons reduce oxygen to superoxide
radicals and holes react with hydroxide ions, which decompose methylene blue into harmless
gases such as carbon dioxide and water [37]. The degradation efficiency of hematite particle

was determined using the equation,

Co-

€ %100 (5.7)
Co

D% =

Where C, and C are the initial and final concentrations of dye at time t=0 min and at a time t

respectively. The first-order reaction kinetics is expressed by the equation

In (Ci) = —kt [38] (5.8)

0

The rate constant k was calculated using the equation,
k = 2.303 X slope (5.9

In this case, slope is determined from the plot of the first-order kinetic graph.
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The photocatalytic activity spectrum of hematite nanoparticles for the degradation of
methylene blue dye at regular intervals is shown in Figure 5.9(a). Here we can see that 75%
of the dye was degraded after 150 minutes. The synthesised Haematite nanoparticles' huge
surface area and size might be the cause of their increased photocatalytic activity.
Figure 5.9(b) shows the change in the percentage of degradation over time. Hematite
particles were utilised to investigate the Methylene blue degradation kinetics using order

reaction kinetics. The Figure 5.9(c) depict the plot of -In(C/C,)) versus irradiation time of

methylene blue dye. It is observed that the degradation is a pseudo first-order reaction with rate

constant .038 min’! and correlation coefficient R = 0.9874.

5.4.7 Antibacterial study

Percentage of inhibition

Control 10 mg/mL 100 mg/mL

Figure 5.10(a) Zone of Inhibition image of

Escherichia Coil
Figure 5.10(b) Effect of a-Fe,O, on the growth of
Escherichia Coil
Concentration (mg/mL) Zone of inhibition (mm)
1 0
10 12
100 10

Table 5.1 The reduction of bacterial growth rate on different concentrations of hematite

nanoparticles

127



The agar well diffusion method is used for investigating the antibacterial activity of
synthesized hematite nanoparticles against gram-negative bacteria, Escherichia Coil, and
significant zone of inhibitions are observed as shown in Figure 5.10(a). The reduction of
bacterial growth rate on different concentrations of hematite nanoparticles is evident from
Table 5.1 and graphical representation shown in Figure 5.10(b). At a dosage of 1 mg/mL, the
zone of inhibition was absent. Img/mL, because enough iron metal is not released. With
increasing concentrations of hematite nanoparticles, the zone of inhibition was observed, but
at high concentration the reduction ability of bacterial growth is reduced. The interaction
between hematite nanoparticles and bacteria might occur through two different ways.
Generation of Reactive oxygen species is one of the mechanisms for the interaction, which are
free radicals that can injure cells differently. Bacterial mortality is caused by the severing of
DNA strands, deactivation of enzymes and oxidation of membrane lipids. Molecules and
reactive intermediates with a high positive redox potential are collectively referred to as ROS.
The four distinct kinds of ROS, are the superoxide radical (O?*), the hydroxyl radical (OH"),
hydrogen peroxide (H>02), and singlet oxygen ('02). Electron-hole pairs are produced when
hematite nanoparticles are stimulated by UV or visible light. The holes can divide H>O
molecules into OH and H*. Dissolved oxygen molecules are converted to superoxide radical
anions (O?%) by the addition of electrons. By depolymerizing polysaccharides, breaking DNA
strands, deactivating enzymes, and starting lipid peroxidation, the free radicals O%* and OH
created in the processes might kill bacteria. The accumulation of nanoparticles in the cytoplasm
or periplasm, which disturbs cellular function and disarrays membranes, is another possible
route. Alternatively, nanoparticles may attach to bacterial cell membranes or cell membrane

proteins through electrostatic interactions.
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5.4.8 Cytotoxicity of hematite nanoparticles

Cell viability (%)

Control 10 1 0.1 0.01 0.001

Concentration (mg/mL)

Figure 5.11 Cell viability for mouse fibroblast cell line 1929 incubated with different concentrations of

hematite nanoparticles

In vitro or in vivo applications of nanoparticles are determined by their non-toxicity as a
necessary condition. Figure 5.11 shows the mouse fibroblast cell line L929's vitality at various
doses of artificially produced haematite nanoparticles in comparison to the control group. In
the present work, we incubated mouse fibroblast cell line L929 with 0.001-10 mg/mL hematite
nanoparticle concentrations were exposed for 24 hours, and the MTT assay was used to
determine the viability in relation to the synthesis of the enzyme mitochondrial dehydrogenase.
In this case, we have found that haematite nanoparticles are safe for cells cultured up to a
concentration of 10 mg/mL. Cell viability is increased in all concentrations of hematite
nanoparticles compared with the control group. Low cytotoxicity indicates that the synthesized

hematite nanoparticles could be utilized as good drug carriers.
5.5 Conclusions

Stable Hematite nanoparticles were synthesized using Hydrothermal method. Different
characterization techniques were performed to study the nature of synthesized particles; XRD,
FTIR, UV-absorption spectra and Raman spectra. The enhancement of photocatalytic activity

can be observed in a-Fe2O3 nanoparticles, which may be due to the size and large surface area
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of synthesized nanoparticles. About 75% of methylene blue dye was degraded after 150
minutes. Hence it can be used as a good candidate for waste water treatment. The
concentration-dependent antibacterial effect of synthesized a-Fe>Os nanoparticles on
Escherichia Coli was studied and the zone of inhibition was found to be maximum at a
concentration of 10 mg/mL. In the present study, we can see that, the hematite nanoparticles
are not toxic to cells in culture up to a concentration of 10 mg/mL. The low cytotoxicity

indicates that the synthesized nanoparticles could be utilized as drug carriers.
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Chapter 6

Hematene-TiO; heterostructures for energy applications

The discovery of graphene in 2004 commenced the comprehensive investigation of 2D
materials. The exfoliation of 2D material from a Van der Waal material is quite easy, but the
peeling of non-Van der Waals material is very difficult. This chapter talks about the peeling of
2D Hematene from synthesized Hematite and investigates its structural and optical properties.
Hematene has been predicted as a good material for photocatalytic and spintronic applications
and they have distinct magnetic, as well as electronic properties concerning their bulk
counterparts. Additionally, hematene's visible light photoelectrochemical activity is facilitated

by heterojunction with a TiO> nanostructure.
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6.1 Introduction

The rapid growth of industrialization and urbanization causes the increasing need for
energy. Energy scarcity is a great problem in our society, hence the evolution of inexhaustible
energy technologies grabbed the society’s interest [ 1-4]. Solar energy is one of the best options,
especially in areas with ample sunshine [5-8]. One of the promising technologies for addressing
the energy dilemma 1is photoelectrochemical water splitting [9-12]. Photoactive
semiconductors are an alternative to solar photovoltaics which can produce chemical solar fuels
and transform sunlight into a chemical form that can be distributed and stored. A TiO»
photoanode that can split water into H, and O> when exposed to UV light was found in 1972
by Fujishima and Honda [13-15]. This discovery leads to the expeditious development of
photoactive semiconductors for energy applications. The morphology, -crystallinity,
dimensionality and band gap of the material should influence the efficiency of the PEC process
[16, 17]. A semiconductor's valence band will have holes in it as a result of electrons being
excited into the conduction band under light illumination. Conduction band electrons diffuse
to the cathode's surface, where they convert H* to H2[9]. In parallel, water is oxidized to Oz by
the photogenerated holes as they move closer to the anode's surface. Generally, three geometric
parameters facilitate hole transfer to the electrode-electrolyte interface, thickness of the
material space charge region and diffusion length. In the PEC system, the semiconductor
electrolyte interface creates a junction, which is similar to the Schottky diode. The built-in
electric field, due to charge distribution in a semiconductor and the semiconductor electrolyte
interface causes the separation of photo-excited carriers. The concept of band bending is used
for studying the photoexcitation process in detail. For an n-type semiconductor, the fermi level
is located near to its conduction band minimum and higher than the electrochemical potential
of the electrolyte. Most carriers will move from the semiconductor to the electrolyte when they
come into touch with each other until the electrochemical potential and fermi level line up [18].
The band edge of a semiconductor is also shifted due to the change in carrier concentration [7].

The band bending that occurs in this scenario is depicted in Figure 6.1.
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VB

Figure 6.1 The band diagram of an n-type semiconductor with electrolyte before and after contact [19]

The positively charged area is created by the ionised donors remaining in the
semiconductor, while the negatively charged areas focus on the electrolyte interface. Hence an
electric field is formed at the interface. Which counterbalances the continuous flow of charges
until a dynamic equilibrium is reached. When the light is incident on the semiconductor
electrolyte interface, the electrons are stimulated from the valence band to the conduction band,
as the majority carriers there is a little variation in the concentration of electrons. Hence the
quasi-fermi level of electrons remains unchanged in comparison to the dark condition. But as
the minority carrier, the concentration of holes increases significantly leading to a notable
separation of its quasi-fermi level from that in the dark. This separation defines the magnitude
of photovoltage. The important component in the PEC system is the photoanode. To obtain
high efficiency the photoanode meets the following conditions: strong absorption capacity in
the visible region, the band gap of the material in the range of 1.9 eV to 2.3 eV, proper band
edge position to catalyze the reduction and oxidation of water, the material’s conduction band
level should be more negative than the H> production energy level and valence band should be
more positive than the water oxidation potential, effective charge separation between electrons

and holes in a semiconductor and the yield is abundant and cost-effective [20-23].

Iron oxides and their derivatives are unique due to their distinct magnetic electrical and
optical properties. Hematite is the most thermodynamically stable form of iron oxide at
ambient conditions. It is abundant, relatively inexpensive, highly sought after for
environmental and energy applications and easily synthesized material [24]. Hematite is a small
band gap semiconductor that exhibits a corundum structure belonging to DS, space group with
iron atoms octahedrally surrounded by six oxygen atoms [25, 26]. It is a well-known
antiferromagnet with a Neel temperature of 961 K due to strong Fe*'-Fe*" interlayer

superexchange [26]. Compared to other photo anodes with bigger bandgaps, haematite can
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harvest solar energy across a far wider spectrum, including both visible and ultraviolet light,
making it a viable material for photo anodes. However, hematite's short excited state life span,
which extinguishes photogenerated charges before they reach the surface, poor hole diffusion
length, and unsatisfactory oxygen generation reaction kinetics pose the biggest challenges to
the material's ability to convert solar energy into electricity [27, 28]. But when the hematite is
made into a thinner 2D structure (hematene), the sufficient separation of charge carriers occurs
due to the absorption of light on the surface. This is one of the efficient methods to enhance
PEC water-splitting performance. The exfoliation of 2D material from a non-van der Waals
material is very difficult [30]. Generally, bottom-up techniques are used to create 2D material
due to strong bonds. Because of their tunable band gaps and dangling connections on the
surface, ultrathin 2D non-layered materials may produce unique material properties [31-33].
However, due to the lack of generic synthesis methodologies, research on 2D non-layered
materials is still in its very early stages. The three-dimensional chemical connections that
connect the structural network of non-layered materials make it difficult to exfoliate and
produce ultrathin nanoparticles. Traditional liquid phase exfoliation in appropriate organic
solvents can even exfoliate covalent or ionic crystals, as shown by Balan et al [34]. This
approach is a very new and significant development in this expanding field of study. Here, n-
vdW exfoliation energetics play a significant role in determining whether or not n-vdW crystals
may be exfoliated. Successful exfoliation of hematene would pave the way for new and exotic
non-van der Waals 2D solids. In liquid exfoliation, it is based on the idea that a layered crystal
must go through two steps to transform into a substantial amount of nanosheets in liquids:
breaking the formation of linkages to detach the nanosheets from the crystal and stabilize the
resulting nanosheets to prevent reaggregation. Pumping energy into the exfoliation liquid is
important to separate the nanosheets from the parent crystal [35-37]. In the present work, we
use bath sonication for the exfoliation of hematene. In bath sonication, ultrasonic waves
propagating through the water cause pressure oscillations, which in turn cause microbubbles to
develop and burst, producing strong shockwaves and regionally high shear rates [38, 39]. The
rapid depletion of fossil fuels and uncontrolled global warming forced an urgent search for the

development of photoactive materials for solar harvesting applications.

TiO, is a potential candidate for a photoelectrochemical process for water splitting [40].
It has many beneficial qualities like its abundance, low cost, photoactive nature, non-toxicity
etc. But due to wide band gap limits its ability to absorb solar energy mostly to the UV region,

which is about only 4% of the solar spectrum [41-43]. This is one of the major constraints of

135



TiOz. Furthermore, the wide band gap makes the photogenerated electron-hole recombination
more difficult, which reduces TiO’s efficiency in converting solar energy. To overcome this
difficulties researchers are actively exploring different strategies such as heterojunction
creation, surface modification, band gap engineering etc [44]. The present chapter discusses

the formation of hematene/TiO> heterostructure for water-splitting applications.
6.2 Characterization

The phase study was performed by Raman spectroscopy using a 540 nm laser excitation
on the Horiba Labram HR Evolution Raman spectrometer. UV-visible spectrometer (Ocean
Optics Maya 2000-Pro UV compact spectrometer) is employed for studying the absorption
properties of the synthesized materials. FESEM images of the prepared samples were
performed using JEOL JSM 6390. The photoelectron chemical measurements were performed
in a standard three electrode setup at room temperature using the Bio-Logic potentiostat (model
SP300). The hematene-TiO2 heterojunction, Pt wire and Calomel electrode were used as the
working, counter and reference electrode respectively. A He-Ne laser with 510 nm is used as a

light source for illumination.

6.3 Experimental

6.3.1 Synthesis of Hematene

The synthesized hematite nanoparticles are used for the exfoliation of hematene. The
preparation of hematite particles was discussed in chapter 5. In Hematite It is well known that
crystals with specific atomic planes orientated in one direction typically have weaker bonding
as compared to other directions. Hematite [001] has the highest broken bond density with a
trigonal crystal structure. In addition to that, alternate anion and cation layers induce a dipole
moment perpendicular to [001] and tend to be less stable. Thus, as we apply suitable ultrasonic
energy, the hydrodynamic forces cleave the Hematite crystal along the [001] and [010]
directions. Take 5 mg synthesized hematite particles and it was dispersed in 20 ml N, N
dimethyl formamide (DMF). Then the suspensions were sonicated for 40 hours in a bath
sonicator. The maximum temperature reached in this experiment was 50 °C. The resulting
reddish-orange solution was then centrifuged at 5,000 rpm for 20 minutes to remove the un-
exfoliated particles from the solution. Then the upper part of the supernatant solution was
filtered using a Whatman filter paper to obtain a hematene sheet. A schematic representation

of the exfoliation process is given in Figure 6.2. For haematite exfoliation, two different
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crystallographic planes are utilised. These two crystallographic planes' plane spacing and
atomic arrangement are depicted, where the red spheres correspond to oxygen and the yellow
spheres correspond to iron. The reddish-brown colour of hematene is due to its absorbance in

the visible region.
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Figure 6.2 Liquid phase exfoliation of Hematite to Hematene
6.3.2 Preparation of TiO: nano tubes

Electrochemical anodization is a relatively simple method for creating precisely
engineered nanostructures. It is an electrolytic passivation process, where an oxide film can be
grown on certain metals. Metals can develop a uniformly thick, thin, and dense barrier oxide
when certain conditions are satisfied. The growth of the nanostructures was reported to be
significantly influenced by variables like the electrolyte, temperature, applied voltage, and
anodization period. The titanium foil was cleaned with acetone, isopropanol and de-ionized
water for 10 minutes each and dried in air. Anodization of titanium foil was conducted using a
two-electrode system with titanium foil as the working electrode and platinum (Pt) foil as the
counter electrode is depicted in Figure 6.3. Both electrodes were kept at a distance of 2 cm and
immersed in an electrolyte that contains 85 vol% ethylene glycol, 15 vol% of deionized water
and dissolved 0.27 M NH4F. The electrochemical process was carried out at 50 V for 45

minutes at room temperature. The titanium foil was taken out of the electrolyte after
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anodization, cleaned for three to five minutes with isopropanol to get rid of any debris that was
on top of the nanotubes, and then left to air dry. Then the samples were annealed at 450 °C for

2 hours in a muffle furnace.

Figure 6.3 Experimental set up for anodization process

6.3.3 Formation of hematene/TiO: heterojunction

The Hematene/TiO; heterostructured photoanode is fabricated by hematene are coated
on nanotube films by drop casting until its colour turned into brick-red. The hematene-loaded
nanotube samples are heated at 200 °C for 25 minutes to remove the surface adsorbed organic

compounds.

6.4 Results and Discussions

6.4.1 Raman spectra

Intensity (a.u)

200 400 600 300 L0 1200

Raman shift (cm™)

Figure 6.4 Raman spectra of Hematene
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The formation of hematene is confirmed by Raman studies. Two exterior modes (2E;)
resulting from rotations and translations of these units and five internal vibrational modes
(2A14+ 3E) involving atomic motions within a single FeOs octahedral unit make up the bulk
haematite Raman spectrum. The energies of these seven modes, which originate from the
transverse optical branch, are roughly placed at two A1, modes at 225 and 498 cm™ and fiveE,
modes at 247, 293, 299, 412, and 613 cm™!, respectively [50]. The intense peak at around 1300
cm’! is arises due to two magnon scattering [51, 52]. Each of the prominent peaks of the
hematene corresponds to a reported peak in the hematite spectrum, this validates the material’s

phase purity after exfoliation [53]. The successful exfoliation of hematene was determined by

taking the relative intensity ratio Iﬂ, for hematite the ratio was found to be greater than one
Eg

and for hematene the ratio is less than one. After exfoliation some defects may occur in the
exfoliated material, which may be the reason for a change in the ratio. In the present work the
ratio was found to be 1.21 for hematite and 0.89 for hematene. The confirmation of hematene
production is provided by the quantum confinement effects that cause the shift in peak positions
between the exfoliated samle and the bulk material. When comparing the peak positions of
exfoliated and bulk hematite, it is evident that the E; modes undergo a blue shift while the A4
modes undergo a redshift. The phonon momentum selection criteria g~ 0 fails, resulting in the
observed redshift of A;4[42]. Table 6.1 provides an overview of each Raman mode’s shift and

intensity variation. The raman spectra of hematene is depicted in Figure 6.4.

Mode Bulk Exfoliated
Raman shift Intensity Raman shift Intensity
(cm™) (norm) (cm™) (norm)

Ay 224.68 1 222.65 0.89
E, 241.31 0.20 24291 0.37
E, 287.62 0.820 289.31 1

E, 407.42 0.39 408.50 0.75
Ay 495.60 0.11 491.42 0.19
E, 607.08 0.18 608.74 0.27
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Figure 6.5 Raman spectra of anatase TiO:

The room temperature Raman spectrum of anodized TiO» nanotube is depicted in
Figure 6.5. Observing the spectra, we can see that it consists of five peaks, which indicates the
anatase phase of TiO,. Anatase is a member of the space group D} and is tetragonal. There
are two TiO2 chemical units in the primitive unit cell. We are able to determine 15 modes of

vibration [54] based on the group theory analysis:

14y, + 143, + 2By, + 1By, + 3E, + 2E,

The Raman modes are A4, By and Egwhile the infrared modes are A, and E,.
TheB4, mode is not active in either the Raman or infrared spectra. The primitive cell of
anatase phase of TiO» gives six active Raman mode of vibrations, three E, modes
approximately at 143, 197, 635 cm™'. Similarly, two By, modes at 394 and 513 cm™ and
one Ay4 mode at 519 cm™ respectively. But A4 mode occurs at low temperature around 73
K, the present study reports the spectrum at room temperature hence it is not observed in the

given spectrum [52].
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6.4.2 Optical properties

Hematite
——— Hematene
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Figure 6.6a Absorption spectra
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Figure 6.6b Derivative curve

The absorption spectra of hematite and hematene is depicted in Figure 6.6a.
The exfoliated sample shows a blueshifted absorption edge and a restricted spectrum when co
mpared to the bulk sample, which indicating a larger bandgap. Compared to pure hematite,
which has a bandgap of 1.95 eV, hematene exhibits a larger bandgap of 2.15 eV. Because of
the smaller size of the exfoliated sample, quantum confinement phenomenon can be
responsible for the observed blue shift. Much of the absorption in the region below 400 nm can
be attributed to ligand field (d-d) transition and ligand to metal charge transfer [55, 56].
Hematene's absorption spectra resemble those of haematite, however because of quantum con
finement, the absorption maxima is blue shifted, suggesting that hematene is made up of nano

structures with reduced thickness and lateral dimensions. The determination of band gap using

141



derivative curve (Figure 6.6b) is explained in the previous chapter in detail. This band gap was

determined to be 2.16 eV. After exfoliation, the band gap is increased.

6.4.3 Morphologic

[

al analysis using FESEM

7 ;

Figure 6.7 (c,d) FESEM image of TiO, nanotube

We have studied the morphology of Hematene and TiO; using field emission scannin
g electron microscopy (FESEM) (Top view and cross sectional view). The successful
exfoliation process is indicated by a few large and numerous nano-sized flakes,depicted in
Figure 6.7 (a). The absence of creases in the nanoflakes is another intriguing finding. The lack
of creases in the as-obtained sheets is especially noteworthy because wrinkles can seriously
impair an electrical system's ability to transfer electrons smoothly. The nanotubes were found
in well-aligned and homogenous order. The top of the tubes is clean and open. The side view
of the titanium nanotube is also shown in Figure 6.7 (d) which shows the growth of uniformly
aligned and densely packed TiO> nanotubes. The diameters of these nanotubes are about 92+7

nm with a length of 8+1 um.
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6.4.4 Photoelectrochemical measurement

Figure 6.8 Experimental set up for the Photoelectrochemical process

Figure 6.8 shows Experimental set up for the Photoelectrochemical process. A
schematic illustration of the photoelectrochemical process with different mechanism is
depicted in Figure 6.9. The photoelectrochemical process is an energy-demanding process,
which converts water into hydrogen and oxygen in a chemical form that can be stored and
distributed. This reaction requires an external source of energy for a substantial positive change
in Gibbs free energy. This process is comparable to natural photosynthesis, in both cases the
conversion of photon energy into chemical energy takes place. The complex electron transfer
process and the band structure of the semiconductor determine the efficiency of PEC water
splitting. To utilize the visible energy spectrum, the semiconductor must possess a specific
band gap within the range of 1.23-3e¢V, to maximize the generation of H». Along with the
suitable band gap, the precise band positioning of CB and VB is necessary to achieve
equilibrium and guarantee the energy needs for water reduction and oxidation potential must
be met. In contrast to the water reduction potential, the CB minima and VB maxima of
semiconductors are expected to be more positive and negative respectively [45]. A key factor
is the minimal band gap of approximately 1.23 eV required for effectively splitting water into

H; and O, [46].
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Figure 6.9 Schematic representation of the mechanism of the photoelectrochemical process

Pristine 2D material is a promising material for solar to chemical energy conversion.
The fascinating property arises due to their exposed active surface, thickness-dependent
physical and chemical properties, distinct electronic density of state spectrum etc [47,48].
Along with the positive advantages these materials have certain drawbacks that impede their
application. Furthermore, the instability of certain semiconductors among 2D materials under
experimental conditions, including exposure to an electrolyte solution and light illumination,
poses a challenge due to their propensity for oxidation. Addressing these limitations is crucial
to fully harness the potential of pristine 2D materials in the realm of photocatalysis. A
semiconductor with a photoanode isolated from the cathode induces both the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER) at the same time when exposed to

light.

An electron undergoes a transition from the valence band to the conduction band when
the energy of the incident light is larger than Eg, creating a hole in the valence band with a

positive charge. By providing a bias voltage, the holes and electrons of the photogenerated
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charge carrier on the photoanode are effectively separated. A small external potential is needed
to encourage photochemical reactions since the conduction bands of the majority of metal oxide
materials are less negative than the Hz evolution potential for a PEC cell [45, 49]. The hole that
is created, migrates to the surface of the photoactive material and then to an electrolyte solution,
where it starts the water oxidation reaction that yields oxygen. In the electrolyte solution, the
remaining electrons in the conduction band is transferred, aiding in the reduction of protons to
generate H,. The hematene-TiO: heterostructure the photogenerated electrons of hematene will
be excited from VB to its CB at different energy levels under visible light irradiation. These
energy levels comprise both high-energy and low-energy regions. Subsequently, electrons at
the low-energy level promptly relax to the valence band of hematene, engaging in
recombination with holes. On the other hand, high-energy electrons undergo thermodynamic
transfer to the conduction band of TiO, conduction band, which extend the electron life times,
reduces recombination and enlarge the separation between visible-excited charges. The holes
generated in the TiO2 nanotube are transferred to VB of hematene for oxidation of water. The
transferred electrons from the hematene travel through the external circuit and reach to the

counter electrode [34].
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Figure 6.10 (a) Linear sweep voltammograms of TiO,
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Figure 6.10 (b) Linear sweep voltammograms of Hematene loaded TiO,
With the use of linear sweep voltammetry (LSV), one can assess a system’s PEC

performance by measuring its current density and hydrogen production rate. The LSV
measurement of TiO2 and hematene-loaded TiO: is shown in Figure 6.10 (a, b). The hematene-
loaded TiO2 produces higher photocurrent density than pure TiO-, producing a value of around
1.8 mA/cm? and 0.6 mA/cm? respectively. The magnitude of the photocurrent density indicates
the number of generated electrons that will be involved in the H> production. The hematite,
with a band gap ranging from 1.8 to 2.2 eV, exhibits promise for hydrogen generation through
water photoelectrolysis. However, its utility is hindered by poor carrier transport properties,
primarily attributable to intrinsic and surface defects acting as midgap trap centers. This
limitation restricts the lifetime of photo-generated carriers to mere picoseconds, with a hole

diffusion length typically below ~4 nm and hindered electron transport due to low mobility.

Another problem with sluggish water oxidation kinetics is that spontaneous water spli
tting is not expected because of the water reduction potential's greater positive flat band poten
tial (in comparison to the normal hydrogen electrode, or NHE). To address these issues,
hematene is introduced as a potential solution, leveraging its 2D geometry to enable efficient
separation of electrons and holes at the surface, reducing recombination. The PEC methods are
highly promising. In comparison to hematene, TiO> nanotube has a greater work function and
the fermi level is located higher in hematene than TiO,. But when a fermi level equilibrium is
reached between hematene and TiO; electrons are transferred from hematene to TiO2 across

the interface. The holes in VB are left behind when electrons are stimulated from the VB to the
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conduction band under light irradiation. The internal, built-in electric field at the interface
between hematene and TiO; facilitates the migration of photogenerated electrons from
hematene's CB to TiOz. The transmission of excited electrons and holes is facilitated by this
kind of band alignment. Furthermore, positive potential forms at the surface of hematene and
negative potential forms at the surface of TiO2 when a photoanode remains in contact with the
electrolyte until equilibrium states are reached. Hence an electric field is built at the electrode-
electrolyte interface, which helps to increase the lifetime of carriers and separation between the
photogenerated holes and electrons more effectively. The TiO2 nanostructure with its vertically
aligned structure also aids in electron migration, and the abundance of active sites in hematene
expands the reaction area for PEC reaction. Photogenerated current density is a common
parameter used to evaluate the PEC performance. The incorporation of hematene into TiO>
(titanium dioxide) has been pursued to enhance the separation of charges in photoactive
materials. At the core of this improvement is the critical role played by the interface between
TiO> and hematene, which provides alternate positions for holes and electrons, thereby
facilitating their separation. The movement of holes takes place from TiO's valence band (VB)
to hematene and electrons from hematene's conduction band (CB) to TiO> when exposed to
light radiation. This results in the effective separation of electron-hole pairs, thereby extending
the lifetime of charges by suppressing recombination. The incident photon-to-electron

conversion efficiency (IPCE) is given by [7]

1240
— XUiight—ldark)

IPCE=( X100% > (6.1)

Where 4 and P are the wavelength and power of light used, I;;4p¢ and Iq. are the photocurrent
density in the light and dark condition. The IPCE of the Hematene-TiO> heterostructure was
significantly improved compared with the TiO2 nanotube [34], the values are found to be 2.6%

and 0.04% respectively at 510 nm.
6.5 Conclusions

A Stable wrinkle free hematene 2D structure has been successfully exfoliated from
green synthesized non-layered hematite by the method of liquid exfoliation. TiO2 nanotubes
are fabricated using an optimised anodization process. The grown nanotubes are found to be
thickly populated with uniform diameter and open on top as seen by FESEM images. The
Raman spectra confirms the formation of phase pure titanium dioxide in the anatase structure.

The photoelectrochemical analysis is carried out using Linear sweep voltammetry. The ability
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of hematene sheets to participate in the PEC water-splitting process is demonstrated through
the formation of a heterojunction with TiO2 nanotube array electrodes. This unique junction
enhances the overall efficiency of the process. The band gap position must be consistent with
the oxidation and reduction potential of water for successful water splitting through a
semiconductor. The most suitable material for PEC is TiO», but due to the wide band gap, it is
not suitable for visible light absorption. Significantly, hematene sheets exhibit the capability to
sensitize TiO2 nanotubes, allowing them to capture the visible portion of the solar spectrum
ranging from 400 nm to 700 nm. This is particularly noteworthy as TiO» nanotubes typically
show PEC activity in the UV region, specifically below 400 nm. Hematene is so thin that the
charge carriers undergo recombination and hence reduces the current. Combining these two
materials to form an interface can improve the performance by complementing the limitations
of each material. The interface plays a critical role by providing alternate positions for charge
carriers and enhancing their separation, thus improving the PEC performance. Through the
extension of light absorption into the visible spectrum, the heterojunction
plays a crucial role in optimising solar energy utilisation for the photoelectron chemical water
splitting process. The PEC performance can be studied with varied thickness of the 2D layers
and with added dopants that can catalyse the photoelectrochemical reaction for further

enhancement.
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Chapter 7
Fundamental study of a-Fe;0; using DFT

Over the past thirty years, enormous volumes of theoretical and experimental data have been
produced in several fields of study. The success of density functional theory (DFT) and the
rapid advancement of computational capabilities are primarily responsible for the quantity of
data in the field of computational material research. Theoretical prediction of important

properties such as band gap and density of states of hematite nanoparticles using Density

functional theory is discussed in this chapter.
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7.1 Introduction

A computer quantum mechanical modelling technique called density functional theory
is used to calculate many different properties, including structural, magnetic, mechanical,
optical, and so on. Based on the Hohenberg-Kohn theorem, it is categorised as an ab initio
approach. The ground state charge density of a many-body system can determine all of the
properties of the electrons in it, according to the 1964 Hohenberg-Kohn argument, which states
that the electron density, a variable that is only dependent on three spatial variables,
theoretically contains all information about the ground state properties of a system [1-3]. The

theory comprises two parts [1]:

Theorem 1: The ground state energy of electrons in a system is a unique functional of
the ground state density. There is a unique one-to-one relation between the external potential

Voxt () and the electron density p(r)

E=E[p()] (7.1)

Theorem 2: A universal functional for the energy E [p(1)] can be defined in terms of

the density. The exact ground state is the global minimum value of this functional

E[p(r)] > Eo[po(r)] (7.2)

Combining these two theorems the energy E[p(r)] can be expressed as

E[p(")]=[ Vex(r) p(r)dr + Fp(r)] (7.3)

There is nothing that the Hohenberg-Kohn theorems tell us about building a functional. Kohn
and Sham (1965) presented a self-consistent set of equations that included exchange and
correlation effects for determining the ground-state density p, using the one-electron
Schrodinger equation. The problem can be solved using just the universal functional F[p(r)]
according to the equation above; but unfortunately, an explicit expression for F[p(r)] is not
known. This problem can be overcome by Kohn Sham's proposal. The universal functional
F[p(r)], was separated into different forms, by claiming that the density of the hypothetical

system of interacting electrons is equal to that of the actual system of interacting electrons.
Flp(M] =Ty + Vi + Vi (7.4)
Where T,, Vy, V. represent the kinetic energy of the non-interacting electron gas, Hartee

potential and exchange-correlation potential respectively. The Hartee potential arises due to
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the classical Coulombic interaction between the electrons. The exchange-correlation potential
is defined as

__ OExc
= _6p

(2] (7.5)

xXc

The exchange-correlation term includes both the non-classical effects of exchange and
correlation as well as the difference between the precise and non-interacting kinetic energy.
The validity of the entire theory depends on this term, which includes the complex inter-

electron interactions.
According to Kohn and Sham’s proposal, the Hamiltonian can be written as:
Hlp(r)] =Ty + Vi + Vie + Vexe (7.6)

Since the auxiliary system consists of non-interacting single particles, a set of single-particle
wave functions can precisely describe the system's overall ground-state wave function. The
single-particle wave functions ¢;(r) are used to build the density of the N single-particle

system. It is given by

p(r) = L lpi()I? (7.7)

Once H|[p(r)] is known, we can solve relatively simple single-particle Schrodinger equations

Ho; = &¢; (7.8)

However, Kohn and Sham derived self-consistent, iteratively solvable equations that were
eventually utilised in a real computer simulation. The Kohn-Sham approach is accurate up until
this point. If the exchange-correlation term is known, the electronic structure of the majority of
materials may be solved with accuracy. The issue currently lies in the fact that we do not yet
know the exchange-correlation term, and in particular, we do not know one that appropriately

models d-systems. In Figure 7.1, the Kohn-Sham scheme schematic depiction is shown.
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Figure 7.1. Schematic representation of the Kohn Sham scheme

7.2 Fundamental study of theoretical calculation using DFT

7.2.1 Exchange correlation functionals

Approximations for the so-called exchange-correlation potential serve as the
foundation for the actual applications of DFT. The Pauli principle and Coulomb potential are
described by the exchange-interaction potential [4], which goes beyond an electrical interaction
between the electrons alone. It is clear that we have solved the many-body problem exactly
because we have the exact exchange-correlation potential. The electron exchange-correlation
energy can be approximated using a wide range of methods [5, 6]. Three categories mostly

comprise the approximations:
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7.2.2 Local Density Approximation (LDA)

The Local Density Approximation, which relies solely on the local electron density and
is based on the uniform homogeneous electron gas, is among the most basic approximations
[4-6]. Kohn-Sham's assumption is that each little volume in the system adds the same amount
of energy to the exchange-correlation as would an equivalent volume of a uniformly dense
electron gas. The local density estimate for exchange and interaction energy takes the following

form [7]

EXA[p()] = [ exe(p)p(r)dr (7.9
Wheree,.(p) represents the exchange-correlation energy of each particle. Consequently, this
method does a good job of characterising molecules, geometries, and vibration frequencies, but
it does a bad job of forecasting binding energies [8]. In many systems, local density
approximations work very well. However, they are not able to accurately forecast some
systems' electrical characteristics, especially strongly correlated systems like the d-system. The
d-electrons are typically localised, however LDA tends to delocalise them. Furthermore, these

functionals undervalue semiconductor bandgaps.
7.2.3 Generalized Gradient Approximation

In order to enhance the LDA functional, the GGA has arisen [9, 10]. In the Generalised
Gradient Approximation (GGA), the energy resulting from exchange and correlation is
contingent upon the local densities and their gradients. In order to offset the inaccuracy
resulting from the non-homogeneity of the actual electronic density, a density gradient is
imposed. Furthermore, the GGA approximation enhances the ground-state energies and
molecular geometries results over the LDA approximation. According to GGA approximation

the exchange-correlation energy can be expressed as:

EZE4 = [ exc(p,Vp)p(r)dr (7.9)
PBE is the most widely used Generalised Gradient Approximation functional, which was
created by Perdew, Burke, and Ernzerhof. To some extent, we can fix the underestimations by
using this functional in conjunction with GGA. However, the systems with local strongly

coupled d or f electrons are often not well described by this approximation.
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7.2.4 DFT+U method

From the explanation above, it is clear that in systems with highly localised electrons,
the system cannot be well described by the LDA or GGA approaches. Strong intra-atomic
interactions can be introduced to get around this problem. The DFT+U method is the common
name for this approach [11-13]. The DFT+U approach's main benefit is that it falls inside the
purview of DFT, making it simple to incorporate in the current DFT codes and only somewhat
costlier to compute than conventional DFT computations. The main purpose of the U correction
is to enhance the strong on-site Coulomb interaction of localised electrons by introducing a
Hubbard-like term. While handling the remaining valence electrons using the standard DFT
assumptions, the Hubbard Hamiltonian represents the tightly coupled electronic states [14—18].
In the case of many strongly correlated materials and perovskites, where localised 3d or 4f
orbitals are embedded in elongated s-p states, all open-shell orbitals, including the d and f
orbitals for transition metal elements with localised orbitals present in extended states, can be
described by DFT+U [19, 20]. The bandgap's localised orbitals, the d- and f-states, are too
close to the Fermi energy. According to that viewpoint, these states should be pushed away
from the Fermi level using the U value, such as that provided by the GGA+U theory, which
adds a term to the Hamiltonian that raises the total energy and inhibits the undesired
delocalisation of the d- or f-electrons when two of them are located on the same cation. Using
excessively large values of U will, in particular, lead to an over-localization of the states, which
will unphysically flatten the appropriate bands and impair the fit [21], in contrast to fitting to
many other features. Additionally, because of the electronic interaction inaccuracy, an increase
in the U value may lead to an incorrect estimate of the ground state energy and an
overestimation of the lattice constants [22]. Consequently, in order to solve the bandgap
problem and anticipate the properties of transition metal oxides, Hubbard correction must be

applied.
7.2.5 Basis sets

The basic set for the expansion of the Kohn-Sham orbitals is plane waves. Bloch's
theorem can be used to show that the union of a plane wave and a function with the lattice's

periodicity can be used to express the wave function of an electron in a periodic solid [23, 24].

P (r) = exp(ik. T)uyy (1) (7.10)
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Where r and k denote the position vector and wave vector respectively. Since there is no
periodic unit cell in aperiodic systems, the relevant system region must be modelled as a
supercell and then subjected to periodic boundary conditions in order to use a plane-wave basis
set. Then, the supercell needs to be big enough to stop nearby supercell defects from interacting
with one another. Once a supercell has been identified, Bloch's theorem can be applied to the
newly created artificially periodic system. One needs an endless number of plane waves in
order to obtain a perfect expansion. Thankfully, the coefficients of high-energy plane waves
have to go to zero; otherwise, the energy of the wave function would increase eternally. This
allows for the truncation of the plane wave basis set above cut-off energy. Bloch's theorem
spares us from having to compute an endless number of wave functions since the unit (super)
cell contains a finite number of electrons. An integral over the infinitely numerous discrete k
points that still need to be considered is used to calculate the unit cell's energy. Since wave
functions at k places that are close to one another turn out to be equivalent, an interpolation
technique can use a finite number of k points. Furthermore, the integral of the energy is
transformed into a sum over the k points, suitably weighted to take into consideration their
finite quantity. The Monkhorst-Pack and Chadi-Cohen systems are the most widely used

methods for producing k points.
7.2.6 Pseudopotentials

Plane wave basis sets are expensive to compute with because of the highly localised
character of an atom's core electrons. According to this, a large number of plane waves are
required in order to enlarge their wave functions [25]. Moreover, the contributions of the core
electrons to bonding are frequently negligible in comparison to valence electrons. The function
of the core electron wave functions is actually primarily concerned with preserving sufficient
orthogonality between the valence electrons and core states [26, 27]. Therefore, replacing the
atomic potential created by the core electron with a pseudopotential that has the same impact
on the valence electrons would be beneficial. Essentially, there are two types of
pseudopotentials: norm-conserving soft pseudopotentials and Vanderbilt ultra-soft
pseudopotentials. In both cases, the pseudopotential function is obtained from an all-electron
computation of an atom in a reference state. Make that the charge in the cut-off zone of norm-
conserving pseudopotentials is the same as the charge in the core electrons. This promotes
transferability by ensuring that the atom's core is not significantly impacted by its surroundings.

This condition is loosened in ultra-soft pseudopotentials, and the discrepancy is compensated
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using charge augmentation functions. As the name suggests, this makes it possible to construct

a "softer" pseudopotential, requiring fewer plane waves to expand it.
7.2.7 Band occupation number

At zero temperature, every band up to the Fermi level is populated, but every band
above the Fermi level is empty [28]. These band occupancies are step functions with a clear
definition. It is very difficult to calculate the electronic structures of metals compared to
semiconductors and molecules. In semiconductors and molecules, the occupied and
unoccupied states have different energies. Consequently, self-consistency cycles' fluctuations
in energy have no effect on the occupancies. However, the density of states in metals is
continuous at the Fermi level, and many states are close to the Fermi level in energy. Therefore,
even minute changes in energy can have a significant impact on the occupation numbers,

leading to instability and a challenging convergence to the occupation step function.

One related issue is that the Brillouin zone integral, which is calculated as the sum over
a finite number of k points in practice, converges very slowly to the number of k points because
of the discontinuity in occupancies in a continuous distribution of states for metals. There is a
problem because the majority of DFT calculations use an absolute zero temperature. At higher
temperatures, the DOS is distributed throughout the Fermi level, resulting in a continuous
occupation function across the range of states. A developed finite-temperature version of DFT
serves as one basis for solving this challenge. In this approach, the step function is replaced
with a smoothly variable function, such as the Fermi-Dirac function at a low but non-zero

temperature. The entire energy is then projected back to zero after that.
7.2.8 Electronic band structure

In solid-state physics, electronic band theory is a fundamental idea that provides
understanding of how electrons behave in solid materials. The foundation of this theory is the
idea of quantum mechanics, which holds that the energy levels of electrons are quantised and
exist as discrete, non-continuous states. Examining a material's band structure can reveal
important details about the many energy levels that electrons can occupy. According to the
laws of solid-state physics, electrons normally occupy energy bands that range from the lowest
possible energy levels to higher energy levels. The valence band and the conduction band are

the two important sections that make up the energy band itself.
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The valence band is primarily occupied by electrons that are closely bound to atoms
and therefore do not participate in electrical conduction. Higher energy electrons, on the other
hand, can reside in the conduction band where they can easily migrate and aid in electrical
conduction. The band gap (Eg), which denotes the energy difference between the top of the
valence band and the bottom of the conduction band, is a key idea in electronic band theory.
The lowest energy needed to move an electron from the valence band to the conduction band
is shown by this band gap. Materials are categorized as conductors, semiconductors, and
insulators based on the size of their band gap, which also defines their electrical characteristics
[29]. Semiconductors are in the middle with a moderate band gap, while conductors have very
small or non-existent band gaps. Insulators have enormous band gaps. Designing and
developing materials and electronic devices for a variety of purposes, such as semiconductors
used in electronic circuits and solar cells, requires an understanding of electronic band theory,

the band structure, and the band gap.
7.2.9 Density of states

In solid-state physics, the quantum states of the electrons within a crystal lattice are
represented in k-space, which is also referred to as momentum space. Every electron has a
unique quantum state that is defined by its momentum, or k-vector. In k-space, these states are
shown as points. The permissible wavelengths and directions of electron propagation are
determined by the allowed electron states in the crystal. Certain materials only permit certain
electron wavelengths because of their charge distribution and interatomic distances. Which
electron states are permitted depends critically on a material's crystalline structure [30]. Atoms
in a crystal lattice are arranged periodically to form energy bands where electrons can reside
and band gaps, which are areas devoid of electron states. The distribution of electronic states
with respect to their energy is referred to as the density of states. At a particular energy level,
it quantifies the number of electronic states per unit energy range. The following is a general

definition of DOS [31]:

dQ(E)

D(E) = =" (7.11)

Where (2(E) is the number of states per volume.
7.3 Characterization

Theoretically, basic features including the density of states and optical band gap were

predicted using DFT calculations. The simulation program Quantum Espresso was used to
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obtain the current work's results. Pseudopotentials are used to simulate electron-ion interactions
in Quantum Espresso, an integrated suite of computer algorithms for electronic-structure
calculations and materials modeling based on density-functional theory and plane wave basis
sets. The DFT calculations in this work were carried out utilizing the Quantum Espresso's
generalized gradient approximation (GGA) with Perdew Burke Ernzerhof (PBE)
parametrization for the exchange functional. DFT provides an inadequate description of the
effects of the coulomb repulsion of the 3d localised electrons of iron atoms in oxide systems.
Hybrid DFT or DFT+U can address these problems, although the former is costlier and the
latter only takes into account interactions that occur on-site. Thus, in order to take into
consideration, the impact of local correlations, we ran DFT+U computations. By comparing
the band gap value of bulk haematite, an effective Hubbard value Ut of 4 eV was selected for
Fe atoms. The frozen nuclei and electrons of each atom were represented using projector-
augmented wave (PAW) potentials. For the Brillouin zone integration, dense I'-centered k point
meshes (Monkhorst-Pack k point grid) with a 4 x 4 x 1 cutoff energy of 550 eV were employed
to guarantee converged structural parameters and total energies within meV precision for the

GGA+U method.
7.4 Results and Discussions

7.4.1 Band structure using DFT
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Figure 7.2 Band structure of a-Fe:03
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Hematite's band structure has been computed using DFT+U, GGA, and LDA.
Nonetheless, when compared to the experimental value, DFT+U produced good results.
Figure 7.2 displays the hematite band structure. The band gap was found to be 1.3 eV. The
valence band is found to be clean and separated as compared to conduction band. Because the
valence band primarily consists of oxygen 2p orbitals. To some extent, the 2p orbitals hybridise
with Fe 3d but they remain comparatively distinct and sharp. The conduction band primarily
composed of Fe 3d orbitals. These states are more delocalized and complex; hence the

conduction band is found to be congested.

7.4.2 Density of states using DFT
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Figure 7.3 Density of states of a-Fe203

The band structure and density of states (DOS) may offer comparable insights on
bandgap and conductivity. In particular, DOS can offer more details on the amount that
occupies at a given energy level and the areas where electrons are permitted to occupy than

band structure. An abundance of energy states that are available for occupation is indicated by
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a high DOS value. The state density will be zero if there are no states at that energy level. The
fermi level is set to zero, the valence band and conduction band energy range is below and
above the fermi level respectively. In the valence band the Fe 3d orbitals show splitting due to
the crystal field and exchange splitting. At the same time O 2p orbitals are not show splitting,
because the 2p orbitals of oxygen atoms are not split by the crystal field; they are ligands rather
than metal centres. In the conduction band the Fe 3d orbitals are mostly antibonding, less
hybridized and more delocalized, hence the crystal field and exchange effects are less effective,

so the splitting becomes harder to see in DOS.
7.5 Conclusions

Researchers can now quantitatively study the properties of materials in a variety of
systems from fundamental principles, that is, without any input parameters other than the atoms
that comprise the substance, thanks to significant advances in theoretical methodology and
computer technology over the past few decades. Significant progress has been made in theory.
Theory has effectively reduced an apparently intractable quantum manybody problem to a
computationally tractable problem while retaining the essential physics. Today, fundamental
principles may anticipate the ground and excited states of severa materials. Because the
DFT+U approach improves accuracy over normal LDA and GGA functionals and has a lower
computing cost, it is a good method for addressing transition metal complexes. Here the
DFT+U technique was used to study the band structure and density of states. The band gap was

determined to be 1.3 eV, which is more or less consistent with the experimental result.
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Chapter 8

Thesis Conclusions and recommendations

Research is a perpetual journey to untangle the mysteries of nature and every researcher
contributes something to this wide community of research. Despite its infinitesimally small size,
this embodies the proverb ‘Tiny drops of water make a mighty ocean’. This study may be
considered as such a very small drop in the vast knowledge of science. Along with the positive
outcomes of this study, there are some lacunae and gaps in the present study which can be
addressed further by other researchers. This chapter discusses the interference drawn from

this study and also will talk about the prospects for further investigation.
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8.1 Conclusions

After six years of investigation, | feel that the voyage has only just begun and that many
more kilometers must be covered to reach the objective. It is common to feel blanked out at the
end of a lengthy journey. Because most of the time we think about our work from the first day
to till the thesis is completed. To tell the truth, I felt completely lost when the event abruptly
ended. The research journey has not been easy; many challenges have been encountered.
Nevertheless, every barrier might offer a chance for creative problem-solving and a distinct
angle on issues. In addition to highlighting the promising findings of this study with several

shortcomings and the need for more research is also dealt with in this chapter.

Since ferrofluids behave like ferromagnetic materials and have fluid characteristics
while being able to be moved by a magnetic field, they are quite interesting. Ferrofluid provides
a perfect environment to study pattern generation and instability from a fundamental point of
view. The investigations of instability in magnetic fluids are a great way to learn more about
the physics behind the fluids. Many technical applications, where stability is crucial, are
aggravated by the instability of a fluid surface. Nevertheless, the research results in a thorough
understanding of the fluid's basic characteristics. Therefore, exploring the normal magnetic
field on a fluid's free horizontal surface opens up new technical possibilities. Because field-
induced instability studies are simpler to execute and can be controlled by adding an external
field, Rosensweig instability studies are a great option for studying surface pattern generation
in the equilibrium system. Only when the applied magnetic field is greater than the stabilizing
forces brought on by surface tension and gravitational force does the instability mechanism
take place. The surface assumes a pattern of hexagons when the applied field increases beyond
the critical field, and squares when the applied field crosses a second barrier. A pattern of
distinctive spikes is created by the interaction of surface tension, gravity force, and an external

magnetic field.

Since ferrofluids cause some anisotropy when magnetic nanoparticles interact with a
magnetic field, they are suggested for application in magneto-controlled optical switches,
optical modulators, sensors, and other devices. To investigate the interaction effects, dichroism
measurements are performed in various ferrofluids and magneto-plasmonic fluids. By using
linear dichroism measurements, the magneto-optical property of the iron oxide nanofluid was
examined. The suspensions were isotropic when there was no outside magnetic field. They

display magneto-optic phenomena and anisotropic behaviour once the external field is applied.
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Particles aligned along the direction of the magnetic field form a chain formation along the
field direction when a magnetic field is applied. The strengthening of magneto-optical
properties is attributed to these linear head-to-tail chains, which grow to form long periodic
chains when the magnetic field increases. The magneto plasmonic nanofluid functions as a
dual-purpose substance. In the field of medicine, the combined effects of magnetism and
plasmonics are crucial, particularly in the case of magnetic hyperthermia. We can see that the
amplitude of intrinsic dichroism reduces with increasing concentration of spherical-shaped
silver nanoparticles in the hybrid magnetic nanofluid by analysing its linear dichroism. The
reason for this is that spherical nanoparticles are isotropic. By varying the aspect ratio, the
magnetoplasmonic fluid's absorption wavelength can be modified.

Iron oxide's unique physical and chemical properties make it an interesting candidate
for further research. As a consequence of the most recent breakthroughs in nanotechnology,
there are now more chemical and physical methods available for producing nanoparticles.
However, these therapies harm the ecosystem and living things since the unreacted toxins are
discharged into the environment. Therefore, creating nanoparticles in an environmentally
friendly way is essential. In the green method of producing nanomaterials, metal atoms unite
to form clusters, which then create nanoparticles. The primary objective of this method is to
synthesise metallic nanoparticles from diverse biological sources. A well-known
semiconductor with strong electron-phonon and electron-electron correlation is haematite.
Haematite is the most stable iron oxide in ambient conditions and the most environmentally
benign of all the iron oxides. Haematite is a promising material with many potential uses
because of its good chemical stability, capacity to absorb visible light, low cost, suitable band
gap, etc. Tea extract can be employed as a reducing and stabilising agent. In the current study,
stable haematite nanoparticles were synthesised using the environmentally beneficial
Hydrothermal technique. Hematite nanoparticles have enhanced photocatalytic activity, which
could be attributed to their increased surface area and size during synthesis. After 150 minutes,
around 75% of the methylene blue dye had been lost. As a result, it makes sense to consider it
for waste water treatment. The antibacterial activity of synthesized a-Fe>Os; nanoparticles on
Escherichia Coli was examined in relation to concentration, and it was discovered that the
highest zone of inhibition occurred at a concentration of 10 mg/mL. Due to insufficient safety
features and the availability of bacteria, the broader use necessitates a response to various forms
of bacteria, which could not be executed. With the right modifications, iron oxide nanoparticles

that respond to a magnetic field may eventually be used for targeted medicine delivery.
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Surface plasmon coupled emission is the result of combining two fast developing fields
of study: fluorescence and plasmonics. This is a technique for detection in which electron
oscillations in metal films caused by plasmon resonance are connected with excited
fluorophores. SPR sensors, or surface plasmon resonance-based sensors, are an effective
technique for researching biomolecular interactions. The resolution of complicated samples,
highly diluted concentrations, and small molecular weight are limitations of conventional SPR
sensors. In the presence of a magnetic field, the sensitivity of surface plasmon resonance can
be increased by using a magnetoplasmonic material. In this work, the spin coating technique
was used to create the magnetoplasmonic heterostructure.

The Reverse Kretchmann setup was used to produce the surface plasmon-coupled
emission. One of the key features of SPCE is directional emission, which denotes that almost
all signals are focused in a single direction. In the current work, a plasmon-coupled emission
that is direction-specific is observed in a manufactured heterostructure both in the presence and
absence of a magnetic field. However, directed emission is obtained along with emission
increase in the presence of a magnetic field. The dielectric tensor's off-diagonal elements and
the materials' magneto-optical constants determine the wave vector of magnetic field-induced
modulation on plasmonic materials. If the ferromagnetic material has more electromagnetic
field spread on it when a magnetic field is applied, the modulation will be greater. More
electromagnetic field will propagate along a dielectric than a metal if the ferromagnetic
substance is dielectric. Another future possibility for magnetic field-controlled plasmonics is
to investigate the effects of magnetic fields at different concentrations and distances on surface
plasmon coupled emission. This could lead to sensing applications.

Our civilisation suffers greatly from energy scarcity, which is why people's attention
has been drawn to the development of sustainable energy technology. One viable method for
resolving the energy challenge is photoelectrochemical water splitting. The first report of PEC
water splitting was made in 1972 by Fujishima and Honda using a TiO2 semiconductor as a
photoelectrode. But a significant disadvantage is that its comparatively large bandgap of about
3.2 eV limits its ability to absorb solar energy mostly to the ultraviolet, which makes up about
4% of the solar spectrum. This constraint is important since there is still a large amount of solar
energy that is unutilized, mostly in the visible light spectrum. Additionally, the large bandgap
makes photogenerated electron-hole recombination more difficult, which reduces TiO's
efficiency in solar energy conversion. Researchers are constantly investigating ways to reduce
these drawbacks and improve TiO,'s overall performance in solar applications, including

bandgap engineering, surface modifications, heterojunction creation, nanostructuring, and
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sensitisation. Creating heterojunctions with materials having narrow band gaps helps get
around this problem. Haematite is a material for a prospective photo anode because, in contrast
to other photo anodes with bigger bandgaps, it can harvest solar energy over a considerably
wider spectrum, including both visible and ultraviolet light. The short excited state life span of
haematite, which causes photo-generated charges to be extinguished before they reach the
surface, its poor hole diffusion length, and its unsatisfactory oxygen generation reaction
kinetics, which result in an unsatisfactory photoelectrochemical (PEC) efficiency, pose the
main challenges to the material's use in solar energy conversion.

The photogenerated charges are within a few atoms of the surface when hematite is
made thinner with a two-dimensional structure (Hematene), which leads to a more efficient
separation of charge carriers upon light absorption on the surface. This may prove to be a
helpful strategy in improving PEC water-splitting performances. The discovery of graphene in
2004 set the stage for a great deal of 2D material research. Aravind et al. successfully exfoliated
bulk haematite material into freestanding 2D sheets with intrinsic magnetic in 2018. Exfoliated
from haematite particles, hematene is a 2D material. Quantum confinement in the 2D regime
modifies the optical bandgap, making it a potentially valuable material for water splitting. In
the current work, it was discovered that, in the visible area, the Hematene-loaded TiO; had a
greater boost in photocurrent density than TiO:> heterostructures. In the future, different
changes such as TiO; nanostructures with changing hematene thicknesses and tweaking the
characteristics of TiO nanostructures containing hematene could be used to improve the
photocurrent generated in the hematene-loaded TiO2 nanostructure.

An investigation is never the end; rather, it is the start of a new journey. The insights
gathered from this expedition will function as a roadmap for additional research. Still, there is
considerable work to be done and this thesis is not yet complete. I went through a range of
emotions while pursuing my PhD, including anticipation and boredom, patience and
impatience, despair, and diversions with unanticipated turning points. As I went along, I came
to understand that the secret to finishing a PhD successfully is patience, methodical study, and
supervisor assistance. I also gained an appreciation for tenacity and resilience. The search for
the complete truth is an ongoing endeavour, and this thesis is regarded as just one more attempt
to discover the truth. In the universe, the one constant is called "change." The researchers are

always looking for these shifts that could influence the way they shape notions and see reality.
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8.2 Recommendations

In ferrofluid research, the Surface Instability studies have become something of a
symbol. Thoroughly examining Rosensweig instabilities can provide insight into the
mechanics of ferrohydrodynamics. In the future, we could investigate the combined impact of
electric and magnetic fields on the instability of ferrofluid for thruster applications by extending
our investigation into the phenomenon of Rosensweig instabilities. Numerous applications
exist for the study of fluid characteristics in an external magnetic field, particularly in ferrofluid
actuator design. Further forward-thinking ideas are the investigations of Rosensweig instability

on various non-magnetic interfaces and the relationship of spike height on field strength.

Numerous applications may result from combining the properties of plasmonic
structure and magnetism. Much more needs to be learnt about the role of liquid-solid interfaces
and the dipolar effect from a fundamental standpoint. Such fluids can combine magnetic
hyperthermia and photodynamic therapy in a single magnetic nanofluid if biocompatible
plasmonic particles with a Amax that fits the optical window suitable for photodynamic therapy
can be added to the hybrid fluid. By varying the aspect ratio, the plasmonic fluid's absorption
wavelength can be adjusted. Thus, integrating several plasmonic materials with varying aspect

ratios into a magnetic fluid is a promising avenue for future research.

SPR sensors, or surface plasmon resonance-based sensors, are an effective technique
for researching biomolecular interactions. Nevertheless, the resolution of complicated samples,
very diluted concentrations, or small molecular weight is restricted by the traditional SPR
sensor. This study also explores the phenomenon of surface linked emission, which can be used
to increase the sensitivity of surface plasmon resonance when there is a magnetic field present.
Another future possibility for magnetic field-controlled plasmonics is to investigate the effects
of magnetic fields at different strengths and orientation on surface plasmon coupled emission.

This could lead to sensing applications.

The most stable form of iron oxide in the atmosphere at room temperature is haematite.
It is one of the materials that is most frequently utilised in industrial, scientific, and medicinal
applications. This study examines the cytotoxicity, photocatalytic activity, and antibacterial
characteristics of bio-synthesised haematite nanoparticles. a-Fe»O3; nanoparticles have
enhanced photocatalytic activity, which could be attributed to their increased surface area and
size during synthesis. The investigation of a-Fe,O3 nanoparticles' photocatalytic impact on

various dyes can be further upon. The antibacterial impact of synthesised a-Fe»Os3 nanoparticles
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on Escherichia Coli is investigated in relation to concentration. Due to insufficient safety
features and the availability of bacteria, the broader use necessitates a response to various forms
of bacteria, which could not be executed. With the right modifications, iron oxide nanoparticles

that respond to a magnetic field may eventually be used for targeted medicine delivery.

One method that assures a solution for addressing the energy challenge is
photoelectrochemical water splitting. In the visible region, the hematene-loaded TiO> was
observed to exhibit a greater boost in photocurrent density than TiO; heterostructures. In the
future, different changes such as TiO» nanostructures with changing hematene thicknesses and
tweaking the characteristics of TiO2 nanostructures containing hematene could be used to

improve the photocurrent generated in the hematene-loaded TiO2 nanostructure.

Only the fundamental calculations in this study are made theoretically using DFT. In
actuality, the role of simulations in understanding and forecasting unique properties of
materials has grown. Thus, 2D material research can benefit from the extension of DFT

computations with advanced computational facilities.

Due to their many potential uses, magnetic nanostructures have garnered a great deal
of attention from researchers in light of recent developments in magnetism and magnetic
materials. Combining different properties in a single material by making composites or hybrid

heterostructures will add synergy to technological development.
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