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Abstract

As electronics and communication technology advances, the issue of electromagnetic
interference (EMI) has grown into a significant concern, posing threats to human health,
electronic devices, and information security. Hence, it is essential to protect both human well-
being and technological devices from undue exposure to excessive electromagnetic (EM)
waves. Mitigating the adverse effects of EMI has become pivotal through the utilization of
high-efficiency materials designed for absorbing electromagnetic waves. For achieving optimal
electromagnetic (EM) wave absorption necessitates the careful manipulation of
electromagnetic properties, improvement of impedance matching, and the incorporation of
diverse loss mechanisms. A crucial factor in enhancing EM wave absorption capability is
striking a balance between permittivity and permeability commonly referred to as EM wave
impedance matching. In this study, we focus on the synthesis and characterization of
nanocomposites Y-type hexaferrites, calcium copper titanate (CCTO),barium strontium
titanate(BST), and barium titanate (BT) with a specific importance on evaluating their EM
wave absorption properties. We employed sol-gel auto combustion method to synthesize Y-
type hexaferrite, CCTO, BST and BT. The resulting series of samples serves as a
comprehensive exploration of materials with tailored properties for efficient EM wave

absorption. A following set of samples has been synthesized.

BazNizxLaxFe12xCoxO22, where x= 0.0, 0.5, and 1.0

Ca1.xCoxCusTisyNiyO12, where x=0.0 and y=0.0, x=0.1 and y=0.3, x=0.2 and y=0.4
Ba2Co2xThxFe12022, where x=0.0,0.1,0.2

CaCuzxAlxTis02, where x=0.0,0.1,0.2,

Sr2ZnzFe119Ndo.1022, where x=0.1

SraZnzFe12-xSmyxO22, where x=0.1

AN N N N SERN

The synthesized samples underwent comprehensive characterization employing various
techniques such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
field emission scanning electron microscope (FESEM), UV-Vis-NIR spectrometry, impedance
analysis, vibrating sample magnetometer (VSM) and vector network analysis (VNA). Though
this characterization, we have conducted an examination of the structural, morphological,
optical, dielectric, magnetic and electromagnetic (EM) wave absorption capabilities of the

prepared samples.



The sol- gel auto-combustion technique was used to synthesized Ni2Y barium
hexaferrite, BazNi2.xLaxFe12.xCoxO22, where x= 0.0, 0.5, and 1.0. XRD analysis was used to
investigate the formation and structural properties of Y-type hexaferrite. Raman spectroscopy
identified traces of BaM along with unidentified compounds. The existence of an absorption
band near 400 cm™-600 cm™ in Y-type hexaferrite is observed in the FTIR spectra, specifying
the formation of Y-type hexaferrite. Flat hexagonal structure and homogenous distribution of
particles are observed in field emission scanning electron microscopy (FESEM). The optical
band gap of prepared samples lies between 1.65eV to 2.75eV. Magnetic analysis indicates the
value of H increases as La>*—Co?* dopant concentration increases. The sample with a dopant
concentration of x=0.5 exhibits a reflection loss of -25dB at 15.1 GHz showing the material

has good absorption properties.

Since a few years ago, there has been a growth in the use of calcium copper titanate
materials due to its high room temperature, high dielectric constant and thermal stability. In
this research work, the sol gel auto combustion technique is used for the synthesis of Co-Ni
substituted calcium copper titanate, Cau-x)CoxCusTi@sy)NiyO22 where x=0.0/y=0.0,
x=0.1/y=0.3 and x=0.2/y=0.4. XRD, FTIR, FESEM, and impedance analyzer have all been
used to examine the structural and dielectric properties of synthesized samples. XRD study
reveals the existence of calcium copper titanate. Thepeaks at 422 cm, 503 cm™, 506 cm™ in
FTIR spectra also confirm the presence of CCTO. Well defined cubic form of CCTO has been
seen in FESEM images. The Debye-type relaxation technique and Maxwell Wagner Model are
used to describe dielectric characteristics. The grain boundary resistance (Rgn) has an impact
on the dielectric properties of synthesized calcium copper titanate as seen by the Cole-Cole
plot.

The synthesis of barium hexaferrites (BaY) and calcium copper titanate (CCTO) was
carried out by using sol-gel auto combustion method. Composites of BaY/CCTO demonstrate
crystalline phase for BaY and CCTO, as confirmed by XRD and Rietveld refinement.
Characteristics peaks at 462 cm™, 508 cm™, 548 cm™and 696 cm™ indicate the presence of BaY
and CCTO phases. Morphological study reveals unevenly distributed grains for BaY
nanoparticles with hexagonal shape, while CCTO display cubic grains. The band-gap decreases
with decrease in crystalline size, and coercivity is enhanced due to presence of CCTO phase.
The composites of Ba2Co1.8Tho 2Fe12022/CaiCu2.8Alo.2TisO22 exhibits a reflection loss of -19.49
dB (14.5 GHz).



The composite of strontium hexaferrites (SrY) and barium titanate (BT) were
synthesized using the sol-gel auto combustion method. The SrY/BT composites demonstrate a
crystalline phase for both SrY and BT as confirmed by XRD. FESEM micrographs and
particles distribution of BaisSro.2ZnzFe119Ndo1022 / BaTiOs and Bai.gSro.2ZnzFe11.9Ndo.1O022 /
BaTiOs shows that hexagonal and cubic like shape particles. The average particle size was
discovered to be 0.24 um and 0.29 um. The dielectric loss (&') of the samples is 0.5, 0.3, and
0.6 at 100 Hz for BaigSro2ZnzFe119Ndo1022 / BaTiOs (1:0), BaigSro2ZnoFe11.9Ndo1022 /
BaTiOs (1:0.5) and Ba1.sSro.2Zn2Fe119Ndo.1022 / BaTiOs (1:0.1) respectively. Similarly to €',
there is decrease in the loss tangent (tand) with increasing frequency at lower, intermediate,
and high frequency. This may be due to conductively and polarization effects. This
phenomenon occurs because of the movement and reorientation of charge carries within the

material.

The impact of barium strontium titanate (BST), and calcium copper titanate (CCTQO) on
the structural and dielectric characteristics of samarium (Sm) doped Y-type hexaferrite,
specifically SroZnzFe12.xSmxO22has been investigated. XRD analysis and FTIR have been used
to analyze structural properties of Y-type hexaferrite /BST and Y-type hexaferrite / CCTO
incorporation. The EDX spectra reveal the presence of all host and substituted elements,
indicating plate-like morphology. To comprehensively understand the impact of incorporation,
an impedance analyzer was utilized to investigate the dielectric properties.

Vi
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Chapter 1

Introduction

1.1 Preamble

Modern technology has progressed considerably because of the discovery of materials with
distinctive physical and chemical properties. However, the widespread use of wireless
electronics and communication systems operating at higher frequencies (MHz and GHz), there
is a growing need for microwave absorbers to mitigate electromagnetic interference [1,2,3].
Electromagnetic interference (EMI) refers to the release of electromagnetic signals by electrical
circuits, which upon activation, disrupt the operation of nearby electrical equipment[4]. EMI
not only poses risk to telecommunication and technological devices but also has adverse health
effects [5,6]. EMI interference can cause failure in wireless communication devices. Hence, it
is crucial to develop EMI shielding or absorbing materials that effectively operate across a wide
frequency spectrum [7,8]. Microwave absorbers offer a practical solution by converting EM
wave energy to thermal or other forms of energy [9-12]. The development of absorbers with
superior EM wave attenuation performance is crucial for converting EM wave energy
effectively. Essential characteristics for new electromagnetic wave (EMW) absorbers include
a broad absorption bandwidth, high absorption capacity, lightweight construction, and thin
thickness [13-15] .

The exploration of EM wave absorbers dates to the 1930s, with the first patent granted
in 1936 in the Netherlands[16]. These absorbers play a vital role in enhancing their capabilities
of weapon system, reducing EMI in communication and navigation, and ensure the security of
human health. The increasing interest in EM wave absorbing coating materials is propelled by
advancements in military stealth technology. Significant advances in absorbing materials have
been made in recent years, driven by evolving application requirements and technological
innovation[17]. Microwaves are the one type of EM radiation, have frequencies between 300
MHz to 300 GHz. The IEEE radar band designations categorize microwave frequencies into
various ranges. These include X band (8-12 GHz), K band (18-36 GHz), Ku band (12-18 GHz)
and Ka band (26-40 GHz)[18].

Objects like stealth fighters or telecommunication equipment commonly feature
coatings of electromagnetic wave absorption materials on their surfaces to evade detection of
disruption[19]. When an electromagnetic (EM) wave encounters a material, it undergoes three

processes: reflection, absorption, and transmission, all of which adhere to the laws of optics,

1



as illustrated in Fig 1.1. Reflection includes both surface reflection and multiple reflections.
Enhanced multiple reflections extend the transmission paths of the EM wave, thereby
increasing the material's ability to absorb the EM waves. Extensive research has focused on
electromagnetic wave-absorbing materials, with particular emphasis on composite materials
that harness synergies among their constituents[20,21]. The combination of ferrite with other
microwave absorption materials enhances the absorption capabilities of ferrite materials,
broadening their application[22]. To address this issue, researchers are focusing on
synthesizing materials that can effectively absorbs unwanted electromagnetic waves across

various frequencies[23].

Reflected EM wave
Free space 7

&

b
~\

Metallic matrix

Electromagnetic wave (EMW)
emission source

()

Free space

Incident EM wave

Electromagnetic Wave
Absorption materials
(EMWAM )

Fig. 1.1 working mechanism of EM wave absorption materials [24]

1.2 Microwave Absorption Theory

Microwave absorbing materials are used to prevent the reflection or transmission of EM waves.
For a good microwave absorber, we need a material with good absorption frequency, thickness,
and material preparation. All the requirements for an EM absorber are not accomplished by
single material. So, a composite with a combination of filler material and matrix material is a
good choice for absorbing the electromagnetic wave. The Matrix material is chosen based on
its physical attributes such as flexibility and ability to withstand weather conditions. The

electric permittivity and magnetic permeability are two characteristics used to classify



microwave absorbers [25]. Filler material consists of one or more materials responsible for
absorption, determining at what frequency the material will absorb the EM wave [26].
Microwave absorbers used to absorb or reduced microwave radiation are classified into two
types such as : dielectric and magnetic absorbers. Dielectric absorbers are primarily designed
to absorb electromagnetic (EM) radiation and convert it to heat via dielectric loss. These
absorbers are commonly used in microwave applications. The EM wave absorption on these
materials depend on high dielectric constant and tangent loss. Materials with significant
dielectric loss can store a considerable amount of energy from incoming EM waves, where loss
factor shows how much of this energy is dissipated as heat. Notably, these absorbers offer
advantages such as easy fabrication, cost effectiveness, and adjustable absorption properties.
However, they face challenges, including diminished effectiveness at lower frequencies and
reduced performance at high temperatures. Calcium copper titanate (CCTO), barium titanate
(BaTiOz3) are the examples of dielectric absorbers [27,28]. Magnetic absorbers are operating
by converting electromagnetic (EM)energy into heat through mechanisms such as magnetic
hysteresis and eddy current losses within the microwave frequency range. Typically composed
of materials like ferrites or magnetic composites. Due to their low coercivity and high magnetic
permeability, these absorbers effectively absorb electromagnetic waves in the microwave
spectrum. Hexaferrites are the prime examples of magnetic absorbers due to their ability to
effectively attenuate microwave signals [29,30]. Generally, the analysis of a material’s
dielectric properties involves examining how electric and magnetic field is stored and
dissipated within the material [31]. The complex permittivity (¢*) defines how well a material
can store potential energy when exposed to an electric field. The permittivity arises due to the

material’s dielectric polarization of material and it is represented in EqQ. 1.1
ex=¢ —je" (1.2)

¢' represents dielectric constant while €" indicates dielectric loss. The tand. indicates the

dielectric loss tangent of the material and is represented in Eq. 1.2
tande= Z—, (1.2)

The magnetic complex permeability (u*) gauges a material’s capacity to react to the quantity
of electromagnetic flux. It permits to pass through itself when exposed to an applied
electromagnetic field. This property results from the magnetic polarization of the material and

is represented in EqQ. 1.3 as a complex quantity mathematical term.



W* = (1.3)
tan 5u=t—',' (1.4)

Where, u' represents the stored energy, and p" represents magnetic loss. and tandy indicates the
magnetic loss tangent of material is represented in Eq. 1.4. Both the magnetic permeability
(1) and electric permittivity (¢”) contribute to absorption of electromagnetic waves inside a
material. The values of p’, €', u” and €” in most absorbers are the function of frequency and
may change notably with small range of frequency. However, the actual values of p’" and &’ for
most materials can be difficult to calculate. Consequently, they are commonly compared to the
permittivity and permeability of a vacuum which are &, =8.854x10*2 F/m and p = 4nx107’
H/m. As €’ is based on dielectric polarization, it consistently opposes the electric field, the
dielectric constant for all materials is greater than that of free space and is always greater than
1.0.

In line with transmission line theory, input impedance of the microwave absorber can be
expressed by Eq. 1.5. [32-34]

/
Zin=2Zo(Ko / 50)1/2 tanh [j M} (1.5)

Cc

Here Z;, is the input impedance when the EM wave is incident normally to the absorber layer,

Zyis the impedance of free space, ,is permeability of vacuum, &yis permittivity of vacuum, f
is the frequency of EM wave, t is the thickness , and c is denoting the velocity of EM wave .
By employing Eq.1.6, reflection loss (R.) (in dB) of Electromagnetic wave (EM) wave can be
computed [35-37].

R,(dB) = —20log, [M] (1.6)

ZintZo

1.3 Magnetic Materials

Latest theories suggest that magnetic properties in materials rises from the motion of electrons,
including their orbit and spin with the spins of nuclei. The magnetic effects are a result of the
equivalent electric current produced by the electron motion. The permanent electronic
magnetic moments generated by the spin of the unpaired valence electrons contribute
significantly to the magnetic properties. Matters are magnetic, but some materials are more
magnetic than others. This is due to that some of the materials are lacking in collective

interaction between magnetic moments, while others have a strong collective interaction



between magnetic moments. Magnetism in materials is classified into five types:-

diamagnetism, para magnetism, ferromagnetism, anti-ferromagnetism, and ferrimagnetism.

1.3.1 Diamagnetism

Diamagnetism exhibited by certain materials in which they produce a weak magnetic field in
the opposite direction to an applied magnetic field as shown in Fig 1.2. This means that when
a diamagnetic material is placed in a magnetic field, it will be slightly repelled by the field. All
materials exhibit diamagnetism to some extent, but it is usually very weak and only becomes
notable when subjected to a powerful magnetic field. Diamagnetism arises from orbital motion
of electrons in atoms, which generates a small magnetic field. In diamagnetic materials, the
electrons are arranged in such a way that their orbital magnetic moments cancel each other out,
resulting in a magnetic moment of zero. Some examples of diamagnetic materials include
copper, gold, silver, and zinc. Diamagnetism is the opposite of paramagnetism, which is the

property of some materials to be weakly attracted by a magnetic field.
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Fig.1.2 Random orientation of spin moments in diamagnetic materials.

1.3.2 Paramagnetism

Paramagnetic behaviour is observed in materials that possess permanent magnetic moments.
Magnetic moments of paramagnetic material are randomly oriented resulting there is no net
magnetization in the absence of applied magnetic field. Materials with odd number of electrons
like free sodium atoms and gaseous nitric oxide and some compounds with even numbers of
electrons like oxygen molecules exhibits paramagnetism. Free atoms and ions with partially
filled inner shells, such as rare earth metals, actinide metals, and some transition metals like

manganese also displays paramagnetic behaviour. Each unpaired electron has a magnetic



moment and acts like a tiny magnet, which aligns with the external magnetic field. This
alignment results in a net magnetization directed parallel to the field as shown in Fig.1.3. The
susceptibility of paramagnetic material is characterized by a small positive value and
temperature-dependent. The permanent magnetic moments of these materials results from the

spin and orbital motion of electrons. This is explained by Langevin’s theory of paramagnetism.
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Fig. 1.3.Random orientation of spin moments in paramagnetic materials.

1.3.3 Ferromagnetism

Ferromagnetism, like paramagnetism is also related to the presence of permanent magnetic
moments. However, the magnetic moments of neighbouring ions in a ferromagnetic substance
are aligned in a particular direction even without an external magnetic field (Fig 1.4). This
implies that a ferromagnetic material has spontaneous magnetization even without any external
field. This magnetization exists below a critical temperature known as curie temperature
(Tc).The main reason for the alignment of magnetic moments below Tc is the exchange
interaction between the magnetic ions. Thermal effects after the spin alignment above Tc. In
the presence of weak magnetic field, these materials exhibit a large magnetization.
Ferromagnetic materials have a large and positive susceptibility that usually varies with the
strength of the magnetic field. The hysteresis curve, a well-known feature of ferromagnetic
materials, shows how magnetization varies with an applied magnetic field. For example :-
gadolium (Gd), dysprosium (Dy) iron (Fe) nickel (Ni), MnAs, MnBi and CrO». The Weiss
theory of ferromagnetic explains the phenomenon of ferromagnetism.



parallel alignment
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Fig.1.4 parallelly aligned equal spin moments of a ferromagnetic material

1.3.4 Antiferromagnetism

Antiferromagnetism is a phenomenon in which neighbouring atoms have spin moment that are
arranged in an antiparallel manner or it occurs when the exchange integral is negative as shown
in Fig.1.5. This gives rise to a crystal composed of two sub- lattices, A and B, with the opposite
spontaneous magnetization. Without an external magnetic field, the material experiences no
net magnetization, but there is a small magnetization occurs in the direction of magnetic field.
The magnetization increases with temperature, as the magnetic field is applied. The Neel
temperature (Tn) is a critical temperature at which the magnetization of an antiferromagnetic
material reaches a maximum value, analogous to the curie temperature in ferromagnetic or
paramagnetic substances. Above the Neel temperature, the magnetization decreases

continuously indicating a transition to a paramagnetic state.

Antiparallel alignment

®ooceo
s

Fig. 1.5. Anti-parallelly aligned equal spin moments of a anti-ferromagnetic material.

7



1.3.5 Ferrimagnetism

Ferrimagnetic materials display a spin arrangement with both spin-up and spin-down elements,
yet they maintain an overall non zero magnetic moment aligned in a specific direction. The
magnetic moments of atoms on different adjacent sub-lattices oppose each other, similar to
antiferromagnetism. However, in ferrimagnetic materials, these opposing moments are
unequal, leading to a net magnetic moment as shown in Fig.1.6. This net magnetic moment
can also arise from more than two sub-lattices or from triangular or spiral arrangements of sub-
lattices. Unlike pure elements, compounds exhibiting ferrimagnetism possess intricate crystal
structures. Similar to ferromagnetic materials, these compounds display spontaneous
magnetization below a critical temperature called the Curie temperature (Tc). Although the
magnetic susceptibility magnitude is comparable in both ferromagnetic and ferrimagnetic

materials, the orientation of their magnetic dipole moments differs significantly.

Antiparallel alignment

XXX
e000

Fig. 1.6.Anti-parallelly aligned and unequal spin moments of a ferromagnetic material.

1.4 Soft and Hard Magnetic Materials

Soft ferromagnetic materials such as iron, nickel, cobalt, tungsten and aluminium possess low
coercivity, high permeability, easy magnetization, and demagnetization and minimal
hysteresis. These properties make then suitable for various applications, including
electromagnets, electric motors, generators, transformers, inductors, relays, and magnetic
screening. Soft ferromagnetic materials can be further enhanced through careful manufacturing
and annealing process to achieve high crystal purity. However, they suffer energy loss due to

eddy currents and magnetic residual loss caused by the magnetization process. Examples of
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soft ferromagnetic include spinel ferrite and Y-type barium and strontium ferrites. On the other
hand , ferromagnetic material like cobalt, aluminium, and nickel, possess low permeability,
very high coercivity and high hysteresis loss. These materials are challenging to magnetize and
demagnetize. But it retains a high percentage of magnetization making them ideal for
permanent magnets in applications such as speaker and measuring instruments. Examples of

hard ferromagnetic material are M-type barium and strontium hexaferrites.

1.5 Hexagonal ferrites

The discovery of hexagonal ferrites (hexaferrites) in 1950 by Phillips marked a significant
milestone in the field of magnetic materials, owing to their impressive magnetic properties.
Unlike classic magnetic materials such as metals, which have limitations in miniaturisation due
to their high density and weight, hexaferrites offers a promising alternative because of their
brilliant magnetic properties and low density. They find diverse application in various
industries such as in permanent magnetic, telecommunication, magnetic recording media,
motor components, microwave device and biomedical equipment, among others [38].
Currently, these are six types of hexaferrites known as M-type hexaferrites (AFe12019), U-type
hexaferrites (AsMez2FessOe0), Z-type hexaferrites (AsMezFe2s04), W-type hexaferrites
(A2MezFe16027), X-type hexaferrites (A2MezFessOs6) and Y-type hexaferrites (A2MezFe
12022). The molecular formula, stacking order, and space group are shown in (Table 1.1)
[39,26,22]. These are composed of with A (barium or strontium) and Me (a divalent cation like
nickel , magnesium, copper, cobalt, or zinc) types of atoms.

Table 1.1 : Types of Hexaferrites, molecular formula and space group

Hexaferrites Molecular Stacking Space
formula Order Group
M-type BaFe1202, RSR*S* P6s/mmc
Y-type Ba:MezFe12022 TSTSTS R-3m
W-type BaCo2Fe16027 RSSR*S*S* P63/mmc
Z-type BasCo2Fe24041 RSTSR*S*T*S* P63/mmc
X-type Ba>,Co2Fe2s046 RSR*S*S* R-3m
U-type BasCo2Fe36060 RSR*S*T*S* R-3m




15.1 R, Sand T blocks
The crystal structure of hexaferrites are understood as a stacking of different types of

blocks known as R. S and T blocks having their different chemical composition

1.5.1.1 S- Block

The S block (as in fig. 1.7) is comprised of two spinel units with MezFesOg as the molecular
formula. Here, Me is typically a divalent (+2 valency) metal cation. It consists of two
tetrahedral and four octahedral sites. Each S block has two layers comprising of four oxygen
atoms. Amidst each layer, three metal atoms could be found. Six oxygen anions surround the
cation at the octahedral site, whereas four oxygen anions surround the cation at the tetrahedral
site.[40]

1.5.1.2 R- Block

The R block (as in fig. 1.7) has the molecular(unit) formula BaFegO11. It comprises of three
layers (hexagonally packed) of four oxygen atoms. The central oxygen atom (in the middle
layer) is replaced with a barium atom. Five octahedral sites (with no tetrahedral sites) are
produced as a result. Only R - block consists of a unique quintet-coordinate trigonal

bipyramidal site. Five oxygen anions surround the cation at this site.[40]

1.5.1.3 T Block

The T block (as in fig. 1.7) has the molecular formula BazFegO1a. It comprises of four oxygen
layers, where two of the core O atoms have been swapped by two Ba atoms. The five
coordinated sites occupying barium and cations gets pushed out in directions opposite to each
other. As a result, the trigonal bipyramidal sites (five- coordinated) are reduced to tetrahedral
sites (four- coordinated) which leads to formation of a) two tetrahedral sites and b) six

octahedral sites.[40]
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S, R, Tblocks

Fig.1.7 Atomic arrangement of S, R and T blocks.

1.5.2 M-type Hexaferrites

M-type are ferrimagnetic oxides, with the chemical formula AFe12019 (A represents divalent
cations such as Ba?* or Sr?*), were first studied in depth by Adelskold in 1938 [41] in his
research on magneto plumbite PbFe12019. These oxides share a consistent crystal structure,
named under the space group of P63/mmc. The crystal structure of M-type hexaferrites are
consists of R and S blocks, where R identified as a hexagonal block and S identified as a spinel
block. The stacking sequence of these hexaferrites are composed of RSR*S* [42,43] blocks in
Table 1.1.

1.5.3 U -type Hexaferrites

M-type hexaferrite and Y-type hexaferrite merge to create U-type hexaferrite which is having
the chemical formula BasMe2FessOgo. The stacking sequence of this hexaferrite is SRS*R*S*T
[44] in Table 1.1, where the asterisk (*) denotes a 180° rotation about the c-axis. Dubey et al.
[45] studied the magnetic and microwave absorption properties by doping Zn-Ti in
BasMn,Fess.0xZNnyTixOgo. X-ray diffraction (XRD) shows the particle sizes ranging from
approximately 5 to 15 um, as examined by scanning electron microscopy (SEM). The
saturation magnetization and coercivity increased as x = 1.0, after which they decreased for x
> 1.0. At 11.9 GHz, with x = 2.0, the reflection loss was 30.9 dB (indicating 99.9% microwave
absorption), and reflection loss was <—10 dB for x = 3.0, at 4.5 GHz.
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1.5.4 W-type hexaferrites

W-type ferrites are well-known soft magnetic materials used in high-frequency applications.
These hexaferrites having excellent magnetic semiconductors with lower electrical
conductivity, making them suitable for various applications, including microwave (MW)
absorbers [46]. The W-type structure along the hexagonal c-axis consists of alternating R and
S blocks in the sequence SSRS*SR*[47,48] in Table 1.1. These materials exhibit significant
magnetic loss in specific high-frequency bands, making them promising candidates for

magnetic absorption applications [49].

1.5.5 X-type hexaferrites

Barun et al. study the X-type hexagonal ferrite and proposed the stacking model as SRS*S*R
in Table 1.1 with the structure belonging to the R-3m space group [50]. In this structure, the S
block is a two-oxygen layer with the composition FesOsg, while the R block is a three-oxygen
layer with the composition BaFesO11 [51]. These hexaferrites are good for the electrical
components, electrical motors, and magnetic recording media due to their excellent magnetic
and electrical properties [52]. The electrical, magnetic, and mechanical properties of X-type
hexaferrites can be tailored by doping cations and adjusting the conditions of the synthesis
method [53].

1.5.6 Z-type hexaferrites

Z-type hexaferrites are complex compounds within the hexaferrite family, characterized by a
planar hexagonal structure. A Co2Z belongs to the P63/mmc space group, with lattice
parameters a = 5.88 A and ¢ = 52.31 A [54]. These hexaferrites involves stacking of blocks
STSRS*T*S*R*[55] in Table 1.1 .A strong magnetic field is required to spin the magnetic
moments out of the ¢ plane, while only a small field is needed to rotate the moments within the
¢ plane. Numerous efforts have done to upgrades the microwave characteristics of Z-type

hexaferrites by doping them with additional elements [56].

1.5.7 Y-type Hexaferrites

The Y-type hexaferrites BaxMe2Fe12.02, were the first to be discovered, followed by Zn,Y and
Co.Y, which show a planar magnetic anisotropy. Ferrites with magnetization perpendicular to
C-axis are known as ferroxplana while CuxY hexaferrites has a uniaxial direction of

magnetization. Oxidation state of 3d metals can be affected by oxygen excess on deficit, which
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alters magnetic and electrical properties such as curie point, spontaneous magnetic moment
resistivity and band gap. Oxygen vacancies also affect exchange interaction [57,58].
Ba:Me2xFe12022 (Zn2Y) [59] was discovered by Jonker in 1956, and cobalt substituted barium
Y-type hexaferrites have the highest magneto crystalline anisotropy among hexagonal ferrites.
ZnoY-type hexagonal ferrites have magneto crystalline planar anisotropy and high
permeability, making them suitable for microwave device. Magnetic properties can be changed

by replacing Zn ions with Cu?* or CO?* ions [60].

The Y-type structure is described as an alternate arrangement of tetrahedral (T) and spinel (S)
blocks aligned parallel to the c-axis, featuring the space group R-3m (Fig. 1.8) [61]. Lattice
parameters of this Y-type structure are a= 5.9 A and ¢=43.5 A [62]. In the spinel block, two
formula units of Fe3O4 are created, incorporating two tetrahedral and four octahedral cation
sites. The tetrahedral block consists of four layers with the chemical formula Ba2FegO14. The
magnetic characteristics of Y-type hexaferrites are influenced with the existence of Me?* and
Fe3* ions which occupy six crystallographic sites including two tetrahedral (6¢iv and 6¢*v) and
four octahedral (3anv , 3bvi, 18hvi and 6¢vi) sites. These sites have spins that are either up or
down [63]. The standard formula for Y-type hexaferrite is AoMe2Fe1202, where A can be
either Ba or Sr, and Me represents any divalent metal ion [64,65]. These hexaferrites are
appealing candidates for high-frequency microwave device applications [66-68]. By carefully,
selecting the Me ion and introducing substitutions for Fe3* ions, the properties of Y-type

hexaferrite can be enhanced.
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Fig. 1.8 Y-type magneto plumbite Unit cell structure [69]

1.6 Perovskite

This perovskite is a titanate mineral that occurs naturally and has the formula BaTiO3. This
mineral was named after Russian mineralogist Lav Perovskite after it was discovered in 1839
by German mineralogist Gustav Rose (1792-1856). Perovskite minerals are solids that have
the same crystal structural. The crystal structure of perovskite materials is cubic or tetragonal,
with the stoichiometry AMX3, where A and M are both cations and X is an anion. Each cation
M is octahedrally coordinated with the anions X to generate the primary building block of the
perovskite structure. These MX6 octahedra are connected in a three-dimensional corner-
sharing configuration, with cation A submerged in the cavity formed by surrounding MX6
octahedra to neutralize the structure’s charge. Perovskites can absorb light while using less

than 1m of substance.

1.6.1 Calcium Copper Titanate (CCTO)
Cubic perovskite calcium copper titanate (CCTO) was first synthesized by Alfred Deschanvres

and his co-workers in 1967 . The crystal structure of CCTO was determined by B. Bochu and
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colleagues in 1979, and in the year 2000 ,M.A Subramanian and colleagues observed its giant
dielectric constant at DuPont Central Research and development. CCTO, with the chemical
formula CaCusTi4O12,is an electro ceramic that shows a huge dielectric constant (10000) for
bulk material and for soft material (100,000). CCTO holds promise for playing a substantial
role in the miniaturisation of electronic devices because of its giant dielectric constant paves
the way for smaller electronic components such as ceramic capacitors ceramic resonators ,
microwave devices, Dynamic random-access memory (DRAM) and varistors[70-73].
However, the nature and origin of this unusual high dielectric constant are not yet fully
understood because of the lack of direct evidence of electronic or intrinsic origin. Several
mechanisms, including internal barrier layer capacity (IBLC) and Maxwell Wagner relaxation
have been developed to explain the nature and origin of this unusual giant dielectric
constant[74,75]. CCTO belongs to the family of double perovskite with a general formula of
ACusTisO12A=Ca or Sr). Its crystal structure is centro-symmetric (Fig 1.9), with space group
Im-3 and a lattice parameter of 7.391A [76,77].The unit cell of CCTO contains calcium atoms
at the extreme corners and centre, copper atoms at the centre of the edges and facial planes,
titanium atoms at the centre of each octahedron forming TiOs octahedron and oxygen atoms at
the edges of the TiOg Octahedron . In the crystal structure of CCTO calcium ions (Ca?" are
coordinated by oxygen atoms (O*)in a dodecahedral manner, while copper ions (Cu?*) are in
square planner co-ordination with oxygen ions (O%) as the nearest neighbours. The TiOs
octahedron in the unit cell is slightly distorted and tilted at an angle of 20 degree with respect
to its axis and it coordinates size oxygen ions with a charge of -2 each (0?) alongside a titanium

ion with a change of +4 (Ti*").

Fig. 1.9 Crystal structure of CCTO [72]
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1.6.2 Barium Titanate

Barium titanate (BaTiOgz) is an inorganic compound with a perovskite crystal structure (Fig
1.10) is known for its remarkable dielectric properties. It is a white powder and can be form
large transparent crystals. Barium titanate is ferroelectric material with photorefractive and
piezoelectric properties and exists in five different crystal structure of different temperatures-
hexagonal , orthorhombic, tetragonal , cubic, and rnombohedral[78]. Except for the cubic phase
all other phases exhibit the ferroelectric effect. The cubic phase of barium titanate has a high
temperature and it’s characterized by TiOs (octahedral) that form a cube with Ti and Ti-O-Ti
edges Ba®* ions have a co-ordination number of 12 and located at the centre of cube. As the
temperature decreases, the symmetry of the crystal structure is reduced and the Ba?* ions move
to off centre position. There characteristics properties of barium titanate arise from the

collaborative behaviour of the Ba?* centres[79].

%

1.6.3 Barium Strontium Titanate (BST)
Barium strontium titanate (BST) is classified as a ferroelectric material and is currently being

&

Fig. 1.10 Crystal structure of Barium titanate [80]

studied for its potential use as a dielectric material in Dynamic random access memory
technology (DRAM).BST has numerous appealing characteristics that make it a promising
candidate for this application such as its high dielectric constant, adjustable curie temperature
and low leakage current[81]. The perovskite ABXz structure of BST is made up of a fixed
grouping of oxygen octahedral linked together at the corners by shared oxygen ions (Fig 1.11).

The larger cations Ba and Sr, occupy the corners of the cube with the smaller Ti cation occupy
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the body centre. The onions are situated at the face centre. The Ti** ions are looking located at

the centre of the structure [82].

Fig. 1.11 Crystal structure of BST [83]

1.7 Why we choose these materials and their synthesis method ?

Hexaferrites materials, which were discovered in 1950 [40], has attracted significant interest
due to their unique magnetic and dielectric properties. These properties make them an attractive
option for absorbing electromagnetic waves compared to spinel ferrites and garnets. However,
there are limitations to their effectiveness at certain frequencies. Several studies have been done
with hexaferrites to improve the absorption properties such as BaM/CCTO [84],
SRM/CCTO/RGO [85], Bas(Co00.4Znos)2Fe234041/ BaosSrosTiOs [86], SRM/BT [78],
BaM/PZT [87], BaTiOs/BaFe12019 [88]. These composites have shown good properties but
they have not provided the required properties for microwave absorption. For good absorption,
we need a material having good conductivity, magnetic properties, and dielectric properties.
Y- type hexaferrites show good magnetic properties, low value of coercivity and high
magnetization, which plays an important role in microwave absorption materials [89].
Dielectric materials, calcium copper titanate (CCTO), barium strontium titanate (BST) and
barium titanate (BT) have giant dielectric constants which plays a vital role for the application

of microwave absorption materials [90-92].

Numerous techniques have been developed to produce nanoparticles, alike citrate precursor
method, melting method, ceramic method, micro emulsions method and crystallization method.
However, these methods have some drawbacks, such as the requirement for high sintering
temperatures, non- uniformity of particle size and long-time reaction. To overcome these

issues, other methods such as co-precipitation and sol-gel methods have been employed
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Among these the sol-gel method offers several advantages such as low sintering temperature,

excellent particle homogeneity and precise control of microstructure [93]

In this research work, hexaferrites, calcium copper titanate, barium titanate (BT) and barium
strontium titanate (BST) will be prepared by using sol-gel auto combustion technique. The
magnetic, dielectric, structural, optical and absorption properties of hexaferrites, CCTO, BT
and BST will be studied in detail.

1.8 Applications of hexaferrites

o Permanent Magnets: Hexaferrites like strontium ferrite (SrFe) and barium ferrite
(BaFe) are used to make permanent magnets found in motors, loudspeakers, and various other
electronic devices due to their strong magnetic properties and cost-effectiveness. Permanent
magnets made from hexaferrites are used in electric motors for hybrid and electric vehicles due
to their cost-effectiveness and magnetic properties.

o Medical Applications: Hexaferrites materials are explored for use in magnetic
resonance imaging (MRI) due to their magnetic properties, which can potentially improve image
quality and resolution. Hexaferrites are researched for use in magnetic hyperthermia treatment
for cancer, where they generate localized heat to target and kill cancer cells when exposed to an
alternating magnetic field.

e Magnetic Storage: Barium ferrite (BaFe) is used in high-density magnetic storage
media, such as hard disk drives, due to its high coercivity and stability, which enable increased
data storage capacity. Hexaferrite particles are used in magnetic tapes for data storage and
backup systems, offering high density and durability.

e Microwave Absorbers: Due to their high magnetic loss at microwave frequencies,
hexaferrites are employed in microwave absorbers to minimize electromagnetic interference

(EMI) in electronic circuits and devices.

1.9 Applications of Barium Titanate (BaTiOs3)

e Barium titanate is extensively used in MLCCs due to its high permittivity and ability to
provide high capacitance in a small volume. These capacitors are crucial in electronic circuits
for filtering, decoupling, and energy storage.

e It is suitable for sensors that convert mechanical stress into electrical signals (e.g.,
pressure sensors, accelerometers) and actuators that convert electrical energy into mechanical

movement.
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e It is used in medical imaging and diagnostics, barium titanate-based transducers

provide efficient conversion of electrical signals to ultrasonic waves.

1.10 Applications of Barium Strontium Titanate (BST)

e BST is known for its tuneable dielectric properties, making it ideal for use in phase
shifters and filters in microwave communication systems and radar applications.

e Duetoits high dielectric constant and tunability, BST is used in high-voltage capacitors

for energy storage and power conditioning in advanced electronic devices.

1.11 Applications of Calcium Copper Titanate (CCTO)

e CCTO is known for its extremely high dielectric constant, making it suitable for use in
capacitors that require high capacitance values in small volumes, such as in power electronics
and energy storage systems.

e The high permittivity of CCTO makes it a good candidate for supercapacitors, which

are used for rapid charge/discharge cycles in energy storage applications.
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Chapter 2

Literature Review

Hexaferrites are vital components of the ferrimagnetic system, commonly known as ferrites. The
complex magnetic structure of ferrites, which may be altered to optimize their magnetic properties
for diverse high-frequency applications, is one of its most notable characteristics. The majority of
hexaferrites have been synthesized in the last several decades. Their crystalline structure and
magnetic properties have been thoroughly researched. This chapter provides a detailed review of
hexaferrites and their composites for MW absorption applications.

2.1 Review on hexaferrites
Hexaferrites are ferrimagnetic materials whose magnetic characteristics are intrinsically linked to
their crystalline structure [94]. These magnetic properties are crucial as they determine suitability
of hexaferrites in various technologies. The optimization of the magnetic performance of ferrite
magnets holds economic significance due to the substantial demand for them across diverse global
sectors, including automotive and household appliance manufacturing [95]. Enhancements in
hexaferrite magnetic characteristics have been pursued through cationic substitution to cater to
diverse applications[96]. Efforts include modifying their intrinsic properties by substituting metal
ions such as La*"[97,98] , Tb*99] , Nd** [100] , Eu®* [101], Dy** [102], Sm**[103] Cr3*[104],
Gd®*105], Sc®7(106], Er**[107], Pri*[108] , Yb*T109], Ce*[110], La*-Nd**[111], Nd**-
Sm*112], Nb**-Y*[113], Er**-Cr3*[114], Dy**-Nd**-Pr3*[115], or combination of divalent and
trivalent ions such as Tb3*-Mn?* [116], Nd**-Co?* [117], Gd**-Co?*[118], La**-Co?* [119], La%*-
Mn?*[120], Cu?*-Cr¥*[121], AP*-Mg?*" [122], Ce®*-Zn?*[123], Ce%*-Co?" [124], Ca’*-La**-
Co?*[125], or tetravalent Zr**[126], or a combination of divalent and tetravalent ions such as Co?*-
Si**[127], Cu?*-Zr*[128], Zr**-Co?*[129], Ni?*-Zr**[130], Co**-Ca?* [131], Mn?*-Ge**[132], Mn?*-
Zr**-Cd?*[133], and Mg?*-Ti**-Zr**-Co?*[134]. Afsar and Quan [135] studied the complex
properties of micro and nano-sized hexaferrites using two alternative measurement approaches,
concluding that these materials serve as tunable millimeter-wave absorbers due to their size-
dependent absorption features. Rai et al.[136] examined the impact of Ho3+ on the characteristics
of BaFei2xHoxO19, showed the grain size decreases with Ho substitution. Different Ho®*
concentrations in BaFe1.xHoxO1affected the magnetic properties, with HC reaching a higher value
as 2230 Oe at x = 0.4. Liu et al. [137]studied the Eu*-doped Sr-hexaferrite, finding that substitution
improved the values of Ms and Hc. Alam et al.[96] investigated the BaZnosC0o.5ZrFe10019 exhibited
a reflection loss (RL) of -10 dB within the 8-12 GHz range. Yasmin et al. [138]studied the
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properties of M-type hexaferrites by doping Sm3+. SEM analysis revealed platelet-like granules
having hexagonal structure good for microwave absorption applications, and VSM demonstrated
that all samples had a coercivity exceeding 1.3 kOe, indicating they are hard magnetic materials. As
Sm?** doping increased, both Ms and remanence showed a trend of increase followed by a decrease.
Irfan et al. [139] examined the influence of Nd" substitution on Zn,Y, reporting an increase in
electrical resistivity and a rapid decrease in dielectric constant and dielectric properties with higher
Nd** substitution levels. Murtaza et al.[140] investigated Y-type hexaferrites by doping Nd—Mn,
finding that Nd—Mn doping could reduce coercivity up to 15.66 KA/m. Additionally, hexaferrite
composites may exhibit broad-band microwave absorption, which can be used to reduce interference
pollution [141]. These different applications require specific properties: hexaferrites need high
remanence and coercivity for use as permanent magnets, soft materials with high electrical
resistivity and low eddy currents for microwave applications, and high saturation magnetization and
coercivity (1000-3000 QOe) for high-density recording media [142]. Researchers are using various
dopants and techniques to enhance magnetic properties with low coercivity being a critical criterion

for making materials suitable for microwave absorption applications.

2.2 Review on hexaferrites/ dielectric materials

Nanocomposite microwave absorbers offer superior microwave absorption (MWA) properties that
are not achievable with single compounds [143]. Patel et al.[144] synthesize CoFe»Os and
Sr.CozFe1202, ferrites, then heated the composites at 1150 °C for five hours. The Ms value of
composites ranging from 50.44 emu/g to 31.21 emu/g, and Mr values from 11.18 emu/g to 3.70
emu/g. Goel et al.[145] achieved a maximum RL of 25.38 dB for a composite of 85% BaFe12019
and 15% CQD@BaTiOz and a 10 dB bandwidth of 2.7 GHz. Tyagi et al. [146] investigated
characteristics of BaFe12010/ZnFe>04, finding that a 2 mm thick composite with 20% carbon
nanotubes had a RL of 43.22 dB at 10.30 GHz.

L. Liu et al. synthesized CCTO ceramics by using sol-gel method, followed by calcination,
and sintering at low temperature and compared with solid state reaction method. XRD patterns
indicate pure CCTO phase in sample B and C while sample A shows additional phases.
FESEM images of sample B and C exhibit different micro structures. The dielectric properties
of both samples B and C were similar with a permittivity of approximately 30,000 and 60,000
respectively. The improved permittivity in sample C is attributed to its uniform microstructure

and lattice parameters [147].
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A. K. Rai et al. studied the dielectric properties of calcium copper titanate with iron calcinated
at 800°C . The sample was prepared using a semi-wet method. XRD pattern showed the
presence of CuO traces , while the sample sintered at 900°C exhibited a pure phase . The SEM
images displayed a dense , non-homogeneous microstructure consisting of numerous small
grains with size ranging from 1um to 5um and larger grains separated by fine grains . The

doping Fe3* at the Cu site was found to significantly decrease the dielectric constant[148].

R. Yu et al. studied the effects of sintering CCTO ceramics in air and pure oxygen atmosphere
at 1050°C at 10 hours . CCTO in pure phase shows low permittivity, high resistance and 1-V
characteristics compared to those sintered in air . XPS analysis supported these findings, that
Cu and Ti elements was influenced by high oxygen partial pressure during sintering. These
results suggest that the defects in grain boundaries play crucial roles in the electrical properties
of CCTO ceramics[149].

F. Xu et al. synthesize Ba,Co1.sCuo2Fe12022 hexaferrites rod doped with Cu by using a
conventional solid slate technique. In exhibited high absorbance ferromagnetic resonance
(FMR) was observed due to the anisotropy magneto crystalline field and self-bias field induced
by the rod’s shape . The ferrite rod demonstrated an absorbance greater than 98% within the
frequency range of 10Ghz to 12.2 GHz. Due to its lightweight and high absorbance, the ferrite

rod was deemed to be suitable material for microwave -absorbing application [150].

H. Khanduri et al. synthesized sample of BazxSrxMgzFe12022 by using the chemical citrate
method exhibit Y-type hexaferrites structure within the x range of 0 to 1.5. Moreover, the
substitution of strontium for barium ions leads to changes in magnetic properties. The
saturation magnetization decreases, while the coercivity increase as strontium content rises.
Specifically, the 57 Fe NMR spectrum obtained at 5 K without an applied magnetic field
demonstrates a broad profile for the Ba,Mg2Fe1202, hexaferrites. This broadness arises because
of intricate structure contrasting with resolved NMR spectra observed in M-type hexaferrites.

Furthermore, the dielectric permittivity measurement reveals intriguing characteristics. [151].

Z. Yang et al. used sol-gel method to synthesized calcium copper titanate and the resulting
sample was characterized using XRD, FESEM and impedance analyzer. It was found that
sintering in an oxygen. Atmosphere enhanced the activation energy for in grain electrical,
conduction , resulting in reduced leakage, grain conductivity, and dielectric constant at low
frequency. The result also showed, an improvement in leakage under higher fields, indicating

that the strong electrical field compensated for the energy barrier for electrical transport[152].
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M. Ahmad et al. study the impact of Sr substitution on magnetic and structural characteristics
of Ni2Y hexaferrites investigated in a recent study. Sol gel combustion technique was used to
synthesize the sample at 1150°c for 3 hours and the resulting samples were analyzed using
SEM ,XRD,VSM and EDX spectroscopy. XRD analysis showed that the substitution Ba®* sites
with Sr?* jons formed in single phase. However bulk density of the sample decreased . SEM

images revaluated a range of grams size from 2.68 um to 2.06um [153]

M. H. Wang et al. used non hydrolytic sol-gel method, which overcomes the limitations of
traditional sol-gel methods such as uncontrolled water usage during hydrolysis and sample
quantity depended on pH . The sample was heated at different temperatures and the sample
calcinated at 800°C exhibited a pure phase with no impurities. TG graph showed no weight
loss after 350C and FFSEM micrographs revealed particle sizes ranging from 350nm to 450nm.
The maximum dielectric constant values were observed at 1 kHz and 10 kHz , with values of
1.40x10°and 1.39x10° respectively , the maximum dielectric loss values were 0.1 at 1KHz and
0.092 x10 KHz, with a temperature range of 30°C to 110°C considered [154].

M. A. Awadeh et al. investigated the physical and Mossbauer properties of Zn doped Co2Y
hexaferrites (Ba2ZnxCo2.xFe12022) were investigated. XRD ,SEM and Mossbauer study were
utilised for analysis. XRD indicates the formation of single-phase Y-type phase among sintered
materials. SEM images revealed a change in particle shape and a 10-fold reduction in size
additional, the hyperfine field decreased with was attributed to both materials components
[155].

M. Awawdeh et al. synthesized Ba2ZnxCo2-xFe12022 sample with x values of 0, 1 and 2 through
the citrate sol gel auto combustion method with precursor materials. These materials were then
sintered at 1100°C for a duration of four hours. The impact of ball milling on the structure,
microstructure and hyperfine parameters was explored using XRD, SEM and Mossbauer
spectroscopy. Analysis of sintered samples using X-ray diffraction indicated the presence of a
sole Y- type hexaferrite phase . Mossbauer spectroscopy performed at room temperature on the
hexaferrites samples provided insights into the distribution of various cations within the
hexaferrites lattice. The hyperfine field (Bhf) linked to each distinct component exhibited an
almost exponential decrease with increasing milling time. This reduction in hyperfine field
was attributed to multiple factors. The microstructure of the milled samples also played a role

in this phenomenon [156].
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M. Wu et al. synthesized Bao.5Sr15C02(Fe1xAlx)12022 via solid-state reaction methods. The
AC electrical conductivity of these materials was interpreted using Koop’s double layer
capacitor model. Notably a compound with an optimized composition displays high resistivity.
Additionally, the magnetic transition temperature increases alongside rising AI** content. This
enhancement allows for the elevation of Ts to temperature exceeding room temperature, a
characteristic that holds considerable promise for application involving magnetoelectric (ME)
device [157].

L. Singh et al. synthesized Bi23CusTisO12 by semi wet route , sample characterization was
conducted using EDX, XRD and SEM. XRD analysis indicated that single phase BCTO
Ceramic was developed at 1073K. The average grain size calculated using AFM and SEM was
0.73£ 0.2 um and demonstrated perfect grains boundaries. The magnetic properties were done
in a temperature range of 2 to 300K and a 7-test a magnetic field. BCTO material showed a
high value (€'=2.9%10%) of dielectric constant [158].

S. Shipeng et al. study evidence of both direct and converse magnetoelectric effects within
the Y- type hexaferrite crystal, BaSrCoZnFe11AlO22. The presence of a conical magnetic
structure gives rise to a remarkable phenomenon: a small magnetic field can completely reverse
the electric polarization resulting in substantial magnetoelectric coefficient of 6000 ps/m at
100K and 4000 ps/m at 200 K. Furthermore, the application of electric field enable control over
the magnetization within the crystal’s ab-plane. This control showcases a notable hysteresis
behaviour, enabling a non-volatile alteration of the material’s magnetization. Notably, even at
200K the reversal of magnetization through electric fields is effectively achieved. These
diverse and substantial magnetoelectric effects characterized by their impressive coefficients,
underscore the promising potential of hexaferrites as candidates for advanced multiferroic
materials [159].

N. Adeela et al. studied the impact of Mn- substitution on Coyy barrier hexagonal ferrites
Ba>,CozxMnxFe1202, synthesized via hydrothermal method and sintered at 950°C for
3hours.The grain size increases from nanometre to micrometre. The enhanced magnetic
properties make the sample a promising candidate for high frequency application and

perpendicular magnetic recording [160].

I. Odeh et al. synthesized. Ba.Coz-xZnxFe1202, hexaferrites by using Sol gel method and XRD
indicated that the Zn- substituted structure was stable and had standard Y -type Hexaferrites.

Doped sample, x=2.0 displayed the lowest coercivity field value. At low frequency barium
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hexaferrites demonstrate a high dielectric constant, also the dielectric permittivity increases

with the increase in frequency [161].

Y. Song et al. synthesized hexaferrites with substituted BaisSrosCoZnAlxFei2x02 (x=0.1)
single phase was examined through SEM ,VSM and XRD analysis. The research findings
indicated that Al substitution did not affect the Y-type Hexaferrite structure, and the sample
morphology exhibited a phase like structure. The permeability and complex permittivity of
Bai5SrosCoZnAlxFerxO2 were evaluated using VNA and the reflection loss was measured
within the 1-18GHz frequency range . The higher absorption observed.-19dB at 11.5 GHz
[162].

P. Gautam et al. investigated magnetic and dielectric properties of nano composite made-up
of 05Bi23CusTisO12 and o5BisLaTizO12. Sample was synthesized by using a semi wet route .
XRD shows the formation of 5Bi23CusTisO12 and o.5BisLaTizOz12. In the compounds sintered
for 8 hours at 900°C. TEM shows the presence of nanoparticles in 55+ 3 nm while SEM images
revealed both spherical grains and a plate like structure. The composite shows weak

ferromagnetic characteristics [163].

P. Gautam et al. synthesized Biz3CusTi290Fro.10012 by using TiO. as a raw material was
explored. To synthesize the sample ,the glycine nitrate solution combustion method was
employed. XRD revealed that resulting ceramic was a single phase , which was sintered for 12
hours at 900°C the particles size of the material was determined through bright field TEM and
found to be 16+ 7 nm SEM images shoes that material contained bimodal grains distributed
within the size range of 500nm — 1.5 um furthermore the electro effect and grains boundary

activation energies were obtained as 0.54 and 0.47 eV respectively [164].

R. Pattanayak et al. investigated the fabrication magnetic properties and electrical features
of a composite system composed of Nao sBiosTiO3 (NBT) ferroelectric material and Ba Fe12019
(BaM) strong ferromagnetic material was discussed this sample was synthesized through solid-
state reaction method and XRD validated the existence of both NBT and BaM phase . Electrical
conductivity properties and relaxation behaviour of the composite material wave investigated
over a temperature range of 30-200°C. Grains boundaries of composite material were also
identified including the BaM-BaM interface NBT-NBT interface and BaM-NBT interface .
The saturation magnetization and coercive field of the composite system decreased as observed
from magnetization measurement SEM shows the formation of polygonal and hexagonal grains

that were individual packed in the composite material [165].
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D. M. Supriya et al. synthesized high dielectric constant material CCTO was employing a
cost-effective process that involved reducing the sintering temperature through the utilization
of various surfactants similarly MgTiOs magnesium titanate was synthesized employing
diverse surfactants furthermore a nano composite combining CCTO and MgTiO3 was prepared
with the aim of enhancing the dielectric properties. The synthesized sample underwent
characterization through techniques such as XRD and SEM. The XRD analysis allowed for
confirmation of the crystal structure of the synthesized CCTO and MgTiO3 sample [166].

H. Shakeel et al. investigate the properties of SroCozFeiz2-2xMnyPrkO22(x= 0.0-0.10)
nanostructure using various methods. Powder fabrication was carried out using the sol-gel
technique. Nanostructures of sample was examined by using XRD ,which revealed a hexagonal
structure SEM showed that the particles had a very fine hexagonal shape values of Ms ranged
from 51.42 to 18.12 while coercivity varied from 549 to 1630. The ‘n’ factor ranged from 0.89

to 0 .68 indicates the conduction process in ferrite samples [167]

M. Nadeem et al. synthesized Zn?*and Nd*® doped hexagonal ferrites by using sol-gel
technique without any secondary phase formation. XRD analysis validated the synthesis of Y-
type hexaferrite containing Ca -Ba-Co. The increase in dopant concentrations led to an increase
in crystalline size and porosity, which is found to be in the range of 29.16 to 48.04 nm.
Dielectric parameters showed a typical trend with frequency, and the prepared samples were
confirmed to be single domain in nature. These materials have potential applications in
magnetic storage data user , multilayer chip inductors microwave devices and electromagnetic

interference filters [168].

D. Basandrai et al. study strontium-based Y -type hexaferrites with praseodymium substitution
were investigated. The chemical composition was denoted as SraNiz-xPrxFe12022,with x taking
values of 0.0 and 0.1. XRD data revealed an expansion in volume and reduction in particle
size upon praseodymium substitution. The FTIR Analysis displayed distinctive peaks in both
samples falling within the range of 400-600 cm™ indicating vibrational stretching within the
Fe-O bands. In summary this study focused on praseodymium substitution strontium-based Y-
type hexaferrites, delving into their structural characteristics using XRD and FTIR. The
findings underscore the potential influence of praseodymium substitution on the properties of

these ferrites with hexagonal structures [169].

Y. Wei et al. synthesized bismuth neodymium iron oxide/polyindole (BiosNdosFeOs)

(polyindole.) composites through a combination of hydrothermal technique and in situ
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polymerization. Physical and chemical properties of M/D composites were investigated by
using XRD , UV, XPS & FESEM absorption characteristics of M/D composites single — layer
absorber were analyzed using vector network analyzer (VNA) . A significant reduction in
reflection loss, around 22 dB, was observed at a thickness of 2.2 mm and a frequency of 11.5
GHz. For the 25wt% sample, the highest specific absorption rate (SER) value achieved was
5.5. Additionally, the maximum values for shielding effectiveness in reflection and shielding

effectiveness in transmission (SET) were observed to be 19 dB and 24.5 dB respectively [170].

S. R. Batool et al. series of SroZnz.«MnxFe12yHoyO2, sample were fabricated using a Co-
precipitation method with the aim of enhancing their magnetic saturation (Ms) , Coercivity
(Hc) and resistivity for use in high density recording media. XRD confirmed the prepared
samples have single phase magneto plumbite structure with crystallites measuring between 31
to 38 nm . Dielectric properties were measured across the frequency range of 1.0 to 3.0 GHz,
revealing a consistent pattern. The dielectric properties exhibited an initial decline with
increasing frequency, followed by a phase where they stabilized before reaching resonance
frequencies. Notably, the dielectric properties of the synthesized sample showed an initial
decrease as the dopant amount increased, followed by an eventual rise. Magnetic substituents
had the effect of Ms and Mr, while simultaneously reducing coercivity Hc. However, it is
important to note that Al synthesized nanomaterials displayed squareness ratio below 0.5,
indicates of their non ideal behaviour [171].

S. Kolev et al. (2022) synthesized Y-type hexaferrites and reported magnetic and micro wave
properties through sol gel auto combustion method and its application as a filler in microwave
absorbing material was studied. R behaviour within 1-20 GHz range was examined for Y-type
hexaferrites informally dispersed within silicon rubber polymer matrix both with or without
applied magnetic field. R. have maximum value of 35.4 dB at 5.6 GHz . This induced a
discernible change in MW properties of composite material leading reduction in attenuation of
reflected waves [172].

M. Nadeem et al. synthesized Mn?" and Yb3" substituted CaBaCoz- xMnxYbyFei2.,02
hexagonal ferrites with Y-type structure. The arrangement of ions within the lattice Matrix
structure along with their bonding was disclosed using FTIR, SEM images corroborated plate
like particle shape identified through XRD Analysis. Dielectric analysis revealed
characteristics dielectric response of ferrites with grain boundaries contribution more

significantly than grains. Magnetic characteristics were explored using a VSM. Ms , Mr and
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Hc values ranged from 4.11 to 2.21 emu/g 2.33 to 1.22 emu/g ad 1776.78 to 2283.51 Oe
respectively. These findings suggest that these powders possess potential as prime candidates

for application in perpendicular recording media (PMR) [173]

R. K. Bheema et al. used co precipitation method to synthesize BaM followed by using XRD
and SEM . This study focused on investigation the magnetic, electromagnetic interference,
dielectric and electrical properties of nanocomposites containing GNP and BaM nanoparticles.
When the composite included 8 wt % BaM nanoparticles, an observable electrical percolation
threshold of a conductive network facility by GNP in the presence of BaM. Analysis of
permeability and permittivity data revealed that composites featuring both BaM and GNP
nanoparticles exhibited heightened dielectric and magnetic loss capabilities. Furthermore, it
was observed that composite containing both type of nanoparticles demonstrated notably
improved EMI shielding efficiency (SE) compared to those with similar properties of either
GNP or BaM alone. This outcome indicated a synergistic effect between the GNP and BaM
nanoparticles. Notably, within X- band range , a composite sample that was one millimetre
thick and comprised of 8wt% BaM and 10% GNP achieved as SE of 17.2 dB [174]

D. Kaneria et al. research has been conducted on barium zirconate titanate (BZT) a type of
ferroelectric ceramic derived from barium titanate (BT) . This study focussed on preparing
Ba(Zro2Tiog)Os and BaogsSro1sTiOs through the solid-state method. And subsequently
combining them in a specific ratio (1-x) {Ba(Zro2Tiosg)o3}-x{BaossSro15TiOz}(where x=
0.0.1,0,0.2)denoted as BZT-BST, using a high energy ball mill. The investigation
systematically explored the composite’s structure, morphology, and dielectric properties. At
low frequency multiple polarization mechanism were at play whereas only electronic
displacement polarization existed at higher frequencies. Utilizing FESEM, the morphological
analysis of sintered samples showed that pure BZT ceramic contained numerous pores. These
finding suggest that these composites hold great promise as potential material for capacitor
applications [175]

D. Rabah et al. naturally occurring limestone was employed in the production process of the
perovskite pha.se CaCusTisO12 (CCTO) using a solid-state method as a substitute for
commercially available calcium carbonate (CaCOz) powder. This study underscores the
significance of utilizing naturally occurring calcium carbonate sourced from Algerian Guelma
limestone as potential alternatives to Commercial counterparts. These materials hold promise

as candidates for electronic applications [176].
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M. M. Salem et al. study offers a comprehensive synthesis and meticulous examination of
barium hexaferrite, barium titanate, and their corresponding nanocomposites shedding light
on the potential applications notably in EMI shielding the formation of barium hexaferrite and
barium titanate was confirmed using FTIR spectroscopy and XRD analysis, which unveiled
distinct absorption peaks corresponding to barium titanate tetragonal configuration and the
crystal structure of barium hexaferrite.SEM vividly illustrated morphologies and particles
dispersion within the synthesized nanocomposites highlighting the larger size of barium
hexaferrites particles (=82nm) compared to barium titanate particles (=50nm). A significant
achievement to this research was the attainment of R value of 45dB at 9.3 GHz for the
composite containing 75% barium hexaferrites underscoring it is potential as a highly effective

microwave absorber [177].

S. Kumar et al. study delves into the electrical properties of nanocomposites comprising
polyetherimide (PEI) infused with barium titanate nanoparticles (BT) denoted as PEI/BT. The
high cation exchangeability of barium titanate facilities the incorporation of various cation
adding to its versatility. To create inorganic/organic hybrid nanocomposites films, the melt
mixing method was employed, merging barium titanate clay and PEI. The synergy between
barium titanate nanoparticles BT as fillers and polymeric matrix of nanocomposites contributed
to an increase in electrical conductivity. This enhancement was particularly pronounced as the
additive concentration increased. The examination of the nanocomposites through SEM
analysis revealed elevated macro voids and surface roughness with greater barium titanate

content. Furthermore, the inclusion of barium titanate led to an increased penetration rate [178].

B. Ruthramurthy et al. introduces alteration to both the dielectric and physical characteristics
of BST nanomaterials, leading to significant enhancements in most of the capacitor attributes
of BST. Numerous reports suggest that co-doping which involves the incorporation of multiple
dopants , contribute to the augmentation of the dielectric parameters of BST nanomaterials.
This enhancement in turn position BST as a favourable choice for capacity application as it
enhances energy storage density and efficiency. Furthermore, it is worth nothing that most
single metal dopants that are anticipated to enhance dielectric parameter and the capacitive
performance of BST have already been identified with only a few exceptions. As a result, there
is a growing emphasis on exploring co dopants, which involve the doping of multiple elements.
In conclusion. doped BST capacitor exhibit promising for future applications. The strategy of

doping particularly co doping, opens avenues to optimize and tailor the dielectric and
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capacitive characteristics of BST nanomaterials making them strong contender for future
utilization [179].

U. Talts et al. study a novel approach wherein a nanoimprinted nonlinear barium titanate 2D
nanohole array is showcased, exhibiting distinct optical characteristics are contingent upon the
orientation of the optical axis. Overcoming the challenge of nano structuring an inert metal
oxide material, such as barium titanate is achieved through direct soft nanoimprint lithography
utilizing sol gel derived barium titanate. Conversely, in an out of plane transmission
configuration lattice resonant state are observed. The resonant structure capacity to enhance
the interaction between light and matter results in a remarkable 18- fold increase in second
harmonic generation within the near UV range. This substantial enhancement underscores the
potential applications of the flexible fabrication technique for construction photonic devices
based on barium titanate. In summary, this study introduces a pioneering approach involving a
nanoimprinted nonlinear barium titanate 2D nanohole array. This array showcases dual optical
attributes depending on the optical axis direction and highlight the potential for improved light
matter interaction, thereby serving as a promising Avenue for advancing barium titanate based

photonic devices [180].

S. Amaya et al. study paper the bismuth ferrite barium titanate system near the morphotropic
phase boundary was investigated and examined. Changes in structural properties were
observed in correlation with the content of barium titanate. Through thermogravimetric
analysis, the calcination temperature of the bismuth ferrite barium titanate powders was
determined. The resulting ceramic bodies were conventional densified yielding densities
exceeding 95%. Structural results indicated the presence of 93% of the perovskite phase.
Furthermore, the study utilized Mossbauer spectroscopy as a complementary technique to
present and analyse the structural properties. Overall, this research endeavours to elucidate and
characterize the intricate properties of the bismuth ferrite barium titanate system enriching our
comprehension of these multiferroic materials behaviour [181].

S. R. Adnan report details the production of barium titanate (BaTiOs) powder using sol gel
technique followed by sintering at 900°C. XRD analysis was conducted to determine the phase
and crystal structures of the resulting barium titanate. Further refinement of the XRD Patterns
was achieved through Rietveld analysis using Fullprof software the outcomes indicated that
the barium titanate phase adopts a tetragonal perovskite structure. To delve into the material
chemical composition and morphology, EDAX and SEM were employed. The EDAX result
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confirmed the presence of Ba, Ti, and O atoms in the barium titanate powder. The SEM analysis
revealed a crystalline size of 3um and a homogeneous morphology. In summary, this report
outlines the fabrication process of barium titanate powered using Sol gel methodology and
subsequent sintering offering insights into the material structure chemical composition and
morphology. The utilization of structural factors information in conjunction with Modified
models facilities the calculation of polarization hysteresis yielding valuable information about

the material behaviour [182]

A. Gholizadehet al. synthesized Sri.xCaxFe12-ySmyOishexaferrites,via auto combustion of Sol
gel were extensively studied using various techniques. XRD revealed that the synthesized
hexaferrites adopt a hexagonal structure within the P63/mmc space group. Magnetic
investigation indicated that the co-substitution of Ca and Sm led to an increase in saturation
magnetization 5069.8 Oe to 5495.5 Oe. In conclusion the co substituted Sri-xCaxFe12.ySmyO19
hexaferrites demonstrate promising potential in enhancing Hc alongside an increase in Ms,
these properties could render them valuable for various practical applications, including

permanent magnet microwave device, and electromagnetic radiation absorber [183]

2.3 Research Gap

Over time, scientist have been drawn to the study of high frequency electromagnetic waves due
to their practical application in areas such as telecommunications, electronics, and military
technology. However electronic device like mobile phones, computers calculator and digital
circuit can exist electromagnetic radiation which can cause harmful rays and pose a threat
human health, also electromagnetic radiation from telecommunication towards can also lead to
tissue damage and increase the risk of cancer consequently there is an urgent need to develop
material that can shield against harmful rays and absorb microwave radiation. To address these
issues, researcher have developed material such as spinel and garnet ferrites for effective EM
wave absorption while spinel ferrites wave one of the earliest materials used for microwave
absorption, they have some disadvantage as electromagnetic wave absorber. Due to their cubic
structure spinel ferrites have a relatively small magnetic crystalline anisotropy field (Ha), This
leads to the ferromagnetic resonance (FMR) frequency dropping to approximately 1 GHz or
below. Conversely, hexagonal ferrites exhibit outstanding magnetic properties, rendering them
suitable for applications demanding robust magnetic characteristics, especially in high
frequency electromagnetic absorption among all the hexaferrites. Y-type hexagonal ferrites

have high saturation magnetic and low coercivity which makes them a suitable magnetic
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material used for high frequency microwave absorption material operating at high frequency
bands Ku and Ka bands.

2.4 Aim and Objectives

1. To study the effect of cation substitution on structural, magnetic and dielectric properties
of Y-Type Hexagonal ferrites.

2. To synthesize and investigate the properties of Y-type hexagonal ferrites and calcium
copper titanate(CCTO)nanocomposites.

3. To synthesize and investigate the properties of Y-type hexagonal ferrites and Barium
titanate nano composites.

4. To synthesize and investigate the properties of Y-type hexagonal ferrites and Barium

strontium titanate nanocomposites.
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Chapter 3

Synthesis Method

3.1 Research Methodology
This chapter deals with the synthesis methods of hexaferrites and composites. In the present
research work, hexaferrites synthesis is conducted through the sol gel auto combustion method,

while the composites are formed using CCTO and BST.

3.1.1 Sol-gel auto combustion method

Due to its numerous advantages over other synthesis methods, this approach is extensively
employed for the synthesis of nano materials. One of its significant benefits is the precise
control of particle size and porosity achieved through low-temperature processing without
requiring sophisticated equipment. It is a cost-effective method. This method also offers high
homogeneity and the ability to synthesize thin films. To begin the process, metal nitrates are
dissolved in a liquid medium such as distilled water ethylene glycol or a suitable acid to form
a colloidal suspension called a sol. Aging and subsequent heating of the Sol produce a gel .
The gel is then heated or dried at high temperatures to evaporate the liquid medium and
transform it into a precursor (Fig 3.1). In summary, sol gel auto combustion technique offers
precise control of particle size and porosity, low temperature processing, cost effectiveness,
high homogeneity, and the ability to synthesize thin films making it a popular choice for nano

materials.
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Fig. 3.1 Flowchart Representation of Sol gel method
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3.2 Materials synthesis

3.2.1 Synthesis of La3*Co?* substituted Y-type Barium hexaferrites.

The synthesis of La®*-Co?* substituted Y -type hexaferrites was carried out using the sol-gel
auto combustion technique, BazNizxlaxFe12xC0xO22, where (x= 0.0, 0.5,and 1.0). Highly pure
(99-99.5%) analytical reagent grade chemicals including barium nitrates (Ba(NOs3)2), nickel
nitrates (Ni(NOs)s.6H20), lanthanum nitrates (La(N3QOy)), ferric nitrates (Fe(NOs)3.9H20),
cobalt nitrates (Co(NO3)2.6H20), and citric acid (CsHsO7.H20) were used.In a beaker
containing 100 ml of distilled water, nitrates were added in a stoichiometric ratio, maintaining
a molar ratio of 1:1.5 for cations to citric acid. Gradual addition of ammonia solution led to the
achievement of a pH of 7. The mixture was stirred magnetically and heated between 90 and
100°C, resulting in the formation of a thick, viscous brown gel. Auto combustion occurred
when the gel was heated at 250-300°C, leading to the release of fluffy powder. The powder
was then sintered at 1100°C for 5 hours in a furnace before undergoing further characterization.

3.2.2 Synthesis of Co®*-Ni?* substituted CCTO

Sol-gel auto combustion method was used to synthesized CaixCoxCusTis.yNiyO12, where
(x=0.0,0.1and 0.2, y=0.0, 0.3, and 0.4). Analytical reagent grade chemicals, including calcium
nitrate(Ca(NOs).), cobalt nitrate (Co(NOs)2), copper nitrate (Cu(NOz)2), titanium dioxide
(TiO2), nickel nitrate (Ni(NOs)2) and citric acid (CsHsOy7), were used to prepare Co-Ni
substituted calcium copper titanate. The nitrate chemicals were mixed in a stoichiometric
proportion and diluted in 100 ml of distilled water. Citric acid was introduced into an aqueous
solution containing cations in a molar ratio of 1:1. The mixture was then magnetically stirred
for 2-3 hours at 90-100°C, resulting in the development of a blue gel. When the blue gel was
heated to 300°C on a hot plate, it turned into black fluffy material. The material was pre —
sintered for 6 hours at 800°C to remove impurities, followed by further sintering of the
precursor at 900°C for 6 hours. Finally, the sintered material was grounded into fine powder

using a mortar and pestle.

3.2.3 Synthesis of Y-type barium hexaferrites and CCTO nanocomposites

3.2.3.1 Synthesis of Th doped BaY hexaferrites

All the analytical grade chemical were used to synthesize Th doped Y-type hexaferrites with
the composition Ba;CozxThxFe12022 (x=0.0,0.1,0.2) was carried out through the sol gel auto
combustion approach. Highly pure (99-99.5%) analytical reagent grade chemicals including
barium nitrates (Ba(NOs)2), Terbium nitrates (Tb(NO3)2.6H20), ferric nitrates
(Fe(NO3)3.9H20), cobalt nitrates (Co(NOs)..6H20), and citric acid (CeHgO7.H20) were
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used.All reagents were measured in stoichiometric ratio and dissolved into in a beaker having
distilled water .The ratio between cation and citric acid was maintained at 1:1. Gradual
additions of ammonia solution were made to sustain a pH level of 7 in the nitrate solution.
After that the solution was put a magnetic sitter for 3-4hours at 90-100°C, the brown gel was
founded. When the solution is in brown gel form put it on hot plate for 2-3 hours at 290-300°C
to give fluffy powder, The fluffy powder was annealed at temperature 1100°C for 5 hours.

3.2.3.2 Synthesis of Al doped CCTO

Al doped CCTO have chemical composition CaCus.xAlxTi4022 (x=0.0,0.1,0.2), was carried out
through sol gel auto combustion approach. Analytical Reagent grade chemicals such as
calcium nitrate (Ca(NO3)2, copper nitrate (Cu(NO3)2, Aluminum nitrates (Al(NO3)..9H20),
titanium dioxide (TiO.), nickel nitrate (Ni(NOz)2, citric acid (CsHgO7) have been used to
synthesize Co-Ni substituted calcium copper titanate. All the chemicals were measured in their
stoichiometric ratio and dissolved in distilled water to form a solution, while keeping a molar
ratio of cations to citric acid at 1:1, the solution underwent magnetic stirring at a temperature
range of 80-100°C for a duration of 2-3 hours until a light blue gel was obtained . This light
blue gel was put on a hot plate at 290-300°C for 2-3 hours to get a black precursor powder.
This precursor powder underwent pre-sintering at 800°C for a duration of 5 hours in muffle

furnace and sintered at 900°C for 5 hours to get a pure material.

3.2.3.3 Synthesis of nanocomposites

Prepared sample of Y-type hexaferrite + CCTO were measured in the equal amount 1:1 and
then grinded. This prepared powder was properly blended to 15-20 minutes to obtain
homogeneous powder of Y-type hexaferrite + CCTO composite . These composites are shown
in the Table 3.1.

Table 3.1 Sample and composites of BaY/CCTO.

Sample Composite

BaYCCTO1 BaxCo2Fe12022/CaiCusTisO2
BaYCCTO2 Ba2C01.9Tho.1Fe12022/Cai1Cu2.9Al0.1Ti4O22
BaYCCTO3 BaxCo1.8Tho2Fe1202:/CaiCuz8Alo2TiaO22
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3.2.4 . Synthesis of Y-type barium hexaferrites and barium titanate nanocomposites.
3.2.4.1 Synthesis of Nd doped BaY hexaferrites

All the analytical grade chemical were used to synthesize Nd doped Y -type having composition
Ba1.sSro.2ZnoFe11.9Ndo 1022 (x=0.1) was carried out through sol gel auto combustion approach.
Highly pure (99-99.5%) analytical reagent grade chemicals including barium nitrates
(Ba(NOs)2),strontium nitrates (Sr(NOz)2),neodymium nitrates (Nd(NOs)2), ferric nitrates
(Fe(NOz3)3.9H20), zinc nitrates (Zn(NOs)z),and citric acid (CsHsO7.H20) were used.All
reagents were weighted in a stoichiometric ratio and dissolved into in a beaker having distilled
water . The ratio between cation and citric acid was maintained at 1:1. Gradual additions of
ammonia solution were made to sustain a pH level of 7 in the nitrate solution. After that the
solution was put on a magnetic sitter for 3-4 hours at 90-100°C to get brown gel. The brown
gel was heated on hot plate for 2-3 hours at 290-300°C to give fluffy powder. The fluffy powder
was annealed at temperature 1100°C for 5 hours.

3.2.4.2 Synthesis of Barium Titanate

The starting materials to synthesize barium titanate (BaTiO3) are barium nitrate (Ba(Noz3)2),
titanium dioxide (TiO2) and citric acid (CeHsO7).An aqueous solution of barium nitrate
(Ba(Nos)2) was prepared by using distilled water. Required amount of titanium dioxide (TiO>)
powder was poured to the aqueous solution of barium nitrate with constant stirring. The ratio
of cations to citric acid was maintained at 1:1. TiO2 is generally considered insoluble in water
and other organic solvents, including citric acid under normal conditions. However, the
solubility can be influenced by pH, temperature, and the presence of complexing agents. TiO-
form a suspension or colloidal solution due to the interaction between the citric acid and the
surface of the TiO; particles. Citric acid, being a weak organic acid, act as a complexing agent
and may help in dispersing TiO> particles more evenly in a solution, potentially through surface
modification of the TiO. particles. Mixture is then put on magnetic stirrer and heated to a
temperature range of 85°-100°C for a duration of 4 hours to get gel. The gel was then heated
at 280°-300°C on hot plate. Then the obtained precursor material was heated at 800°C for a
duration of 5 hours and then sintering at 900°C for a duration of 5 hours [84, 184]. The powder
was grinded by the motor and pestle to obtain a fine powder. The net reaction for the formation

of BaTiO3 was represented in Eq 3.1

Ba(NOs), + TiO, — BaTiO5 + 2 NO + 30 (3.1)
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3.2.4.3 Synthesis of composites.

Prepared sample of Y-type hexaferrite + BT (Barium titanate) were weighted in the equal
amount and then grinded. This mixture was properly blend for 15-20 minutes to get
homogeneous powder of Y-type hexaferrite + BT composites . These chemical compositions

are shown in the Table 3.2.

Table 3.2 Sample composition of SrY/BT composite

Sample Ratio

SrYBT1 (100% SrY, 0% BT)
SrYBT2 (70% SrY, 30% BT)
SrYBT3 (50% SrY, 50% BT)

3.2.5 . Synthesis of Y-type strontium hexaferrites, Barium strontium titanate and
CCTO nanocomposites.

3.2.5.1 Synthesis of Sm doped Y-type hexaferrites

Y- type strontium hexagonal ferrites, SraZnz2Fe12xSmxO22 (x=0.1) were successfully produced
through the utilization of the sol gel auto combustion technique. This process involved high
quality reagent such as Strontium nitrate Sr(NOs), Zinc nitrate Zn(NOs)., Ferric nitrate
Fe(NO3)2, Samarium nitrate Sm (NOz)2, and Citric acid (CeHgO7) are of high purity analytical
reagents (AR grade) are the basic materials. These salts were dissolved in 100 mil of distilled
water and added citric acid at 1:1 cation to citric acid molar ratio. Gradual additions of ammonia
solution were made to sustain a pH level of 7 in the nitrate solution. Then the mixture was
heated at 80-100°C for 3 hours with continuous magnetic stirrer. The obtained brown viscous
gel was further heated at 280-300°C for 30-40 minutes, resulting in the formation of a puffy
precursor powder. Finally, the prepared powder was sintering at 1100°C for a duration of 5

hours to achieve the desired hexagonal phase.

3.2.5.2 Synthesis of Barium Strontium Titanate

An aqueous solution of barium nitrate (Ba(NOs)2) and Strontium nitrate (Sr(NOsz)2) was
prepared by using distilled water. Required amount of titanium dioxide (TiO2) powder was
poured to the aqueous solution of nitrates with constant stirring. ratio between cations and citric

acid was maintained at 1:1. Mixture is then put on magnetic mixture and heated at 85°-100°C
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for 4 hours. After that white gel was formed and this gel was heated at 280°-300°C on hot plate.
The obtained precursor material was heated with 800°C for a duration of 5 hours, followed by
sintering at 900°C for an additional 5 hours . The powder was grinded the motor and pestle to
obtain a fine powder. The net reaction for the formation of BaTiO3 was represented in Eq 3.2

Ba(NO3), + Sr(NOs), + Ti0, — (Ba — Sr)TiOs + 4NO + 110 (3.2)

3.2.5.3 Synthesis of Calcium copper Titanate

The sol gel auto combustion approach was employed for the synthesis of CCTO with the
chemical composition, CaCuTisO2. Analytical reagent grade chemicals, including calcium
nitrate (Ca(NOz)z2),copper nitrate (Cu(NOgz)2), titanium dioxide (TiOz), and citric acid
(CeHsO7), were used. All the chemical were measured and dissolved in distilled water. The
ratio between cations and citric acid was maintained at 1:1. Then this solution underwent
magnetic stirring at a temperature range of 80-100°C for a duration of 2-3 hours until a blue
gel was obtained . The blue gel was put on hot plate at 290-300°C for 2-3 hours to get a black
precursor powder. The precursor powder underwent pre-sintering at 800°C for a duration of 5

hours in muffle furnace, followed by sintering at 900°C for 5 hours to get a pure material.

3.2.5.4 Synthesis of composites.
Prepared sample of Y-type hexaferrite/BST/CCTO were weighted in the equal amount and
then grinded. This prepared powder was properly blended for 15-20 minutes to obtain

homogeneous powder of composites . This prepared composite shown in the Table 3.3.

Table 3.3 Sample composition of SrY/BST/CCTO composite

Sample Ratio

Y (100% Y, 0% BST/CCTO)
Y/BST (50% Y, 50% BST)
Y/CCTO (50% Y, 50% CCTO)
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Chapter 4

Characterization techniques

The synthesized materials underwent characterization for their structural, magnetic, dielectric,
optical and microwave absorption properties. To achieve this, a variety of analytical tools such
as X-rays Diffraction (XRD), UV-Vis NIR spectroscopy, Field emission scanning microscope
(FESEM), Fourier transform infra-red (FTIR) spectroscopy Vibrating sample magnetometer
(VSM), Raman spectroscopy and impedance analyzer were employed.

4.1 X-Ray Diffraction

This is a commonly used technique for characterizing materials particularly for identifying
crystallographic changes and phase identification. XRD is based on the constructive
interference that occurs when a monochromatic X-rays beam is generated from a crystalline
sample using a cathode ray tube (Fig. 4.1 ). This method is non-destructive and relies on the
interaction of X-rays with matter. XRD can only be used on crystalline or semi crystalline
matter, as the regular arrangement of atoms allows for the scattering of X-rays in specific
direction determined by the X-rays wavelength, crystal lattice dimensions and orientation. X-
rays are electromagnetic energy that originate from electron clouds of atoms . When a high-
speed electron from the cathode strike on atom of anode, it builds up a vacant space that is
filled by an electron jumping from higher shell to lower shell, releasing x-rays photons of a
particular energy. When X-rays are bombarded on a sample the atoms scatter the incident rays
producing arrays of spherical waves. Destructive interference cancels out most of the waves in
most directions, while constructive interference occurs in some direction according to Bragg’s

Law (Eqn. 4.1).
nA = 2dsinf (4.1)

A represents the wavelength of X-ray, d represents spacing between lattices and 0 represents
the angle of diffraction. The diffracted X-rays are then detected and counted by X-rays detector
that produced a signal that is processed and give output to a monitor. By scanning all the
samples through a range of 20 angles, all possible diffraction direction of lattice parameters
can be captured, resulting the recording of XRD spectra that shows diffraction peaks
representing specific hkl values . These diffraction peaks can be converted to d-spacing and
compared to standard XRD patterns, which enables the recognition of sample, since every

compound has an individual set of d-spacing values. In this work, XRD patterns of the
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synthesized samples were obtained in the range of 20°-80° by using Cu-Karadiation at 40kV

and 35mA with step size of 0.02.

Normal to Surface
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Fig 4. 1 Schematic diagram X-ray diffractometer[185].

4.2 Fourier Transform Infrared Spectroscopy

This is a valuable technique used to investigate the interactions between matter and infrared
radiation. Fig. 4.2 shows the representation of this technique. The primary objective of this
technique is to study the vibrational behaviour of molecules in each sample . It allows for the
identification of various functional groups and residues present in the sample being analysed.
FTIR Spectroscopy covers a broad range of wavelength with far-infrared (400 to 10cm™)
radiation being used to study rotational vibrations, mid -infrared (4000-400cm™) radiation
being used to study fundamental vibrations and associated rotation, and near-infrared (14000-
14000cm™) radiation being used to excite overtone or hormonic vibration. Typically, Mid —
infrared radiation is employed in FTIR spectroscopy and the wave number is used as the unit

of measurement instead of wavelength or frequency

During FTIR Spectroscopy, Infrared radiation is passed through a sample, which is then
absorbed by the molecules within it. For energy to be absorbed for matter, the vibration
frequencies of the molecules must match with that of radiation, typically when light falls on a
sample, it is reflected, absorbed, or transmitted. The absorbed light corresponds to specific
frequencies of energy that reflect the vibrational energy of the functional groups within the
sample. The molecular information of the sample is carried by the transmitted light, which is
then collected by a detector. Prior to analysing a sample an interferogram is obtained which
serves as a reference spectrum or background by applying the Fourier transform. During

sample analysis the sample structure is superimposed onto the background to obtain the desired
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spectrum. The desired spectrum is then obtained by automatically subtracting the spectrum of
the background from the sample spectrum using Fourier transform software. The components
of an FTIR spectrometer are depicted FTIR Spectroscopy offers several advantages today such
as better signal -to-noise ratio faster acquisition of IR spectra and improved accuracy in wave

number measurements.
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Fig 4. 2 Schematic diagram FTIR spectrometer[186]
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4.3 Raman Spectroscopy

Raman spectroscopy is a method grounded in the Raman effect, which encompasses the
phenomenon of inelastic scattering of light. This effect is based on Raman scattering, which
occurs when photons are absorbed by a sample at a specific frequency and then scattered at
either higher or lower frequency (Fig. 4.3). This process enables the identification and probing
of vibrational states (phonons) of molecules, making Raman spectroscopy an important
analytical tool for finger print identification and monitoring changes in molecular bond
structures. Raman spectroscopy shows various advantages over other vibrational spectroscopy
technique, such as FTIR since it relies on light scattering off the sample rather than absorption.
This makes it less sensitive to agueous absorption bands and requires minimal sample
preparation. Additionally, Raman spectroscopy can directly analyse solid, liquid and gas
sample through transparent container like quartz ,glass and plastic . Its high selectivity allows
it to detect and differentiate between molecules and chemical species that are very similar in
nature. A Raman spectroscopy typically consists of three primary components: a sample
device, an excitation source, and a detector. These components have evolved in various form
Is over time Raman spectroscopy typically use a microscope or fibre optic for sampling, a laser
as the excitation source, and a spectrometer for detection.

A = gEn
Virtual State
""" T o SSiE TIS Eoos
-
=0 hv) hvy+hv,,
)
u:_] hvy hv, hv, hvy—hv,,
L 4 Eothv,,
Y ¥ Eq
Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic) . 8 ~
Raman
(inelastic)

Fig 4. 3 Jablonski diagram shows transitions for Rayleigh and Raman scattering[187].
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4.4 Field Emission Scanning Electron Microscope

This technique is potent for imaging that offers both topographical and elemental information.
It can magnify images from 10 to 300,000 times with absolute depth of field. Compared to
conventional SEM , FE-SEM produces clearer images with less electrostatic distortion and has
three to six times better spatial resolution. Additionally, FE-SEM allows for examination of
smaller contaminated spots at electron accelerating voltages that are adaptable with EDX.
When a sample is exposed to an electron beam , it emits radiation, including X-rays. EDX
detectors are utilized to differentiate between the characteristics X-rays of different elements
and generate an energy spectrum. This spectrum is then analysed through software to find the
quantity of definite elements present in the sample. The FE-SEM functions by scanning the
sample with electrons rather than light . This process occurs under high vacuum conditions,
where electron is generated by an electron gun using field emission and accelerated through a
field gradient (Fig. 4.4). The beams are focused onto the sample using electromagnetic lenses
, Which results in the emission of various types of electrons from the sample. A detector
captures the secondary electrons, and the intensity of these electrons is compared to that of the
primary electrons beam to create an image of the sample’s surface . The generated image is the

displayed on a computer monitor.
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Fig 4. 4 Schematic diagram of FESEM|[188].
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4.5 UV-Vis-NIR Spectroscopy

When atoms and molecules absorb ultraviolet (UV) and visible radiation, the electrons are
excited from low energy level to high energy level. Energy level in matters is quantized , which
means that the radiation with specific amount of energy may be absorbed, leading to a transition
from one energy level to another . The energy required to cause the transition increase with the
size of gap between the energy levels. By using Beer-Lambert’s Law (EqQn. 4.2) a is directly

proportional to the sample ¢ and the length of absorbing medium(b).

a = logy, (ITO) = ebc (4.2)

lo the intensity of reference beam, which experience little to no light absorption and | is
intensity of beam and ¢ is proportionality constant. The proportionally constant relates the two
intensities. Ultraviolet (UV) radiation with a wavelength range of 200 to 400 nm possesses
enough energy to excite electrons between molecular orbits (AE) . This energy corresponds to
difference between the HOMO (higher occupied molecular orbital) and the LOMO (lower
unoccupied molecular orbital) . Energy required to excite an electron decreases as the energy
gap between the two orbitals decreases. To excite an electron, the incident photons frequency
must be lower or the wavelength must be longer . When a photon’s energy matches the required
energy, it is absorbed causing an electron in the ground state of an occupied level to jump an
empty state . When light interacts with a material, it can either be absorbed or reflected.
Typically, only a portion of the incident light is absorbed white the rest is reflected. The colour
of a substance is closely linked to its electronic structure. As a result, when ultraviolet (UV) or
visible light trigger electronic transition in an atom or molecule , a portion of the energy from
the incident light is absorbed. This absorption is due to the advancement of electrons from
ground state to excited state or anti-bonding orbitals, and the energy absorbed is responsible
for this process. During light absorption various types of transition such as n-n*, n-n*, n-6*,
o-0*, o-n* and n-c* are possible (Fig 4.5). However, in UV-Vis spectroscopy, only certain
transition 6-0* and n-c* are relevant. Among these n-n* and n-n*, transitions are associated
with high energy requirements and are therefore observable in the far UV region, which
corresponds to lower wavelength values. On the other hand , transition that occurs in molecules
containing unsaturated centres requires less energy which makes them observable at higher

energy values or longer wavelengths.
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Fig 4. 5 Electrons transitions in an atom or molecule[189]

4.6 Impedance Analyzer

An impedance analyzer is an electronic tool that measures impedance and admittance. The total
resistance to the flow of periodic current (AC TEST SIGNAL) when voltage is applied to
circuit or device called impedance. Impedance comprises both real and imaginary components

of the periodic current. In a series connection , the impedance can be expressed as
Z=R+jX (4.3)

The real part of impedance, which represents resistance is denoted by R . The imaginary part
of impedance, which represent reactance is donated by X. The impedance measurement is
usually represented on graph with x-axis represents resistance and the y-axis represents
reactance. To measure the response of a device under test (DUT), AC voltage is applied and
the resulting impedance (Z), capacitance C and the angle (0) formed between the impedance

and the x-axis are measured.

4.7 Vibrating Sample Magnetometer (VSM)

The VSM, or vibrating sample magnetometer is an instrument that measures the magnetic
response of materials which is based on Faraday‘s law of electromagnetic induction. According
to this law , when a magnetic field changes it generates electric field. In VSM a sample is
placed in a holder that is positioned between two sets of pickup coils attached to an
electromagnet. The uniform magnetic field from the electromagnet induces magnetization in
the sample . The sample holder is then mechanically vibrated sinusoidally, which causes a

change in the magnetic field of the sample , resulting in an electric field that is proportional to
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the magnetization (Fig. 4.6). As a result, a voltage is induced in pickup coils which is
proportional to magnetization. VSM software connected to a computer record these into a
graph that shows the relationship between the applied magnetic field (H) and the magnetization
(M) of the sample.

Vibration unit

o — Sample holder

Pick-up coils

Electronagnet

— Sample

Hall sensor

Fig 4. 6 Schematic diagram vibrating sample magnetometer (VSM)[190]
4.8 Vector Network Analyzer (VNA)

The vector network analyzer is a specialized instrument designed to analyze the frequency
response of passive and active networks. Its primary function is to analyze the power of signal
enters and network at high frequency exist. It is commonly used to test S-parameters, as they
provide a straightforward means of measuring the both reflection and transmission of networks
at high frequency region.

The two main type of network analyzer are

1. Scalar network analyzer (SNA)- Measures only amplitude properties

2. Vector network analyzer (VNA)- Measures both phase and amplitude properties

46



A Vector Network Analyzer (VNA) is an instrument used for analyzing circuits in radio
frequency (RF) engineering (Fig. 4.7). It is primarily employed for measuring the network
parameters, such as impedance, reflection, and transmission characteristics, of RF components
and systems. To design an accurate error model, both magnitude and phase data are essential.
Even for scalar measurements like return loss, the ability to measure phase accurately is crucial
for achieving high precision in assessments. For subsequent calculations, the ferrite powder is
granulated using a polyvinyl alcohol (PVA) solution with a fixed weight percentage. Pellets
are then formed using a hydraulic press. These pellets are subsequently analyzed to determine
scattering parameters using a Vector Network Analyzer (Agilent N5225A PNA Series). The
complex permittivity and permeability values are obtained using Agilent software 85071. In
typical VNA measurements, the incident wave (1) travels from the analyzer to the device under
test (DUT). When this wave encounters the DUT, a portion of it is reflected as the reflected

wave (Ir), which then travels back towards the analyzer.
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Fig. 4.7 S-parameters measurement using VNA[191]
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4.8.1 . Importance of VNA measurements
Measuring both magnitude and phase of components is important for several reasons.
First, both measurements are required to fully characterize a linear network and
ensure distortion-free transmission. To design efficient matching networks, complex
impedance must be measured. Engineers developing models for computer aided-
engineering (CAE) circuit simulation programs require magnitude and phase data for
accurate models. In addition, characterization of time-domain requires phase and
magnitude information to perform an inverse- Fourier transform. Vector error
correction, which improves measurement accuracy by removing the effects of
inherent measurement system errors, requires both magnitude and phase data to build
an effective error model. Phase-measurement capability is very important even for

scalar measurements such as return loss, in order to achieve a high level of accuracy.
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Chapter 5

Results And Discussion

5.1 La®*-Co?* substituted Y-type Barium hexaferrites
5.1.1 XRD Analysis

X-ray diffraction pattern of samples, Ba>Ni2-xLaxFe12xCoxO22(x=0.0, 0.5, and 1.0) were shown
in Fig. 5.1. The observed peaks refer to different phases formed in the prepared samples. These
peaks were indexed using standard JCPDS number card 44-0206 of Y-type hexaferrite. The
XRD peaks with hkl values (107), (018), (0012), (110), (113), (1013), (116), (0114), (202),
(119), (024), (205), (027), (1016), (1112), (208), (0210), (0120), (0216), (2017), (300), (2113),
(2020), (1214), (0027), (039), (0222), (1124), (220), (1220), (2026) and (1313) are
corresponding to Y-type hexaferrite. Some traces of other phases were also observed. Indeed,
Y-type hexaferrite has a complicated crystal structure, and several additional phases frequently
form at lower temperatures[192]. This secondary phase may be due to incomplete reactions
between reactants. These XRD spectra were also compared to the standard XRD pattern of
BaM with the space group P6s/mmc (JCPDS card 39-1433). It was noticed that some BaM
peaks, such as (108) and (2013) at respectively 35 and 63°, were found to be very near to those
of Y-type hexaferrite peaks (202) and (2014), respectively. The presence of BaM was observed
by the presence of peaks (218) and (1015) at 57.51 and 62.73° respectively (indicated with the
symbol £). Some unknown peaks marked with the symbol $ were also observed in the XRD
patterns; these peaks probably refer to the crystallization of another compound. Rietveld
refinement was done using Fullprof suite software to confirms the observation revealed in
XRD. Fig. 5.1 depicts the two phases of refinement plots of the XRD patterns for Y-type
hexaferrite and BaM. It is observed that all experimental data ('Y obs) match with the theoretical
data (Ycal) for x=0.0. By increasing their concentration of dopants (x=0.5 and x=1.0), some
extra peaks are formed, which could indicate the presence of strange compounds apart from
BaM, as mentioned in the XRD analysis. The parameters that define the fit's precision were
found to be 4.103<y2<8.958, 2.0 < GoF< 3.0, 38.1<Rp <66.9, 40.4<Rwp <66.2, and 19.9<Rexp
<22.1 (shown in Table 5.1). The increase observed in these parameters only indicates that the
refinement obtained for x=0.0 is better than those obtained for x=0.5 and x=1.0, which confirms
that the impurities increase with the dopant concentration in the samples. In single-crystal

literature, the term “goodness of fit” (GoF) is frequently utilized, defined as G? = y? . High
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values of y? can arise when the data are gathered with exceptionally high precision. In such
cases, even slight deviations in the fit become significantly magnified compared to the
experimental uncertainty. When errors exhibit corelation, the fitting of peaks may not align
precisely with statistical expectations. This discrepancy can be identified through the value of
x? , provided that the experimental standard uncertainties are accurately estimated. Adjusted
background R-factors decrease the impact of background fitting, though they do not completely
eliminate, except the case where the background is poorly fitted[193]. Unit cell volume (Vcen),
lattice parameters (a and c), and crystalline size (D) were calculated using the following
equations (Eq. 5.1, Eqg. 5.2 and Eq. 5.3), respectively, and the results are displayed in Table
5.1.

1 4 [h2+hk+k? 12
i e = (5.1)
Ve = 0 - 8666a%c (5.2)
kA
" Bcosh (5'3)

Miller indices h, k, and | are associated with d-spacing denoted as dnk, Where k = 0.94 serves
as Scherrer’s constant. The wavelength of the X-ray, represented by A, is 1.5406 A, while B
signifies the Full Width at Half Maximum (FWHM), and 6 stands for the Bragg’s angle. As
the concentration of La®" - Co®* increases, lattice constants a, ¢, and unit cell volume (Vcell)
also increase (Table 5.1). This appears because of structural distortion in Y type hexaferrite as
the larger ionic radii (r ..>* =1.06A and r co?* = 0.745A) is replaced by the ions having smaller
radii (r(ni?*)=0.83A and r(re**)= 0.645A). The increase in crystallite size (D) with an increase
in La3*- Co?* concentrations caused lattice distortions, which can inhibit the nucleation of new
grains and promote the growth of existing grains, leading to an overall increase in crystallite

size or may function as inhibitors of grain development[194].
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Fig 5.1 XRD patterns and Rietveld refinement of BazNi2xLaxFe12xC0xO22 (x=0.0, 0.5 and 1.0)

Table 5.1 lattice constant (a, ¢), unit cell volume (V,.;) and crystallite size (D) , Refined
parameters (a, ¢ and V), reliability factor (R,,Ry,,Rexp).Chi-square (x?) and GoF parameter of

Ba,CozFe12-xLaxNixO22 (x=0.0, 0.5, 1.0)

Sample 0.0 0.5 1.0
composition

26 (°) 30.60 32.08 32.12
d (A) 2.9190 2.7876 2.7847
B () 0.166 0.251 0.295
a () 5.84 5.85 5.88
c(A 43.42 43.49 43.78
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c/a 7.43 7.43 7.44
Vo (3%) 1285.92 1294.59 1296.26
D (nm) 55.42 56.24 58.37
Step (°) 0.020 0.020 0.020
a (A) (Rietveld) | 5.845925 5.854805 5.860713
c (A) (Rietveld) | 43.351967 43.437836 43.447536
V (A3 (Rietveld) | 1283.057(0.039) 1289.507(0.102) | 1292.373(0.199)
Rp 38.1 423 66.9
Rwp 40.4 465 66.2
Re 19.9 19.7 22.1

¥ 4.103 5.570 8.958
GoF 2.0 2.3 3.0

5.1.2 FTIR analysis

At room temperature, measurements were made in 4000400 cm region of FTIR spectra of
BazxNioxLaxFe12.xC0x022 (x= 0.0, 0.5, and 1.0) in Fig. 5.2. Comparable to spinel and M-type
hexaferrite, Y-type hexaferrite also exhibit characteristic absorption bands in the 400-600 cm -
! region. The absorption peaks at 411 cm™ and 555 cm™ may be because of metal-oxygen
stretching vibrations at octahedral and tetrahedral sites[195]. Absorption peak at 411 cm™ is
because of the Fe-O stretching at Fe-O4 (tetrahedral) sites, and the band at 555¢cm™ is because
of the Fe-O stretching at Fe-Os (octahedral) sites[196,197]. The in-plane C-H bending
vibrational mode caused the band at 1067 cm™[184]. The nitrate ion peak, which usually occurs
at 1300 cmL, is not seen in the prepared samples [198]. CO2 is also present in prepared samples,
observed at 2360 cm™. During the measurements, some trapped CO- in the surrounding air
may have elevated these CO, bands [199]. The peak shows asymmetric and symmetric C-H
bands at 2974 cm™[200].
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Fig 5. 2 FTIR spectra of BazNi2-xLaxFe12xCoxO22 (x=0.0, 0.5 and 1.0)

5.1.3 Raman Analysis
Raman spectroscopy was used to assess the vibrational modes in synthesized sample. Lattice
vibrations of Y-type at points are revealed via group theory analysis. The symmetry of the

molecule is given by Eqn. 5.4.
I' = 14A14 (a2 + b2, ¢?) + 4A1, (—) + 4A2 (—) + 16A24(C) + 18Eg (a2 — b?, ab, ac, bc) + 20E, (ab)
(5.4)

Raman spectra of BazNi2.xLaxFe12xCoxO22(x = 0.0, 0.5, and 1.0) are shown in Fig. 5.3, in which
various Raman-active modes were observed. To identify the position of those Raman-active
modes (absorption bands), we did the deconvolution of the spectra, and several absorption
bands were observed (see Table 5.2). From Table 5.2, the bands of prepared samples near the
values at 710, 690, 620, 412, 382, 336, 212, and 182 cm™, could be allocated to Raman-active
modes of Y-type hexaferrite [151]. As far as we know, studying Raman spectroscopy of Y-
type hexaferrite materials still needs more investigation. However, many Raman-active modes
were also observed at around 734, 713, 684, 606, 527, 451, 453, 409, 385, 319, 285, 250, 216,
and 208 cm™. These absorption bands refer to Raman-active modes of M-type hexaferrite
(BaM), which was observed by Kreisel and Morel [201,202]. Among these bands of BaM,

some were found to be very close to those observed for Y-type hexaferrite. The presence of
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these bands could indicate that the prepared samples are not in single crystal structure [203]. It
confirms the XRD observations. The symmetry and the mode assignment of these bands are
summarized in Table 5.2. Further, different absorption bands were also observed, which
corresponded neither to Y-type hexaferrite nor to BaM bands. These bands could refer to the
presence of other compounds in the synthesize samples, which could justify the presence of
unknown peaks observed in XRD patterns. In Fig. 5.3, it was noticed that higher the doping
concentration, the wider the bands. The broadening of Raman peaks could be caused by
changes in their chemical composition, atomic radii, valency, bond length, cell size, and
magnetic order [204].
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Fig 5. 3 Raman spectra of BazNiz2xLaxFe12-xC0xO22 (x=0.0, 0.5 and 1.0)
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Table 5.2. Raman modes of BazNizxLaxFe12-xC0xO22 (x=0.0, 0.5 and 1.0)

Raman active mode (cm™) | Phase | Symmetry | Reference (cm | Mode assignment
H[151][201,202]
x=0.0 |[x=0.5 |x=1.0
738.33 | 743.50 | M- 734 -
type
708.23 M- Ay 713 Tetrahedra Fe®0y4
type - 710
Y-type
- - 683.04 | M- Agg 684 Bipyramid Fe?Os
type
- - 621.93 | Y-type | Ay 620 -
- - 605.85 | M- E2g 606 -
type
519.85 520.00 | M- Eig 527 -
type
442,51 | - - M- Eig 451 -
type
- 453.95 | 45859 | M- Ay 453 Octahedra Fe®MOg
type and Fe®0g
402.35 410.24 | M- Axg 409 Octahedra Fe®Os
- - type - 412 -
Y-type
- 392.21 | - M- Exg 385 -
type
372.35 | 368.43 | 380.62 | Y-type | - 382 --
- - 336.53 | Y-type | - 336 -
327.15 | 321.05 | 322.64 | M- Agg 319 -
type
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278.40 | 286.64 | 289.97 | M- Eig 285 -
type
25146 | - 24761 | M- Eig 250 -
type
226.46 | - - M- Axg 216 O-Fe-O bridge
type
- 209.08 | - M- Ezg 208 -
- - type - 212 -
Y-type

5.1.4 Morphology and Elemental analysis

FESEM micrographs of BazNizxLaxFe12xC0xO22 (x=0.0 and 1.0), synthesized at 1100°C for 5
hours, are shown in Fig. 5.4 (a) and (e). Flat hexagonal and homogenous particle distributions
can be seen, which match the appearance of Y-type hexaferrite [197]. The magnetic
interactions between individual particles cause particle aggregation. Fig. 5.4(b) and (f) display
the particle distribution of samples x = 0.0 and x = 1.0. The average particle size is 0.21um and
0.24 pm for sample’s x=0.0 and x=1.0. For x=1.0, the particle size was greater than that of
x=0.0; this could be due to the increase in the unit volume cell. EDX and elemental mapping
are used to determine the chemical composition of composite samples (Fig. 5.4 (c), (d), (9),

and (h)). The presence of all host and substituted elements indicate that we obtained the Y -type

hexaferrite.
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Fig 5.4 FESEM images (a and e), particle distribution (b and f), EDX spectra (c and g) and
elemental mapping (d and h) of BazNiz>xLaxFe12.xC0xO22 (x=0.0 and 1.0)

5.1.5 Optical Analysis

Using UV-Vis—NIR analysis, optical characteristics of BazNi2-xLaxFe12.xCoxO22 (x=0.0, 0.5,
and 1.0) were examined. The prepared samples' bandgap-energy (Eg) graphs are shown in Fig.
5.5, where Eg is the band gap between the highest occupied valence band and the lowest
unoccupied conduction band. According to that gap, materials are categorized as conductors,
semiconductors, or insulators. Around the absorption peak of crystalline and nanocrystalline
materials, two different optical transitions, direct and indirect, may occur. The Tauc relation

(Eq. 5.5) was used to evaluate the bandgap energies of the synthesized samples [205].
(ahv)™ = k(hv — Eg) (5.5)

Where Eg is bandgap energy, k is constant, o is absorption coefficient, and v is radiation
frequency. Also, h=6.6260 x 10 J s is Plank’s constant. Transitions that are Allowed direct,
allowed indirect, forbidden direct, and forbidden indirect have m values of %2, 2, 3/2, and 3
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correspondingly. Trying to extrapolate the (ahv)? vs (Eg) for x = 0.0, x = 0.5 and x = 1.0, we
calculate Eq to be 1.65 eV, 2.56 eV, and 2.75 eV, respectively based on the graphs. As La*'-
Co?* concentration increases , the measured Eg4 exhibits increased behaviors that could be
ascribed due to structural defects[206][91].This assertion is further supported by the XRD
phase analysis, which reveals the existence of structural distortion with the increased dopant

concentration.
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Fig 5. 5 Band gaps of BazNiz2xLaxFe12xCoxO22 (x=0.0, 0.5 and 1.0), and (d) variation of
bandgap with La**- Co?* doping concentration.

5.1.6 VSM analysis

The magnetic behavior is investigated using VSM with a field of 20 K Oe. Fig. 5.6 shows the
magnetization fluctuations of BazNiz-xLaxFe12xCoxOz2 (x=0.0, 0.5 and 1.0) samples annealed
at 1100°C for 5 hours. As calculated from M-H hysteresis loop, parameters like saturation
magnetization (Ms), coercivity (Hc), squareness ratio and remanent magnetization (Rm) were
mentioned in Table 5.3. Egs. 5.6, 5.7 and 5.8 are used to calculate other characteristics such
as squareness ratio, anisotropy constant(K) and magneton number(ug) using these magnetic

properties [207].
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SR =4 (5.6)

Jo = Bomsne (5.7)
M, XM

HB = ~5ess (5.8)

Molecular weight of given sample is Mw and p = 4x10’. Table. 5.3 shows how magnetic
properties change with doping concentration. It was noticed that values of H¢ increased from
81.4 to 217.01 Oe, In contrast, the value of Mg and Ms varied from 6.10 to 7.50 emu/g and
20.5 to 21.2 emu/g as compared to other hexaferrite such as M- type Hexaferrites, which have
higher values of coercivity and represent as hard magnetic materials [208]. Synthesized Y-type
have low coercivity and exhibit soft magnetic behavior [209,210]. As the dopant La**-Co?*
concentration rises to x= 0.5, the Ms and Mr increase. Magnetic behavior raises saturation
magnetization to be maximum, and the drops in response to the increasing concentration of
La®*- Co?" [211,212]. As La®*"-Co?* concentration was raised, the soft magnetic nature seen in
synthesized samples became less evident because of the increase in Hc with dopant
concentration. Due to their soft nature, the synthesized samples are appropriate for making
magnetic chip components, including multi-layer chip inductors and chip EMI filters [212,
213]. For x= 0.5, maximum Ms and Mr values obtained were 21.24 and 7.59, respectively. The
adopted technique of synthesis, the amount of doping, the distribution of particle sizes and
shapes, the exchange interaction between particles, sintering temperature, reaction
temperature, substitution type and amount, also the substitutional ions occupation at
crystallographic sites can all influence magnetic characteristics of hexaferrites [214, 215].
Saturation magnetization, Ms, on the other hand, is greatly impacted by substituted ions
occupying crystallographic positions. Me?* and Fe®* are two metallic ions that occupy six
sublattices. In Y type hexaferrites A2MezFe12022- 6C1v, 3avi, 18hvi, 6¢vi, 6¢*1v, and 3bvi, the
metallic ions Me?" and Fe** inhabited six sub lattices. These ions produce magnetism in the
samples due to their magnetic moment [216, 217]. There are two different sublattices namely
B (octahedral sites) 3avi , 3bvi, 18hvi, and 6cvi and A(tetrahedral sites) 6¢iv and 6¢* v having
spin up and spin down, respectively [218]. Super exchange interaction was used to explain the
magnetic arrangement of s- block in Y type between the octahedral 3avi and tetrahedral 6¢yv.
A significant decrease in super exchange interaction between octahedral 3avi and tetrahedral
6civ was induced by the octahedral site selectivity for Co?* over Fe®*, resulting in a decrease

in Ms values, as seen in x=1.0 [167]. Ms for x=0.5 (21.25 emu/g) is comparable with the value
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of Msof Co.Y, as shown in the literature [210]. The presence of M-type hexaferrites phases in
the samples enhances the prepared samples magnetization. Hc increases with the dopant
concentration showing that it may be due to lattice defects and structural distortion at grain
boundaries. The measurement of the change in Hc may also depend heavily on the size of
hexaferrite particles. Therefore, when the particle size of hexaferrite samples is below than the
crucial value (1.18 um), the values of Hc may rise, showing that they were in a single-domain
form [219]. Value of Hc increased because the particle size in our situation is less than the
crucial value, as shown in FESEM investigation. Low squareness ratio value shows the
isotropic nature of synthesized samples, as value increases from 0.29 to 0.39, indicating how
quickly the magnetization direction is reoriented to the adjacent magnetization direction after
the withdrawal of magnetic field. Squareness ratio values for all samples are found to be less
than 0.5, specifying that the produced samples are in a multi domain magnetic state. As we
increase the dopant concentration there is an increase in Hc values which could be due to a rise
in the c/a ratio. The domain wall shifts as a result of multidomain magnetic properties of

produced sample, which affects the Hc values [194].
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Fig 5. 6 M-H hysteresis loop of BazNiz2-xLaxFe12xC0x022 (x=0.0, 0.5 and 1.0)
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Table 5.3. Magnetic parameters of BazNi2-xLaxFe12xCoxO22 (x=0.0, 0.5 and 1.0)

X Ms (emu/g) | Mr (emu/g) | Hc(Oe) | SR K VE:]

0 20.59 6.10 81.4 0.29 0.024 5.33
0.5 21.24 7.59 139.5 0.35 0.052 5.59
1.0 16.46 6.50 217.01 |0.39 0.070 4.41

5.1.7 VNA Analysis
According to the EM energy conversion principle, permittivity (€*) and permeability (u*) for
EM wave absorbers represent their reflection characteristics. Permittivity €* and permeability

p* can be defined by the Egs. 5.9 and 5.10
g¥=¢’-je” (5.9)
px=p'-ju” (5.10)

where ¢’ and €’ denotes real and imaginary parts of permittivity and p' and p" denotes real and
imaginary part of permeability. Also, j=-1 represents a complex number. Fig 5.7(a) and (b)
show no definite pattern of €’ and €’ with frequency. Higher values of ¢’ are observed at high
frequencies (above 15 GHz) with the substitution of La®* - Co?*. Sample with x=0.0 (undoped
sample) attains a constant value even at high frequency. Interfacial polarization occurs when
low-resistance grains are isolated from each other by highly resistant grain boundaries,
increasing the values of &’[220]. The capacity of a substance to retain and release magnetic
energy is represented by real and imaginary parts of its permeability. Fig 5.8 (a) and (b) show
the variation of p' and " with frequency. The u' shows no regular pattern as the u' value
increases with increase in frequency. High value of ' was observed for sample x = 0.5. As the
concentration of La®*- Co?* increases, the value of ' decreases. This is because of increase in
the sample’s porosity and grain boundaries [221]. The plot p" is almost constant for doped
samples (x=0.5 and x=1.0). However, with the increase in frequency, the resonance peak
appears between 15-17 GHz. This can result from the lossy behavior of hexaferrites, which
might be caused by eddy current loss within the material. These types of loss are suitable

inductors for absorption.[222]
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Fig 5. 7 (a and b) real and imaginary permittivity of BazNi2.xLaxFe12-xCoxO22 (x=0.0, 0.5 and
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Fig 5. 8 (a and b) real and imaginary permeability of BazNi2-xLaxFe12xCoxO22 (x=0.0, 0.5 and 1.0)

The Eq. 5.11 can be used to calculate reflection loss of EM wave absorber using transmission
line theory [223]

Zin—Z0

Zin""ZO

R, (dB) = —20log

(5.11)

Here input impedance is Zin (Eg. 5.12) and the characteristic impedance of free space is Zo
(EqQ. 5.13) and are given by [224]

Zin = ZO\/gtanh (j %ﬂ) u*e* (5.12)
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7= 2 (5.13)

€o

Where f is incident electromagnetic wave frequency. t represents the thickness of pellets; ¢
represents velocity in free space. When the impedance matching criteria (Zin=Zo) is fulfilled,

the optimum microwave absorption qualities can be attained [225].

Fig 5.9 describes the correlation between the estimated reflection loss and the Ku band
frequency (12-18GHz) for synthesized samples with thickness of 3 mm. Using Eqns 5.11 and
5.12, we obtained Ry values -25dB and -18dB for x=0.5, 1.0 respectively. The undoped sample
(x=0.0) shows the R is almost constant in the 12-18 GHz range because the sample has a high
natural resonance frequency. The material is considered a good microwave absorber when the
R is less than -10 dB meaning 10% of EM wave reflection and 90% of absorption [4, 226].
For x=0.5 the minimum R of -25 dB at 15.1 GHz is observed. For x=1.0, R. is -18 dB at 16
GHz , indicating the absorption peak shifts from 15.1 to 16 GHz with increase in the dopant
concentration. A single absorption peak from the reflection loss graph shows that the material
is good for microwave applications [227, 228]. With the increasing concentration of La®>*-Co?*
at x=1.0 (Fig 5.9), we observed the absorption peak is shifting towards the high-frequency
range, which shows good microwave absorption properties [48].The minimum Ry -25dB is
ascribed due to the highest value of permeability and permittivity among all the samples [222,

229]. This shows that the prepared hexaferrite may be suitable as a microwave absorber.
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Fig 5. 9 Reflection loss of BazNiz-xLaxFe12xC0xO22 (x=0.0, 0.5 and 1.0)
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5.2 Co®*-Ni?* substituted CCTO

5.2.1 XRD Analysis

Fig. 5.10(a) shows the XRD pattern of Ca1xCoxCusTisyNiyO12 (x= 0.0, y=0.0; x=0.1, y=0.3;
x= 0.2, y= 0.4). The existence of the major diffraction (hkl) peaks at (221), (220), (013), (222),
(321), (400), (422), and (440) (JCPDS card No. 75-2188) confirms the synthesis of the
crystalline structure of calcium copper titanate (CCTO) with space group Im-3. A high-
intensity peak having an hkl value (220) has been used to determine the lattice constants. A
small amount of secondary phase, such as copper oxide (CuO) (Fig. 5.10 (a)) with JCPDS card
No. 050661 was also present [230]. This may be due to the minor grinding efficiency [231].
The following formulas (Eqn. 5.14, 5.15 and 5.16) are used to determine lattice parameter (a),

crystalline dimension (D), and unit cell volume (Vcell).

a=dVRE TR ¥ 2 (5.14)
0.891

= Bcost (5.15)

Vcell = a3 (516)

Where 0 is Bragg’s angle and 3 is FWHM in radians. It can be seen from Table 5.4 that the
lattice parameters and unit cell volume exhibit slightly decreasing with an increasing
concentration of substituted Co-Ni. This might be due to the difference in ionic radii of Co*"
(0.604), Ca?*(0.9904), Ti** (0.605A), Ni** (0.6904) [117]. The observed increase in lattice
parameters resulting from the substitution of Ni 2* for Ti** is believed to be due to the larger
ionic radius of Ni?* (0.690A) compared to the host Ti** (0.6054). This increase is thought to
counteract the negative effect of substituting Co®* (0.604) for Ca?*(0.9904). This expansion is
consistent with the findings of other researchers in the field [232,233]. The refinement of XRD
patterns was done using Fullprof suite software. The pseudo-Voigt function was used to
improve the peak morphology, and linear interpolation was used to represent the background.
The experimental data is represented by the black line, while the blue line illustrates disparity
the between the calculated and experimental data, and the red line shows the calculated fitted
data [194]. The lines in pink colour represent the Bragg angle of each peak for both the CCTO
and CuO phases. The considered conditions to realize this refinement are given in Table 5.4.
From refined XRD patterns (Fig. 5.10 (b), (c) and (d)), we can observe that the experimental
plot (Yobs) properly matches the theoretical plot (Ycal) since the CuO phase was also refined.

The reliability factors (Rp, Rwp, and Rexp), along with the goodness of fit (GoF), and chi-square
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(%) are presented. Other factors that support the fit's validation include 28.2% < Rp< 34.5%,
30.4% <Rwp< 37.4 %, 32.9% <Rexp< 34.9 %, and 0.91<GoF<l1.
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Fig 5. 10 (a) XRD pattern of Ca1-xCoxCuzTis.yNiyO12 (x= 0.0, y=0.0; x= 0.1, y=0.3; x= 0.2,
y=0.4), Rietveld refinement (b) x= 0.0, y=0.0; (c)x=0.1, y=0.3; (d)x=0.2, y=0.4

Table 5.4 represents lattice constants (a), d spacing (d), diffraction angle (20), FWHM (B) and
volume of unit cell (V) for Cai1xCoxCuzTisyNiyO12 (x= 0.0, y=0.0; x= 0.1, y=0.3; x= 0.2, y= 0.4)

Sample code x=0.0, y=0.0 x=0.1, y=0.3 x=0.2,y=0.4
R, (%) 28.2 32.0 34.5
Ryyp (%) 30.4 32.8 37.4
Rexp (%) 32.9 34.0 34.9
B (©) 0.127 0.079 0.074
D (nm) 64.79 104.10 111.13
(20) 34.42 34.23 38.46
d (A) 2.6036 2.6172 2.3386
a (h) 7.36 7.40 7.39
Vv (A% 399.35 405.64 405.12
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a (4) (Rietveld) 7.401139 7.398353 7.399135
Veen (A3) (Rietveld) | 405.411 (0.015) 404.954 (0.017) 405.082 (0.018)
X2 0.8506 0.9318 1.147
GoF 0.91 0.95 11
Bragg R-factor (%) | 7.26 9.16 145

5.2.2 FTIR Analysis

FTIR spectra of Cai-xCoxCusTisyNiyO12 (x= 0.0, y=0.0; x= 0.1, y=0.3; x= 0.2, y= 0.4) in the
range 400 to 4000 cm™ are shown in Fig. 5.11. Major bands are found to correspond to 422
cm?, 503 cm?, and 556 cm, metal-oxygen bonds stretching vibration mode might generate
these bands [234]. Because of the accumulated vibrations of CuOs and TiOs octahedrons,
absorption bands are present within the spectral range of 380 to 700 cm™, confirming the
presence of CCTO structure as shown in XRD. The intensity of the peaks 422 cm™, 503 cm™,
and 556 cm™ tends to decrease with the increase of Co-Ni substitution [235,236].A peak at
2366cm 1 is due to the presence of Co; in the prepared samples[237].The band at 1519 cm™
might be ascribed because of C-H vibrations of alkyl groups and at around 3743 cm™ is due
to O-H vibrations of water molecules found in the prepared material [238,239].
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Fig 5. 11 FTIR spectra of Ca1-xCoxCusTisyNiyO12 (x= 0.0, y=0.0; x=0.1, y=0.3; x= 0.2, y=
0.4)

66



5.2.3 FESEM Analysis

Fig. 5.12 shows the FESEM micrographs and grain size distribution of CCTO. From Fig 5.12
(@), (c), and (e), the prepared sample shows a homogeneous distribution of particles with non-
uniformity shapes. Fig 5.12 (b), (d), and (f) depict the distribution of the particle size and it
was noticed that it follows the normal law distribution. From these figures, we evaluated the
average grain sizes, which were found to be 0.35 um for (x= 0.0, y=0.0), 0.58 um for (x= 0.1,
y=0.3), 0.72 pm for (x= 0.2, y= 0.4). It was observed that the grain size increases with an
increase in the concentration of Co-Ni substitution. The reason behind this increase can be
related to the fact that the host atoms (Ca and Ti) are paramagnetic while the substituted atoms
(Co and Ni) are ferromagnetic. Increasing the magnetic moment in the samples would favor

the magnetic interaction during the synthesis, which could affect the particle size obtained.
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Fig 5. 12 FESEM micrographs of Cai1-xCoxCusTisyNiyO12 (a)x= 0.0, y=0.0; (c)x= 0.1, y=
0.3; (e)x= 0.2, y= 0.4 and particles size distribution of Ca1.xCoxCusTisyNiyO12 (b)x= 0.0, y=
0.0; (d)x=0.1,y=10.3; (f)x=0.2,y=0.4
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5.2.4 Dielectric Constant

The ability to understand a material's electric behavior requires dielectric characterization. The
dielectric response is influenced by preparation techniques, heating temperature, duration,
sample concentration and cation substitution. These parameters determine the sort of
conduction and polarization processes used, such as ionic, interfacial polarization, dipolar, and

electronic. The Eq 5.17 calculates the complex permittivity (¢*) of the prepared sample [240].
e =¢ —je" (5.17)

Where j= V-1, complex integer, ¢ is real permittivity (Eq. 5.18), £ is imaginary permittivity
(Eq.5.19).

1
7 z

e = (5.18)
"o_ W;OZZ (519)

Z’ denotes the real part of complex impedance, while Z” denotes the imaginary part of complex

impedance. = 2xf, where C stands for capacitance.

Fig. 5.13 (a) illustrates the fluctuation of the dielectric constant against frequency for CCTO
at room temperature throughout a frequency range of 100Hz to 1MHz. Dielectric materials
exhibit a response to an applied electric field, which is described by the net polarization of the
material. The polarization arises from various mechanisms, including space charge
polarization, dipole polarization, ionic polarization, and electronic polarization. Together, these
polarization mechanisms contribute to the overall response of the dielectric material to an
external electric field [90]. At lower frequencies, space charge polarization is dominant, while
at higher frequencies, electronic polarization becomes more significant. In the intermediate
frequency range, dipole and ionic polarization play a more prominent role in determining the
dielectric response. Fig. 5.13 (a) shows that the prepared samples show larger value of ¢’ at
lower frequencies. Value of &' are 3224 for x=0.0/y=0.0, 2263 for x=0.1/y=0.3, 2957 for
x=0.2/y=0.4 at 100Hz. The high dielectric constant observed at lower frequencies indicates the
presence of charge carriers that accumulate at the interface between the grains and grain
boundaries, leading to the space charge polarization [241]. This is established on the Maxwell-
Wagner model, states that dielectric materials with a heterogeneous structure can be considered

to consist of conducting grains and insulating grain boundaries. This configuration results in
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the development of polarization due to the accumulation of space charge at the grain boundaries

when an electric field is applied [241,242].

As observed in the CCTO electro ceramic with x=0.1/y=0.3, low concertation of Co- Ni
decreases the value of €'. As the concentration of Co-Ni increases having x=0.2/y=0.4, the value
of €' increases. The value of €' across all the samples exhibits a gradual decrease as the
frequency increases until higher frequencies where a significant rise in €' is observed in
samples. This abrupt rise in €' at elevated frequencies because of electronic polarization [243].
From Fig. 5.13 (b), ¢"” are 1838 for x=0.0/y=0.0, 681 for x=0.1/y=0.3; 1123 for x=0.2/y=0.4 at
100Hz. As shown from the fig. that ¢” shown a similar behavior as €' in prepared samples with
the dopant concentration of Ni and Co. It is noticed that as the frequency increases, the
imaginary part of the dielectric decreases and eventually reaches a stable value, becoming
independent of frequency in the high-frequency range. This behaviour can also be explained
based on Maxwell- Wenger Model. This model explains that in low — frequency range, the
grain boundaries are more influential, while the grains play a larger role in the high-frequency
range. At low-frequency electrons tend to accumulate in the grain boundaries, which have high
resistivity, making electron hopping requires more energy and resulting in a higher loss.
Conversely, at high frequencies, the highly conductive grains become more active, enabling
electron exchange to occur with less energy, thereby reducing the dielectric loss [244]. This
similar behaviour is also observed by T. Hussain et al. [245]
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Fig 5. 13 Variation of dielectric constant (¢') versus frequency and (b) imaginary part of
dielectric (¢" )versus frequency for Cai1xCoxCusTisyNiyO12 (x= 0.0, y=0.0; x= 0.1, y=0.3;
x=0.2,y=0.4)
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5.2.5 Dielectric Loss
The energy of dissipation in a dielectric system is represented by dielectric tangent loss(tan &)

factor. Dielectric loss can be determined using the following equation (Eg. 5.20):

tand = gg—’,’ (5.20)

Fig. 5.14 illustrates the samples Ca1xC0xCusTisyNiyO12 (x= 0.0, y= 0.0; x= 0.1, y=0.3; x= 0.2,
y=0.4), the dielectric losses are 0.96, 0.52 and 0.65 at 100 Hz. It is evident that the tan & of all
CCTO ceramics exhibits a gradual decrease in the range of 100 Hz to 10° Hz, followed by a
sharp increase in the high-frequency range of 10° Hz to 10’ Hz. This sharp rise in dielectric
loss could be attributed to the resonance effect originating from the unintended conductance
of contacts and leads [246,247]. When the concentration of doped Co-Ni increases, tand
decreases. This behavior can also be discussed based on structural imperfections that produce
electrical polarization, and dielectric loss gradually rises at higher frequencies. Similar

behavior is observed by Liu et al. [248]

—a—x=0.0, y=0.0
—o—x=0.1,y=0.3
—o—x=0.2,y=0.4

tan &

4
logf (Hz)

Fig 5. 14 Variation of dielectric loss tangent with frequency for Ca1.xCoxCusTisyNiyO12
(x=0.0 y=0.0, x=0.1 y=0.3, x=0.2 y=0.4)

5.2.6 Impedance Analysis
Polycrystalline materials with heterogeneous nature exhibits several electrical characteristics
due to grain and grain boundary [249]. The grain resistance (Rg) and grain boundary resistance

(Rgn) responses to the dielectric response may be determined using the phenomenon of the
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semi-circular arc shown in the plot Z” versus Z’, often known as the Nyquist plot. Z* is a

complex impedance that may be written as (Egqn.5.21)
7*=7"—i7" (5.21)

The semicircles were obtained for all the samples (Fig. 5.15). These graphs represent that grain
boundary density is the most critical factor in conduction. Grain resistance determines the left
half of the semicircle, i.e., the lower frequency side. On the other hand, the grain boundary
influences on the intermediate frequencies [250,251]. The total resistance of both grain and
grain boundaries is defined by the extreme right side in the high-frequency zone [121]. Because
of the addition of concentration of Co-Ni substitution, the grain resistance starts increasing and
then subsequently drops due to the increase in the concentration of Co-Ni substitution. A
comparable pattern have reported by Yang et al. [252] indicating that the grain resistance is
smaller than the grain boundary resistance. In the sample x=0.2/y=0.4 , a secondary phase,
CuO, is evident, contributing to a low dielectric loss with high grain boundary resistance. This
same behavior was observed by Li et al. [253]. To establish a correlation between
microstructure and electrical properties, experimental data is often modelled using an ideal
equivalent circuit that incorporates resistance and capacitance. Many other researchers also
used the equivalent circuit to extract the parameters (Rg,Rgb, Cg) that play a role in determining
the electrical conductivity and resistivity of prepared samples [254,255].The fitting of this data
was performed using EIS ANALY SER software, and the resulting fit data is presented in Table
5.5. The equivalent circuit used for a good fitting is shown in Fig. 5.15 (inset). The samples
analyzed in our study show a greater contribution from grain boundary resistance (Rgp), as
evidenced by the absence of a semicircular arc in the high- frequency region. Based on these
observations, many of the dielectric properties of the prepared samples arise from Rgb. It can
be inferred that in the case of CCTO ceramics, the contribution of Rq to the dielectric properties
is negligible as compared to Rgy [256] Our sample exhibits higher resistance in the low-
frequency region; it is reasonable to assume that an intrinsic grain boundary relaxation process
is dominant, which is primarily governed by the grain boundary. This can be attributed to the
insulating nature of the grain boundary, which prevents the charge carriers from moving freely

and confines them near the grain boundary [257].

71



6 -
nand —o— x=0.0, y=0.0
—o—x=0.1,y=0.3
0x10° ’
. A x=0.2, =04
2.5x10° -
. 2.0x10° d,-“ %
: 9
N 1.5x10° - g 9
1.0x10° -
Rg
5.0x10° - A, e
1 - Cg 1 Rgb
A — =

] e L] U 1 L 1 S ] ] ] e ] LJ 1 L ] g
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°
7' (Q)

Fig 5. 15 Nyquist plot of complex impedance for Ca1.xCoxCusTisyNiyO12 (x=0.0 y=0.0,
x=0.1y=0.3, x=0.2 y=0.4)

Table 5.5 Calculated Rg, Cq and Rgp of the compound CaixCoxCusTis.yNiyO12

Concentrations | Rg (£2) Cq(F) Rgb (€2)
x=0.0, y=0.0 8.7769E-8 5.8795E-10 3.0372E6
x=0.1, y=0.3 9.0546E-8 2.6716E-19 8.063E6
x=0.2, y=0.4 1.0074E-8 9.9514E-20 4.997E6
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5.3 . Synthesis of Y-type barium hexaferrites and CCTO composites
5.3.1 XRD Analysis
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Fig. 5.16 XRD pattern (a) and Rietveld refinement (b,c and d) of BaY/CCTO composites.

The XRD spectra shown in Fig 5.16 (a) indicate that the crystalline structure of BaY/CCTO
composites remain intact without any significant degradation [234]. The presence of distinct
peaks with similar intensity suggests the formation of BaY/CCTO composite. By analyzing
Fig 5.16(a) , it can be observed that major diffraction peaks correspond to hkl values (0012),
(0015), (113), (1013), (116), (0114), (119), (024), (025), (0210), (1022), (300), (1025), (1214),
(0126), (0222), (0315), (2215) which are characteristic of hexaferrites. Those peaks were
analyze with the JCPDS Card number 440206 and shows the presence of single-phase
crystalline structure of BaY. The analysis also revealed the absence of any secondary phases
i.e. a-Fe2O3 (magnetite) in the prepared samples. From refined XRD patterns (Fig. 5.16 (b),
(c) and (d)), we can observe that the experimental plot (Yobs) properly matches the theoretical
plot (Ycal) since presence of both phases are confirmed. The reliability factors (Rp, Rwp, and

Rexp), along with the goodness of fit (GoF), and chi-square (%) are displayed. Other factors that
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support the fit’s validation include 13.4 <Rp< 21.0 %, 14.0 <Rwp< 21.7 %, 25.2 % <Rexp< 27.0
%, and 0.55 <GoF< 0.79 shown in Table 5.7. The values of ‘a’ and ‘c’ were derived using the
following formula (Eqn. 5.22-5.24) [258,259].

1 4 [h2+hk+k? 12
-]

2 2 2
Ayl 3 a c

Vcell = 0-8666a?c

_ kA
- B cosB

(5.22)

(5.23)

(5.24)

Miller indices h, k, and | are associated with d-spacing denoted as dnk, Where k = 0.94 serves

as Scherrer’s constant. The wavelength of the X-ray, represented by A, is 1.5406 A, while B
signifies the Full Width at Half Maximum (FWHM), and 0 stands for the Bragg’s angle. Table

5.6 provide the calculate values Ve, ¢, and a of the Tb substitute BaY. From the Data, it is

evident that as the Tb substitution increases, the values of a, ¢, and Vcell exhibit an increase.

The variation in aand c are influenced by various factors including their oxidation slate electron

affinity the interaction between atoms and their neighbouring atoms [43]. These factors can

affect the lattice parameters and unit cell volume, leading to change in the crystal structures of

the Tb substituted BaY structure.

Table 5.6 represents lattice constants (a), d spacing (d), diffraction angle (260), full width at half

maxima (B) , unit cell volume (V) and crystalline size (D) for BaY

Sample BaYl BaY2 BaY3
composition

20 (°) 32.60 31.08 32.12

d (&) 1.9190 1.7876 2.4847
B () 0.166 0.251 0.295

a (A) 5.84 5.85 5.88
c(A 43.42 43.49 43.78
Veen (A3) 1295.92 1298.59 1299.26
D (nm) 54.42 52.24 51.37

Table 5.7 Refined parameters (a, ¢ and V), reliability factor (R, Ry, Rexp).Chi-square (x*) and

GoF parameter of BaY/CCTO composites.
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Sample BaYCCTO1 BaYCCTO2 BaYCCTO3
codes
a (A) 5.860194 5.853715 5.860323
(Rietveld) 7.390039 7.378892 7.386182
c(A) 43.497246 43.426151 43.486069
(Rietveld) - - -
V (A3 1293.649 (0.068) 1294.680 (0.051) 1295.374 (0.068)
(Rietveld) 403.590 (0.016) 404.766 (0.007) 407.958 (0.016)
R, (%) 13.4 21.0 14.1
Ry (%) 15.1 21.7 14.0
Rexp (%) 26.8 27.0 25.2
X2 0.3181 0.6458 0.3079
GoF 0.56 0.79 0.55
Bragg R- 7.38 8.88 21.0
factor (%) 4.54 9.06 3.39

Also, the XRD analysis from Fig 5.16(a) revealed the major diffraction peaks with hkl values
(013), (222), (321) and (422) have been successfully matched with the JCPDS Card number
75-2188. These peaks correspond to a single-phase crystal structure of CCTO. It was observed
that there is no detectable secondary phase i.e., CuO and CaTiOs in the prepared sample this
indicates that the CCTO material in the sample is of high purity without significant contribution
from other phases. Value of lattice constant (a) and unit cell volume (Vcen) were derived using
following formula (Eqgns. 5.25-5.26) [260].

a=dVRZ T kZT 2 (5.25)
Vcell = a3 (526)

Table 5.8 illustrates the values of a and V. It can be observed that as the concentration of Al
increase, the values of both a and Ve also increases. This could be due attributed to the rise in
oxygen vaccines within lattice parameters [234]. The observed values of a and Ve values align
well with those reported in the literature, indicating the reliability of the experimental results
and confirming that the Al substitution has an influence on the lattice parameters and unit cell
volume of CCTO [246,148].
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Table 5.8 represents lattice constants (a), diffraction angle (20), FWHM (B) ,and unit cell
volume (V) for CCTO.

Sample composition | CCTOL1 CCTO2 CCTO3
Veen (83) 64.79 104.10 111.13
(29) 34.42 34.23 38.46
a(A) 7.34 7.37 7.40

5.3.2 FTIR analysis

Fig. 5.17 shows the FTIR spectrum of BaY/CCTO composite in 400- 4000cm? range exhibit
district absorption bands that provides valuable information the peaks obtained at 462, 508,
548 and 696 cm™ are indicative of BaY and CCTO signifying their formation, these peaks
because of the stretching vibration of metal oxygen bonds [206,261]. Specially, they
correspond to the vibration of ferric crystallographic sites in the BaY structure with octahedral
TiOg (Ti-O-Ti) sites and the tetrahedral sites, CuO4 (Cu-O) within the CCTO structure
[262,220]. Additionally, a peak at 2316 cm™ could be because of the existence of CO; specially
arising from the uneven stretching of CO,. Moreover, the absorption peaks detected at higher
wavenumber 3745 cm™ are likely the result of impurity originating from surface absorbed
organic precursors that were present during the synthesis or characteristics process. These
peaks arise due to the interaction between the organic molecules and the composite material

leading to the characteristic’s vibrational modes in the frequency range [263,264].
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Fig. 5.17 FTIR spectra of BaY/CCTO composites.
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5.3.3 FESEM

The field emission scanning electron microscopic (FESEM) image in Fig 5.18 show that
micrographs of BaY/CCTO samples. The average particle sizes for BaYCCTO1, BaYCCTO2,
and BaYCCTOS3 are determined to be 0.6 pum, 0.9um and 1.3um. It is observed that the
particles size increase. This particle size could be attributed to the increase in unit volume cell
carried by the increase of dopant concentration in crystal structure [265]. The grain sizes of
CCTO microparticles are observed to possess a larger size compared to BaY nanoparticles as
observed in SEM images. The BaY nanoparticles exhibits a hexagonal structure with uneven
distribution, whereas the CCTO demonstrates a cubic — like structure displaying a uniform
distribution [266]. This discrepancy in grain size and morphology is likely due to the difference
synthesis process and material properties. The presence of BaY nanoparticles surrounding the
CCTO microparticles can be ascribed to the decrease in surface energy and magnetic dipolar
interaction. These interactions among BaY nanoparticles and CCTO microparticles lead to
their aggregation and subsequent incorporation [267,234]. The EDX spectra analysis in Fig
5.19 reveals the identification of the substituted elements in the BaY/CCTO composite this
observation serves as additional confirmation of the purity of BaY/CCTO composite.

Fig. 5.18 FESEM micrographs of BaY/CCTO composites(a) BaYCCTOL; (c) BaYCCTO2; €
BaYCCTO3 and particles size distribution of BaY/CCTO composites(b) BaYCCTO1,; (d)
BaYCCTOZ; (f) BayCCTO3.
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Fig. 5.19 EDX spectra of BaY/CCTO composites (a) BaYCCTO1 (b) BaYCCTO2 (c)
BaYCCTO3.

5.3.4 UV-Vis Spectroscopy

The method utilized for analyzing the optical properties of BaY/CCTO involves the bandgap
energy represents the energy distinction between the highest occupied valence and the lowest
unoccupied conduction band. This parameter helps classify materials as conductors,
semiconductors or insulators based on their electronic properties. In the analysis, there two
distinct optical transition namely direct and indirect, may take place around the absorption peak
of both crystalline and nano crystalline materials [268]. These transitions correspond to the
absorption of photons by electrons moving between the valence and conduction bands. To
summarize, the UV of BaY/CCTO samples provided information about their electrical
conductivity properties. Additionally, the analysis allows for the identification of direct and
indirect optical transition in the materials . The absorption coefficient in the equation is denoted
by a and it represents the likelihood of a material absorbing incident photons. The Tauc relation
(Egn. 5.27) is used to evaluate the bandgap energies of the synthesized samples [205,269].

(ahv)™ = k(hv — E,) (5.27)

In this equation (h) refer to plank’s equation (6.6260x10-34Js) and (V) represent the frequency
of incidents photons. The constant (a) is a distinctive parameter contingent on the value of n
for allowed direct are %2, forbidden direct are 3/2 , allowed indirect are 2 and forbidden indirect
are 3respectively. Fig. 5.20 displays the graph of the band gap energy (Eg) for the BaY/CCTO
composite and the Eg of each composite was determined by extrapolating the linear part of Fig.

5.20. Calculated values of Eg are found to be 3.36, 3.07, 3.02 eV for the respective composition.

78



It is observed from Fig. 5.20 that Eg decrease with variation in composition, indicating a
dependence on the particle size [270]. In general, Eg is indirectly proportional to the particle
size as confirmed through the examination of structural and optical characteristics of
BaY/CCTO composite [271]. The obtained values of Eg in this range align with those observed

in light sensors and satellite technology highlight the potential applications of the BaY/CCTO
composites in such fields [272].
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Fig. 5.20 Optical bandgap of BaY/CCTO composites (a) BaYCCTOL (b) BaYCCTO2 (c)
BaYCCTO3.

5.3.5VSM

Fig. 5.21 illustrates hysteresis loop of BaY/CCTO composites. The hysteresis loop provides
data on coercivity (Hc), remnant magnetization (Mr), saturation magnetization (Ms) and
anisotropy constant (k) were calculated and present in Table 5.9. According to Stoner-
Wohlfarth theory, the magneto crystalline anisotropy energy of a material can be expressed by

Egn. 5.28 and 5.29 [273].

— My

SR =11 (5.28)
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e = Homste (5.29)

Here SR is the remanence ratio and k is magnetic energy product. The observed magnetic
parameters for the BaY/CCTO composite are influenced by the presence of CCTO even though
CCTO non-magnetic nature [206]. Among the composite, BaYCCTO?2 exhibit the highest
values of Mr and Ms, specially 22.11 and 10.01 respectively in Table.5.9 Both Mr and Ms
increase from BaYCCTOL to BaYCCTQO3 [274]. Coercivity shows an increase trend from
BaYCCTOL1 to BaYCCTO2 and then decreases thereafter for BaYCCTO3. The presence of
disordered arrangement of atoms at grain boundaries can alter down wall motion and increase
coercivity in prepared samples [275]. Furthermore, the existence of the CCTO phase may
impede the motion of domain walls, leading to an increase in coercivity [234]. In summary, the
magnetic characteristics of the BaY CCTO composite are influenced by the existence of CCTO,
with lower magnetic parameters compound to BaY alone the highest values of Mr and Ms are
observed up to BaYCCTO3 while coercivity shows an increasing trend and then decrease. The
influence of particle size and the presence of the CCTO phase contribute to their variation

magnetic properties [214,215].
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Fig. 5.21 M-H hysteresis loop of BaY/CCTO composites.
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Table 5.9 Magnetic parameters of BaY/CCTO composites.

Sample Ms Mr Hc SR K
Code

BaYCCTO1 | 19.48 8.10 94.3 0.29 0.024
BaYCCTO2 | 22.11 10.01 11471 | 0.35 0.052
BaYCCTO3 | 17.42 7.21 101.30 | 0.39 0.070

5.3.6 Impedance Analyzer
The EM wave absorbers are calculated from permittivity (Egn. 5.30) and permeability (Eqn.
5.31) by using following equations [276]

g¥=¢’-je” (5.30)

px=p'-ju” (5.31)

where €’ and ¢’ denotes real and imaginary permittivity and p' and p" denotes real and
imaginary permeability. Also, j = -1 represents a complex number. The characteristics of &’
and &” significantly impact the energy storage and dissipation factor of prepared samples [277].
Fig. 5.22 (a and b) represents €’ and £” with the frequency. It is important to emphasize that
a consistent frequency dependent pattern of €’ and € has not been discerned in any of the plots.
Multiple peaks are noticeable at intermediate and higher frequency in the plot of &’ and & for
all composites [278]. The composites exhibit high values of one of these factors, which appear
to fluctuate with increasing frequency with regards to this factor, all the composite demonstrate
an increase at high frequency (above 15 GHz) except for the sample BaYCCTO2, whereas the
reduction in €’ values at higher frequency can occur when the induced charges in the composite
lag behind applied electromagnetic field [279]. In the BaYCCTO composite, the low resistive
grains are detached from high resistive grains boundaries, resulting in an increase in the value
of €’[184]. The capacity of prepared sample to store and loss the magnetic energy is dictated
by u’ and p” representing certain characteristics of the composites. Fig 5.23 (a and b)
represents i’ and p” with frequency the plots do not exhibit a regular pattern but rather show
some several response peaks primarily appearing at lower and intermediate frequency. This
decrease in the value of u’ and u” may be attributed to the skin effect phenomenon, steaming
from the eddy current effect. At higher frequencies , the skin effect become more pronounced

, causing the eddy currents to form a predominantly near the surface of the material. These
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eddy currents create their own opposing magnetic fields, which can interfere with the external
magnetic field. This interference reduces the overall magnetic permeability of the material
because the material is less effective for supporting in magnetic field [280]. From Fig 5.22 (a
and b) it can be observed that value of &” are significantly higher than p” similarly from Fig
5.23 (a and b) the value of €’ are considerably greater than p” which can be attributed to the
outstanding dielectric properties of CCTO. Therefore, it can be concluded the microwave

absorption properties of the composite predominantly arise from dielectric losses [281,282].
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Fig. 5.22(a) real permittivity of BaY/CCTO composites and Fig. 5.22(b)imaginary
permittivity of BaY/CCTO composites
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Fig. 5.23(a) real permeability of BaY/CCTO composites and Fig. 5.23(b) imaginary
permeability of BaY/CCTO composites.
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5.3.7 Radiation loss
The Eqgn. 5.32 can be used to calculate reflection loss of EM wave absorber using transmission
line theory [283]

R,(dB) = —20log;, [222] (5.32)

ZintZy

Here input impedance is Zin (Eqn. 5.33) and the characteristic impedance of free space is Zo

(Egn. 5.34) and are given by
* . 211
Zin = ZO\/gtanh (] %) u*e* (5.33)

o= |Mo (5.34)

€o

Where f represents incident EM wave frequency. t represents the thickness of pellets; ¢
represents velocity in free space.The impedance matching condition is crucial for achieving
the best microwave absorbance properties [225]. This condition is influenced by the thickness
(t) of materials and the reflection loss (RL) tends to change with variation in ‘t” [284]. Fig 5.24
depicts the BaYCCTO composite across the frequency spectrum from 12.4 to 18 GHz ,
specifically in the Ku band, with a set thickness of 2mm. The synthesized sample exhibit
different patterns of RL different frequencies, having highest R (19.49dB) observed in the
BaYCCTO3. The excellent performance of BaYCCTO composites could be due to proper
match between impedance (Z) and permeability (1) resulting from the interaction of BaY
nanoparticles and CCTO microparticles [234]. Additionally, the dielectric loss of enhanced
CCTO and magnetic losses because of eddy current effect contribute to the higher reflection
loss (RL) observed in the BaYCCTO composites. Moreover, when EM wave strikes on the
surface of EM wave absorption, a wave occurs at the air absorber interface because of the phase
matching between incident and reflected EM waves. This phenomenon further increases the
R making the BaYCCTO composite highly effective as EM wave absorber [267]. An efficient
microwave absorber is typically defined as having reflection below -10dB for potential particle
applications [285,286]. Among the prepared samples, BaYCCTO3 demonstration the higher
reflection loss of -19.49 dB at 14.5GHz with matching thickness 2 mm. Another composite
BaYCCTO2 shows a reflection loss of -16.09 dB a frequency range of 15.7 GHz. These results

83



highlight the impressive preference of both BaYCCTO2 and BaYCCTO3 as microwave

absorbance with wide range of absorption.
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Fig. 5.24 Reflection loss of BaY/CCTO composites.

5.4 Synthesis of SrY/BT composites

5.4.1 XRD

Fig 5.25 shows the representation of XRD of SrY/BT nanocomposites. The diffraction peaks
observed in the X-rays diffraction (XRD) patterns of the materials mentioned can be attributed
to specific crystallography planes. Based on the JCPDS Card provided, the peaks at various 20
angles correspond to different hkl planes of the respective crystal structures. For the SrY -type
hexaferrite phase with JCPDS no. 440206, the peaks at 26=24.03, 30.52, 32.07, 33.87, 35.85,
36.89, 38.31, 45.40, 50.63, 55.16, 56.31, 59.20, 63.40, 66.95, 72.75 correspond to (0012),
(0015), (1013), (0114), (119), (205), (027), (0120), (2017), (2113), (1214), (0222), (0315),
(2026), and (1313) hkl plans respectively. This phase belongs to the R-3m space group for the
BT with JCPDS Card number 892475, the XRD peaks at 26= 22.39, 39.09, 45.11, 50.82
corresponds to 100, 111, 200, 210 hkl planes of SrY/BT crystal structures.

By using Scherrer’s equation(Eqn. 5.35), the crystalline size of the prepared sample was

calculated

kA
- LcosO

(5.35)
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Where k = 0.9 is Scherer’s constant, B (in radian) FWHM, A is wavelength and 6 is bragg’s

angle.

From Fig 5.25, It is notice that the diffraction peak of SrYBT2 and SrYBT3 shows the presence
of BaTiOs and SrY. The peaks at 2 6 = 22.39°, 39.09° and 50.82° are detected in the XRD
patterns of SrYBT2 and SrYBTS3, Because the (100),(111) and (210) diffraction peaks of
BaTiOs are intense, confirms the presence of BaTiOs in SrY hexaferrites composites. Another
piece of evidence supporting the presence of BaTiOs is the noticeable increase in the intensity
of peaks in sample SrYBT3 compared to sample SrYBT2. This enhanced intensity can be
attributed to a higher concentration of BaTiOs in sample SrYBT3 . Importantly, there are no
additional peaks or indication of impurity formation at the interface between BaTiO3z and SrY
hexaferrites. BaTiOs is typically known to exist in a tetragonal phase transformation in bulk at
room temperature. Some researchers have studied the transition of BaTiOs from tetragonal to
cubic phase with the decrease of crystalline size. A significant decrease in curie temperature of
BaTiOs when the particles size reached around 120 nm observed by Lchino et al.[287]. Cho
and hamade et al.[288] also observed that the presence of BaTiO3 with a size of 20 nm .They
proposed that the smaller crystalline size could thermodynamically lead the absence of
tetragonal structure. In this experiment from Table 5.10 the crystalline size decrease as we
increase the dopant concentration of BaTiOs in the prepared sample . This suggests that the
crystalline size falls within the range when the tetragonal phase transition to the cubic phase,

resulting the presence of cubic BaTiOz even at room temperature [289] .
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Fig. 5.25 XRD pattern of SrY/BT composites.
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Table 5.10 represents Crystalline size (D) for SrY/BT composites

Sample code D(nm)

SrYBT1 71.64

SrYBT2 72.54

SrYBT3 64.61
542 FTIR

In Fig 5.26 FTIR spectra were obtained in the wavenumber range of 4000-400cm-*. Prepare
the sample for analysis a KBr pellet mixed in a 1:20 ratio was used . The observed vibrational
peaks observed at wavenumber 424 546 ,1475, 2358, 3744 cm™ be attributed to specific
components or characteristics of the composite’s material being analysed .In the infrared
absorption region of 400 to 600cm™ prominent peaks of BaTiOz and Y type hexaferrites are
shown in FTIR spectrum. These peaks at 424 and 546 cm™ relates vibrational modes associated
with metal oxygen interactions at tetrahedral and octahedral sites [197,160]. Those peaks at
424 cm™ arises from Fe-O stretching at tetrahedral sites, while the peak at 546 cm™ is attributed
to Fe-O stretching at octahedral sites. From Fig 5.26 it is noticeable that the intensity of the
peaks are increasing after the increase of BaTiOs concentration. The vibrational peaks assigned
at 1475 cm™ in the FTIR spectrum are attributed to the bending vibration in COO" group which
caused by the presence of acetic acid ligands [290]. The band at 3749 cm™ is because of weak
stretching vibration of OH group are because of the presence of H>O and methoxy ethanol
[291].
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Fig. 5.26 FTIR pattern of SrY/BT composites.
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5.4.3 FESEM

Fig 5.27 (a) and (c) shows the FESEM images and particles arrangements of SrYBT1 and
SrYBTS3. It has shown that hexagonal shape particles have observed in Fig 5.27 (a) and cubic
like shape particles is shown in Fig 5.27 (c) along with hexagonal particles of hexaferrites. In
Fig 5.27 (b) and (d), the determined average particle sizes were0.24 um and 0.29 um,
respectively. The EDX of the samples here analysed in Fig 5.28, examine the weight %age and
atomic %ages of the elements present the calculations were performed by directing the electron
beam at each particle individually. The spectra displayed both strong and weak peaks for
specific metal ions, indicating the incorporation of dopant concentration into the composite’s
crystal lattice. It was evident that all the prepared sample exhibited a complete elemental

composition [260].

0.6 0.8
Particle size (um)

0.8 1.0
Particle size (um)

Fig. 5.27 FESEM micrographs of SrY/BT composites(a) SrYBT1; (c) SrYBT3 and particles
size distribution of SrY/BT composites(b) SrYBTL1; (d) SrYBT3
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Fig. 5.28 EDX of SrY/BT composites (a) SrYBT1 (b) SrYBT3

5.4.4 Dielectric Analysis

Fig 5.29 illustrates the relationship between the real part & of the dielectric permittivity and
the frequency. Fig 5.29 (a) and (b) illustrates the changes in €’ and tané with frequency in the
range of 100Hz to 1MHz graphs depicts the behaviour of SrYBT1, SrYBT2 and SrYBT3
compound at room temperature. At low frequencies, both €’ and tand exhibit a substantial
decrease with the increase in frequency. The observed behaviour of dielectric , where both ¢’
and tand decrease with increased frequency, is a characteristic feature commonly associated
with ferrite material upon observation, it is evident that the prepared sample demonstrate high
dielectric constant value at low frequencies. The dielectric constant values are as follows:- 4441
for SrYBT1, 6081 for SrYBT2, 6581 for SrYBT3. The presence of high dielectric constant at
low frequencies suggests the possibility of charge carrier accumulation at the interface of grains
and grain boundaries. Such accumulation leads to space charge polarization which contributes
to the observed dielectric behaviour [241]. The provided explanation is rooted in the Maxwell
Wagner which proposes the dielectric material having a consider as consisting of conducting
grains and insulating grain boundaries. This leads to the occurrence of space charge
polarization when the applied electric field encounters a decrease at the grain boundaries
[242,292]. From Fig 5.29 (a), it is noticeable that after doping of barium titanate the dielectric
constant (¢’) increased. Conversely, on increase in the concentration of barium titanate, results
in an increase in the dielectric constant. The dielectric constant demonstrates a decrease with
the increase in frequency, which is evident at low, intermediate and high frequency for all
sample. From Fig 5.29 (b), the dielectric loss of the samples are 0.5, 0.3,0.6,at 100Hz for
SrYBTI1, SrtYBT2 and SrYBT3. Similarly to €’, there is decrease in the loss tangent (tand) with
increasing frequency at lower, intermediate and high frequency can be attributed to
conductivity and inter facial polarization effects [293]. This phenomenon occurs as a result of

the movement and reorientation of change carriers within the material [261].

88



7000 < (a)

1 4 — = —Sr¥BilM ved a O —=— SIYBTH
6000 — A —* SrYBT2 | A *— SIYBT2
E e —4— SrYBT3 o5] mA
5000 3 nA A SrYBT3|
I \ 1 LN
n ! 0.4 4 L w;
4000 Y .
3000 il\ ; § 0.3 .. ".&

2000

1000 - .‘"-. o .“MM
[ 0.0

Fig. 5.29 (a) Variation of dielectric constant (&') versus frequency (b) Variation of dielectric

loss tangent (tand) with frequency for SrY/BT composites.

5.5 Synthesis of Y-type strontium hexaferrites, Barium strontium titanate and CCTO
nanocomposites.

5.5.1 XRD analysis

Fig 5.30. Represents the XRD structure of Y/BST/CCTO nanocomposites. According to
JCPDS card no 440206, the diffraction peaks at 260 =30.41, 31.07, 32.77, 35.28, 35.80, 55.27,
57.85, 62.23, 63.25 and 73.56 corresponding to the (110), (113), (116), (021), (119), (2113),
(0126), (1028), (220) and (3114) hkl planes of the Y- type hexaferrite phase is characterized
by the R-3m space group respectively. XRD results of BST with JCPDS no 340411 represent
peaks at 20 =20.34, 32.42, 46.78 and 56.73 corresponding to the (100), (110), (200), and (211)
hkl planes of Y+ BST nanocomposites. Similarly, the JCPDS no 752188 shows diffraction
peaks at 26 = 34.30, 38.50, 42.44, 45.98,49.32, 55.27, 61.43 and 72.28 corresponding to the
(220), (013), (222), (321), (400), (024),(422) and (440) hkl values of CCTO crystal structure

with Im-3 space group.
The average crystalline size of the produced samples was calculated using Scherrer’s equation
(Eqn. 5.36).

p— (5.36)

- [ Xxcosf

The intensity of peaks increases with the addition of BST in Y type, i.e. Y+ BST, and
subsequently declines with the addition of Y+ CCTO, according to XRD analysis [294,295].
Adapted from Table 5.11. The crystallite size in Y-type hexaferrite reduces with the

substitution of ceramic material BST and increases with the substitution of CCTO.
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Fig. 5.30. XRD spectra of Y, Y+BST and Y+CCTO nanocomposites

Table 5.11 Crystalline size of Y/BST/CCTO composites

Sample code D(nm)
Y 43.81
Y+BST 37.52
Y+CCTO 47.57

5.5.2 FTIR analysis

In Fig 5.31. 428, 545,582,2349, and 3749 vibrational bands were found in the FTIR spectra.
The measurements were taken between 400 and 4000 cm™. The bands at 428,545,582 cm
were the iron oxide compounds characteristics bands, indicating the vibrations of octahedral
and tetrahedral sites of Y-type hexagonal ferrites [296]. CO. stretching vibrations with
symmetric and antisymmetric bands were observed in 2349 cm™. This band could be attributed
to residues of citric acid or CO- absorption from atmosphere [297]. It was reported that the
3749 cm! bands can be reviewed as a weak OH stretching. The intensity of the bands reduces

when BST has been introduced and increases as CCTO is adopted as indicated in Fig 5.31[298].
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Fig. 5.31. FTIR spectra of Y, Y+BST and CCTO nanocomposites

5.5.3 Morphology analysis

Fig 5.32 (a, b and c) represents FESEM images of Y, Y+BST, and Y+CCTO. It was observed
that a definite hexagonal structure with a plate-like morphology may be seen in Fig 5.32 (a).Fig
5.32(b) shows the presence of BST ceramic material with Y hexaferrite. A ceramic material's
grain size is an important microstructure property. The size of the grains in piezoelectric
materials is determined by the material composition and the temperature.Fig 5.32(c) presents
the FESEM image clearly shows CCTO particles that are well-defined cubic-shaped that are
free of aggregation. In the EDX spectra, all of the substituted and host cations can be seen. This

shows the purity of the prepared samples

B Spectrum 1

Fig. 5.32(a). FESEM micro image and EDS spectra of Y Type Hexaferrite.
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Fig. 5.32(c). FESEM micro image and EDS spectra of Y + CCTO nanocomposites.

5.5.4 Impedance analysis

In the frequency range 100-100MHz, Fig 5.33 (a) and (b) illustrate the fluctuation of &' and
tan 6 with frequency for Y, Y+BST, and Y+CCTO at room temperature. The Fig 5.33 (a) and
(b) shows at low frequency, both &' and zan ¢ drop significantly with increasing frequency.
However, at intermediate frequencies, there is only a moderate decline. Meanwhile, notable
elevations in both &' and tan & values were observed at high frequencies. This observed

dielectric behavior of €' and tan ¢ is characteristic of ferrite materials [299]. These reductions
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in at lower and intermediate frequencies are explained by Maxwell and Wagner's two-layer
model as interfacial and dipolar polarization [297,300].The charge carriers are dislocated from
their starting position whenever an external field is applied, a dipole moment is generated
polarizing the structure. Electronic exchange across the ferrous and the ferric ions causes this
polarization, which rises as the induced electric field increases. The fall in ¢’is because of the
loss of energy. In our case, the maximum value of ¢"was 510 at 100 Hz which comes after the
attachment of Y+ CCTO, and 490 at 100 Hz with Y+ BST. CCTO and BST attachment with
ferrite material enhance the dielectric properties of the material [86]. The tan ¢ on the other
hand does not always behave in the same way. The tan 6 may exhibit a resonance peak, a
phenomenon explicable through the Debye- relaxation hypothesis. The material's orientation
polarization of oxygen faults causes the relaxation phenomenon. The maximum value of tan 6
(0.06) is noticed at a frequency 100Hz for Y sample. As we attached the BST and CCTO, the
value of tan 6 decreases as the dielectric loss decreases with the attachment of dielectric
materials [247,301].
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Fig. 5.33.(a) shows dielectric constant (¢") with frequency and (b) shows dielectric loss tangent
(tan 6) with frequency of Y/BST/CCTO nanocomposites.
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Chapter 6

Conclusion

This research endeavors to tackle challenges encountered in the design, synthesis, and
characterization of nanocomposites aimed at EMI shielding and microwave absorption.
Furthermore, various characteristics, including structural, dielectric, magnetic, and optical
features, have been systematically examined for diverse nanomaterials. In-depth insights into
site preference and cation distribution in the nanomaterials have been sought through Raman
and Mossbauer spectroscopy. Sol-gel auto combustion method is effective as evidenced by
most of the prepared nanomaterials demonstrating a single phase within a reasonable

calcination time and duration.

Sol gel auto-combustion approach to create Ni2Y barium hexaferrite. According to XRD data,
Ni2Y barium hexaferrite was formed with some M-type barium hexaferrite traces and some
unknown peaks were observed. Rietveld’s refinement of the XRD pattern supported the
formation of Ni2Y barium hexaferrite. The produced samples have flat hexagonal forms, and
the average particle sizes of 0.21um for x=0.0, and 0.24 um for x=1.0, respectively. All
substituted elements are detected in the EDX analysis. The band gap lies between 1.65 to 2.75
eV of samples x=0.0, 0.5, and 1.0. This increase in Eq is due to their structural distortion, which
is supported by XRD. At x=0.5, Ms is observed to have its highest value. Sample has doping
x=0.5 and shows R of -25dB at 15.1 GHz. A good microwave absorber material is efficient if
reflection loss of a material is less than -10dB. Hence, we can conclude that the above

synthesized material may act as good microwave absorber.

Utilizing the sol-gel technique, we synthesized and analyzed calcium copper titanate (CCTO)
with Co-Ni substitution. XRD patterns revealed the secondary phases, such as CuO. Rietveld’s
refinement of the XRD pattern supported the formation of Co-Ni substituted CCTO.
Characteristics bands at 422 cm™, 503 cm™, 556 cm™ shows the presence of CCTO. The
average grain sizes were 0.35 um for (x = 0.0, y = 0.0), 0.58 um for (x = 0.1,y = 0.3), 0.72 um
for (x =0.2, y = 0.4). The microstructure displays significant large grain sizes varying between
0.35 um and 0.72 um. A steady increase in dielectric loss at higher frequencies has been
observed, which might be owed to structural defects that can also cause electronic polarization.
The dielectric properties of synthesized calcium copper titanate are significantly influenced by

the grain boundary resistance, as seen by the Cole-Cole plot. This dominant contribution of Rgb
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to the dielectric properties allows for the design of high-capacitance capacitors with minimal
energy loss due to dielectric heating and signal attenuation, making it a promising material for

use in advanced electronic technologies

Composites of BaY/CCTO were prepared utilizing the sol gel auto combustion technique.
Analysis through XRD and Rietveld refinement, shows BaY/CCTO composites demonstrates
a pure and crystalline structure. Characteristics bands at 462, 508. 548 and 696 cm™ indicate
the presence of both BaY and CCTO. The measured average particle sizes for BaYCCTO1,
BaYCCTO2, and BaYCCTO3 are 0.6 pum, 0.9um and 1.3um. The grain sizes of CCTO are
found to be higher than BaY nanoparticles as observed in SEM images . Optical analysis
indicates the band gap and particle size exhibit similar trends with changes in the composition
of the BaY/ CCTO composites. Calculated values of Eg are found to be 3.36, 3.07, 3.02 eV for
the respective composition obtained for light sensors and satellite technology highlight the
potential applications of the BaY/CCTO composites in such fields. Coercivity shows an
increase trend from BaYCCTO1 to BaYCCTO2 and then decreases thereafter for BaYCCTOS3.
Among the prepared samples, BaYCCTO3 demonstration the higher reflection loss of -19.49
dB at 14.5GHz with thickness of 2 mm. Another composite BaYCCTO2 shows a reflection
loss of -16.09 dB at 15.7GHz. These results highlight the impressive preference of both
BaYCCTO2 and BaYCCTO3 as microwave absorbance with wide range of absorption.

The synthesis of composites, Sr/BT was done through sol-gel auto-combustion method. In
XRD, (100),(111) and (210) diffraction peaks of BaTiOs are intense, confirms the presence of
BaTiOs in SrY hexaferrites composites. Absorption peaks at 424 cm™ is due to Fe-O stretching
at tetrahedral sites and 546 cm™ is because of Fe-O stretching at octahedral sites, it is noticeable
that the intensity of the peaks are increasing after the increase of BaTiOs concentration.
SrYBT1 and SrYBTS3, shows that hexagonal shape particles has observed and cubic like shape
particles is shown along with hexagonal particles of hexaferrites. The determined particle sizes
were 0.24 um and 0.29 um. From EDX spectra , it was evident that all the prepared sample
exhibited a complete elemental composition. The dielectric constant values are as follows:-
4441 for SrYBTL1, 6081 for Sr'YBT2 , 6581 for SrYBT3. It is noticeable that after doping of
barium titanate the dielectric constant (¢’) increased. Conversely, on increase in the
concentration of barium titanate, results in an increase in the €’. Values of dielectric loss of the
samples are 0.5, 0.3,0.6,at 100Hz for SrYBT1, SrYBT2 and SrYBT3. there is decrease in the

loss tangent (tand) with increasing frequency at lower, intermediate, and high frequency can
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be attributed to conductivity and inter facial polarization effects. This phenomenon occurs as a

result of the movement and reorientation of change carriers within the material.

Y-type hexaferrite with formula Sr2ZnaFe12xSmxO22 (x=0.1) attached with BST and CCTO of
ratio 1:1 has been prepared by using the auto combustion method. The synthesis of a pure
compound, as well as the attachment of BST and CCTO, is seen via XRD diffraction. Also, the
intensity of the peaks increases with the addition of BST and CCTO. FTIR analysis shows the
characteristics bands at 428,545, and 582 cm™ . The intensity of the peaks increases with CCTO
addition. Y sample shows the typical dielectric properties of hexaferrites, including a low
dielectric constant and high loss, The incorporation of BST and CCTO, the materials enhance
their dielectric properties to high dielectric constant. The high dielectric constant observed 510
at 100Hz for Y+CCTO. The research conducted in this study provides us with tunable qualities

that could be useful in technical applications such as high-frequency electronic devices.

6.1 Future Scope

Stealth Technology: Y-type hexaferrites and dielectric materials (CCTO,BST and BT) can be
utilized in stealth technology applications due to their ability to absorb and dissipate
electromagnetic energy effectively. These materials can help reduce the radar cross-section of
military platforms and enhance the electromagnetic compatibility of electronic systems.

Multifunctional materials integration: Y-type hexaferrites and dielectric materials
(CCTO,BST and BT) can be integrated into multifunctional devices that combine microwave
absorption with other functionalities such as energy harvesting, sensing, and tuneable
microwave properties. This integration enables the development of compact and versatile

devoices for various applications, including wireless power transfer systems and antennas.

Wide frequency range applications: Y-type hexaferrites and dielectric materials (CCTO,BST
and BT) exhibit excellent microwave absorption properties over a wide frequency range. This
makes them suitable for diverse applications spanning from microwave frequency to emerging
millimetre-wave and terahertz frequencies used in advanced communication systems and

imaging technologies
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