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Abstract

Nip.6sCdp 35Fez x AlkO4 (0<x<0.060 with step 0.015) disc and toroid shaped bulk specimen
has been fabricated from the sol-gel synthesized nanocrystalline powders and illustrated
how influence of Al substitution in its structural, optical, dielectric, electric and magnetic
properties. Structural characterization has been analyzed using X-ray diffraction (XRD)
and Fourier Transtorm Infrared Spectra (FTIR) data. Theoretical analysis has been carried
out using the Rietveld refinement method from the experimentally obtained XRD data.
Crystallite size has been computed (39-36) nm, (43-36) nm, (64-46) nm, (44-38) nm
applying Scherer's formula, modified Scherer's formula, Williamson-Hall method and
Size-strain plot method respectively. Surface morphology as well as microstructure have
been analyzed using Scanning Electron Microscope (SEM). From FTIR spectra, like force
constant, stiffness constant, elastic moduli, wave velocities and Debye temperature have
been estimated. Intrinsic magnetic hysteresis parameters at room temperature and
temperature dependent magnetization have been measured using the Physical Properties
Measurement System (PPMS). Law of Approach to saturation applied for theoretical
analysis as well as magnetic entropy changes for relative cooling power estimated which
is an important for magnetic caloric refrigeration application. Using optical properties
measurement, Kramers - Kroning (K-K) relation is employed to compute the refractive
index (n) and the extinction coefficient (K). Initial permeability spectra have been
obtained from 20 to10MHz by an impedance analyzer in order to understand the high
frequency application. Dielectric, permittivity, dielectric loss tangent and AC conductivity
have been measured using impedance analyzer data. Complex impedance and modulus
spectra have been calculated from impedance data as well as theoretical analysis of the

grain and grain boundary parameters Rg, Rgb, Cg, Cgb using Z-sim software.
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Chapter 1: INTRODUCTION

1.1 BACKGROUND

The magnetic ceramic compound like oxide ferrite materials which is a combination of
major iron oxide and one or more additional metal having moderate characteristics as
well as high resistivity [1]. Right now, the most promising materials for nanotechnology
are spinel ferrites. The chemical equation AB2X4 represents the cubic spinel structure,
where X represents the anions, A tetrahedral sites and B octahedral sites. Ferrites are
distinguished as soft and hard ferrites [2]. Spinel structure known as face centered cubic
crystal is formed by the combination of eight A sites and sixteen B sites occupied by
cations only out of available 64 A sites and 32 B sites. A spinel ferrites unit cell is made
up of 32 oxygen anions, 8 divalent cations, and 16 trivalent cations. Two interstitial
spaces in the spinel structure are occupied by metal cations with oxygen coordination on
their B and A atoms [2-3]. Which magnetic ions are present on the A and B sites, as well
as the relative concentration of the inter (JAB) and intra-sublattice (Jaa, Jsg) exchange
contracts, control the magnetic characteristics of spinel ferrites [4]. A substantial amount
of iron (Fe) combined with minute amounts of metallic metals like Aluminium (Al),
Lanthanum (La), Gadolinium (Gd) and Holmium (Ho) shows unique properties having
potential applications [5-6]. However, rather than nanoparticles, a high density solid is
needed for many electronic applications [7]. Optical materials with spinel structure are
thought to be very advantageous for solar energy applications. Soft spinel ferrites are
magnetic materials with substantial technical applications that are widely employed in a
variety of fields . Due to their fabrication moderate optical, superior magnetic and
microwave capabilities spinel type of ferrites are a good competitor for device [8-9],
magnetic read-write head cores for fast digital tape or disk recording [10], microwave
absorbers and magnetostrictive [6]. MRI, thermotherapy and biotechnological
applications, satellite communication, transformers, memory storage device [11]. Making
multilayer ferrite chip components is crucial for the downsizing of several devices in the

fields of electronic device and energy storage appliances.




Among the aforementioned technological applications of ferrite, magnetic refrigeration is
seen as an ideal technology to replace conventional refrigeration technology due to its
potential impact on environmental issues and energy savings [12]. The effects of
substitution on the structural and magnetic characteristics of Ni-based bulk ferrite
investigated by researcher. The impact of Al substitution on the structural and magnetic
characteristics of various ferrites examined by numerous researchers. Effect of lightly Al
doping also raises the saturation magnetization, magnetic and optical characteristics. Due
to its inert gas (trivalent) behaviour the structural, magnetic and optical properties i.e.
offers interest to the scientific community [1-2, 5].

Nath et al. [4] observed the maximum magnetic moment in Ni,_.Cd,Fe,0, for x = 0.35. So,
we chosen NipgsCdp 3sFer ALLOJNCA) (0 <x <0.060) series to prepare dense ferrites
with specific Ni and Cd composition to explore the structural, magnetic, magnetocaloric

and optical properties.

Mannan et al. [I] observed an enhancement of magnetic moment and saturation
magnetization (Ms) with Al content up to x = 0.030. Such enhancement of magnetic
properties observed in NipaCuo2ZnosAlFea—xOs [5], as well as the improvement of
magnetic properties in Cog42sMng 4257205 150ALFes Oy [13], Cug gsZny 35 AlyFes ,04[14] and
decrease the Curie temperature and grain size in CoFe,. Al O4[15], ZnFe,,AlO4[16],
CopsZngsAliFe:04[17], NipaZnosCoo1AlFe: x04[ 18], Nips0CopsoAlFer104[19] also
studied optical study and found increasing band gap CoFe;_(Al,04 [20].

Magnetic refrigeration relies on the magnetocaloric effect (MCE). Magnetic materials
exhibit this behavior due to changes in alignment of magnetic moments when subjected to
an applied magnetic field. The use of MCE based magnetic refrigeration technologies has
led to much research into these materials. A magnetic system's MCE is extremely strongly
tied to its magnetic behavior near its TC. It will also provide an in-depth insight of the
microscopic process of MCE near phase transitions since at this critical temperature the
material converted from ferromagnetic to paramagnetic. Since this is operating
temperature of the refrigerator one expects at maximum entropy change, this is a important
parameter as far as applications are concerned. A fundamental understanding of their
magnetic and magnetocaloric properties is necessary to utilize them for applications in the

field of magnetic refrigeration [12].
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Having investigated the magnetic properties of Ni based ferrites, it is thought that the MCE
properties of these compounds would be fascinating which has carried out with a view to
finding out the prospective of these materials as magnetic refrigerants. Khan et al. [21]
examined Ni-Cu-Cd spinel ferrite Bulk Ceramics for MCE. They found RCP values from
(53.82 - 37.79) Jkg" at applied magnetic field of 3T. The impact of Al dope on the
dielectric and the loss tangent decreased as well as conduction mechanism was observed of
the spinel ferrite NiCdAl [22], NiCuCdAl [1], NiCuZnAl [23] , NiCoZnAl (0 £x<0.12)
[24], and CoZnAl [14].

Hence, the scientific community encouraged investigating the structural, magnetic
magnetocaloric and optical effect in these kinds of magnetic materials due to the potential
applications and their remarkable capacity to rotate their electromagnetic properties by
non-magnetic materials. The structural and magnetic with magneto-caloric properties of
spinel ferrites is the subject of extensive investigation now-a-days, with non-magnetic Al
content being used as light substitution. The aim of this current study to prepare NCA
spinel ferrite nanoparticles by using sol gel method and subsequent dense specimen ferrites
to study the effect of Al substitution on the structural, magnetic , MCE , optical dielectric

and electric properties of bulk NCA compound.

1.2 AIMS AND OBJECTIVES

NCA are selected to fabricate bulk ferrite through sol-gel auto-combustion method that to
enhance materials properties to modify magnetic and electrical properties including
possess low magnetic losses, low dielectric loss, high resistive, easy and ecofriendly
materials are suitable for various electromagnetic device applications including microwave
absorbers and magnetic cores in power converters, offer good magnetic permeability and
low losses as well as good y* fitting value by using Rietveld Refinement technique.
The material's coercivity, permeability, and other magnetic properties may be tailored to fit

particular requirements by replacing Fe with Al in the ferrite structure.

The main objectives of the present research are as follows:

e To synthesis of NiopgsCdoasFerxAlOu(x = 0, 0.015, 0.03, 0.045, 0.06) ferrite
nanoparticles and dense bulk disc and toroid shape specimen are prepared by

sintered at 1150 "C.
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» Structural characterization of various compositions is executed by X-ray diffraction
(XRD). Density and porosity are found form the XRD results.

e Study of the surface morphology and estimation of grain size is carried out by
SEM.

e Magnetic hysteresis parameters like Ms, He , M; are observed using Physical
Properties Measurement System (PPMS).

e Initial permeability spectra is investigated of prepared compound for all
compositions.

» Frequency dependent dielectric and electrical properties, dielectric constant, ac
conductivity, impedance spectra and modulus spectra (Cole-Cole plot) are

investigated of all composition.

Possible outcome of the research is as follows

Homogeneous nanocrystalline powders are forecasted to facilitate the preparation of bulk
ferrites. The preparation of bulk specimen at lower sintering temperature with optimum
densities and superior quality materials is of significant interest, especially regarding their
microstructures, initial permeability, saturation magnetization, optical, electric and
dielectric properties, along with grain and grain boundary resistances analysis. Scientists
and technologists have successfully applied the findings to manufacture an array of

devices utilizing these ferrites.
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1.2 THESIS OUTLINE

Chapter 1: The "INTRODUCTION" express an overview of the research related to the
problem statement is presented, along with the justification for the investigation, the

objectives and scope of the study, and the anticipated outcomes.

Chapter 2: The "LITERATURE REVIEW" chapter explored the theoretical basis of the
current research paradigm and included review of various works that have been published

in the past.

Chapter 3: The "MATERIALS AND METHODOLOGY" chapter details the synthesis of
the prepared samples and offers a brief summary of different characterization techniques,
including X-ray Diffraction (XRD), Magnetic properties, UV-Vis spectroscopy, FTIR

Spectroscopy , Impedance Spectroscopy.

Chapter 4: The "RESULTS AND DISCUSSION" chapter, the outcomes of the
investigative work are presented and interpreted in relation to existing theoretical

frameworks.

Chapter 5: The "CONCLUSIONS" chapter insights from the overall experimental data are

highlighted, accompanied by suggestions for additional studies.

In conclusion, here is a concise compilation of conferences and publications associated

with the ongoing research.
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CHAPTER 2

LITERATURE REVIEW




Chapter 2: LITERATURE REVIEW

2 GENERAL

This section provides an extensive summary of the research, detailing the main theories of

the thesis, which will be discussed further in the literature review.

2.1 Theoretical Background
2.1.1 FERRITES

Ferrites are characterized as non-conductive ceramic compounds that exhibit ferrimagnetic
properties. It typically originates from Fe oxides like Fe;O4 or Fe,Os; along with other

metal oxides [1].

2.1.2 CLASSIFICATIONS

Depending on different attributes, ferrites can be divided into multiple categories. Ferrites

are categorized into two groups according to their magnetic coercivity [25].
2.1.3 SOFT FERRITES

Soft ferrites can be easily magnetized and demagnetized. This evidently demonstrates that
soft ferrites possess high magnetization and low coercive field. Soft ferrites, owing to their
high magnetic permeability and minimal coercivity, are extensively utilized in electronics
as effective magnetic cores for high-frequency applications such as inductors,

transformers, microwave components and EMI filters [26].
2.1.4 HARD FERRITES

Ferrites are resistance to demagnetization, are utilized as permanent magnets in various
applications including electric motors, magnetic separators and loudspeakers, and where a

robust and stable magnetic field is required [27].

2. 2 SPINEL FERRITES

Spinel ferrites, characterized by the general formula MFe204, are categorized according
to cation arrangement into normal, inverse, and mixed structures. They go by the name
cubic ferrites as well spinel is the most well-known ferrites family. These materials are
perfect due to use at high frequencies of their high electrical resistance values and minimal
eddy current losses. Ferrites' spinel structure was first identified by Bragg and Nishikawa

as represented by the mineral spinel MgALQ, in 1915 [28-30].




Fig. 2.1: FCC lattice Tetrahedral (A) and Octahedral (B) sites.

It has a common chemical formula of MFe>QO4, where M is one of the divalent metal ions
Ni**, Cd**, Co™, Zn™", Mgh, or a mixture of these ions. Spinel ferrites have a unit cell
known as FCC that contains eight formula units. The equation is MgFe;s045. The largest
ions are anions, which also form an FCC lattice. The metallic cations are present in two
different sorts of interstitial places within these lattices. The unit cell includes 96
interstitial sites, including 64 tetrahedral (A) and 32 octahedral (B) sites. Fig. 2.1 is shown
FCC lattice tetrahedral (A) and octahedral (B) sites of spinel ferrites

2.3 TETRAHEDRAL SITES

The interstitial is located in the center of a tetrahedron made of four lattice atoms in the
tetrahedral (A) site. Three anions are on a plane, touching one another. In the middle of the
three anions, the fourth anion is positioned symmetrically on top. These four anions forma
vacuum, where the cation is located. The tetrahedral arrangement involves a cation
occupies cube’s body center and four anions filling four corners of the cube. Anions A, B,
and C form a triangle in the plane, with anion D above the center. The cation fills the space
left vacant middle of the cube. In the FCC crystal structure, only 8 of the 64 tetrahedral (A)
sites are occupied by cations, ensuring charge neutrality. In the FCC lattice, the tetrahedral

position is depicted in Fig. 2.2

Chapter 2: LITERATURE REVIEW 9




Fig. 2.2 : FCC lattice A sites [31].

2.4 OCTAHEDRAL SITES

Fig. 2.3 : FCC lattice B sites [31].

The interstitial is located in the core of an octahedron made of six lattice anions at an

octahedral (B) site. The plane is made up of four anions that are in contact with each other,

and two additional anions that are symmetrically positioned above and below the center of

the plane. Six anions form an octahedral shape, and the cation fills the space left behind.
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2.5 SPINEL FERRITES ACCORDING TO CATION DISTRIBUTION

The positioning of cations at the A and B sites has made it possible to classify spinel

ferrites into three unique groups. These are listed in the following order:

a) Normal spinel structure b) Inverse spinel structure
c) Mixed spinel structure
2.5.1 NORMAL SPINEL

In this type of spinel ferrites configuration, all Me™ ions are presents in A site. These
ferrites have the structural formula (Me™)[Fes™10,”. Zinc ferrites (Zn*)[Fex"]0s>
exhibit this type of distribution. The illustration below shows the distribution within the

typical spinel structure.
(A)[B]
(Me™) [Fe;™] 04"
2.52 MIXED SPINEL

When cations Me”* and Fe'* occupy both A and B sites, the spinel structure is said to be
mixed. The composition of like ferrite represent as (Me 5> Fes ™V Mes  Fer.s 7104,
wherever 8 represents the degree of inversion. MnFe,O; is type of mixed spinel and its

structure stands (Mno go>* Feo2™9)[Mno2>Fei 5] 0% .

(A) [B]

(MCL&E‘F FC&3+) lMCSHFC}Eh-J 042
2.5.3 INVERSE SPINEL

All of the Me™ are in B-positions in the inversed spinel structure. The distribution of Fe®*

ions between the tetrahedral (A) and Octahedral (B) sites is equal. These ferrites have the
structural formula is (Fe™) [Me™Fe™]0,%. NiFe;04, CoFe:0,. and magnetite FesOy all
have an inverse spinel structure [30]. One half of the Fe™ is positioned in the B-sites and
the rest of half in the A-sites in the inversed ferrites.
(A)[B]
(Fe™) [Me¥Fe™] 0,
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2.6 CATIONS’ MAGNETIC MOMENT

The orbital and spin movements of electrons in an atom's incomplete subshell are
proportional to the magnetic moment of a free atom.The magnetic moment associated with
a cation is established by the number of its unpaired electrons. The spin-only magnetic
moment of an atom, ion, or molecule is represented by the symbol p = n\{(n+2), here n

stands for the number of unpaired electrons [25].

2.7 APPLICATION OF SPINEL FERRITES

Spinel ferrites, owing to their distinctive magnetic and electrical characteristics, are
utilized in various fields such as energy storage, electronics, biomedicine, and
encompassing data storage, environmental remediation, catalysts, drug deliver and sonsors

[32-34].

2.8 HYSTERESIS AND MAGNETISM

M
------- Ms

=

Fig. 2.4 Magnetic hysteresis loop [35].

A magnetic substance fails to return to a zero magnetization state after the removal of the
applied magnetization. To bring it back to zero, a negative magnetic field must be
introduced. When subjected to an alternating magnetic field, the magnetization of the

material will exhibit a characteristic known as a hysteresis loop.
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The graph in Fig. 2. 4 shows as an example of the typical relationship between
magnetization and the applied magnetic field. The stability of magnetic domains contained
within the material correlates with the hysteresis loop. A substantial amount of energy is
needed for the magnetic domains to return to their original orientation following a change.
The magnetic memory attributes of iron oxides are notably useful for recording audio on
tape and for the magnetic storage of data on computer drives. When a material is
demagnetized, its spins are oriented randomly, leading to the cancellation of any associated
magnetic fields and producing a net magnetic field of zero. The existence of multiple types
of magnetic domains is a result of the lower energy configuration found in ferromagnetic
materials. The phenomenon of magnetization flips is referred to as domain walls, situated
at the borders between two domains. When a ferromagnetic material encounters an
external magnetic field, the domains within the material increase in size at the boundary of
the neighboring domain, which is oriented roughly perpendicular to the applied field. This

event is described as the motion of the domain wall.
2.9 MAGNETIC DOMAIN BEHAVIOR WITH PARTICLE SIZE

The coercive field H, a crucial characteristic of magnetic samples and which depends on
the size of the particle to characterize the various magnetic regimes, can be used to
demonstrate the importance of the particle size to its magnetic behavior. Fig. 2.5, which

plots He against particle diameter, depicts this schematically.
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Fig 2.5: Coercivity with size of magnetic particle.
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The graph shows four distinct regions [36]. Since the magnetic moment is unstable for
very small dimensions, usually a few nanometers, Hc = 0 is reached below the
superparamagnetic (Dcr spm ) limit. For an intermediate diameter, the moment is steady,
the particle is single-domain, and the coercivity increases with D (usually 20 nm <D<100
nm, due to a soft magnetic material). Finally, there may be an area where coercivity
decreases because to vortex magnetic order, depending on the magnetic hardness. The
multidomain regime enters for greater diameters, usually over several pum, and the

coercivity decreases as diameter D increases.

2.10 MAGNETIC ANISOTROPY

Crystal anisotropy can be defined as the force that maintains the magnetization (Ms) in a
crystal along specific equivalent crystallographic directions within the crystal. When the
rotation process has finished, the domain wall vanishes, and the crystal becomes saturated.
Because the external field has to perform work against the anisotropy force to rotate the
magnetization vector from an easy direction, there has to be energy stored in any crystal
where M is oriented in a non-easy direction. This is referred to as the crystal anisotropy

energy E.

ey \ easy
%ﬂ k HYE

il

Qﬁa%(e
Y

hard *

6 directions 2 directions 8 directions

Fig 2.6: Easy and hard direction of Magnetization [37].

The Russian physicist Akulov demonstrated in 1929 that E can be represented through a
series expansion of the direction cosines of Ms concerning the crystal axes.
In a cubic crystal, let Ms form angles a, b, ¢ with the crystal axes, and let o), o, 03

represent the cosines of these angles, which are referred to as direction cosines. Then,

E = Ko+Ki (0% a2+ o o™+ 0% o)) + Kooy o o))+ 2.1
where Ko, K1, Ks,. . . are constants specific to a certain material at a specific temperature

and are represented in J/mg(Sl).
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Higher powers are typically unnecessary, and sometimes K, is so low that the related
terminology can be overlooked. The mitial term, Ko, does not depend on angle and is

typically disregarded [37-38].

2.11 CURIE POINT TEMPERATURE

Ferromagnetic

Paramagnetic

Te

Fig. 2.7 The Curie temperature of Ferromagnetic materials.

The Curie temperature, referred to as the Curie point, is the temperature at which a
ferromagnetic or ferrimagnetic material loses its lasting magnetic characteristics and
transforms into a paramagnetic substance. Below the Curie temperature, adjacent magnetic
spins orient parallel to one another in a ferromagnet without an external applied field.
Above the Curie temperature, the magnetic spins are arranged randomly in a paramagnet

unless a magnetic field is introduced [38].
2.12 MAGNETOCALORIC EFFECT

The magnetocaloric effect (MCE) refers to a scientific phenomenon wherein specific
materials increase in temperature when subjected to a magnetic field. The heating occurs
because of changes in the internal condition of the substance that is emitting heat. The
magnetic moments (spins) in the material tend to align with the applied magnetic field.
This alignment reduces the magnetic entropy (S ) because the system becomes more
ordered. If the process is adiabatic, as the magnetic entropy (S ) decreases, the lattice

entropy or temperature must increase , so the material heats up.
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Fig. 2.8 : Magnetocaloric effect.

If the process is isothermal, heat is released to the surroundings to keep temperature
constant as magnetic entropy (S ) decreases. When the field is removed: The magnetic
moments randomize. S increases (more disorder). In an adiabatic process, the material

cools down as the total entropy stays constant [38-39].
2.13 RIETVELD REFINEMENT

Rietveld refinement is an important method utilized in the characterization of crystalline
materials. The characterization of reflection-based patterns in X-ray diffracted powders
can be optimized to yield precise parameters, including the height and width of peaks, as
well as the locations of these reflections at different intensity values. The significance of
these parameters is considerable in the context of numerous structural studies of materials.
The Rietveld method employs a least squares approach to refine a line generated from the
theoretical profile, contingent upon a close match between the measured and theoretical

profiles [40]. The parameters that define the quality of refining are presented as follows.
2.13.1 GOODNESS OF FITTING

The primary parameter that indicates the success of the refining process is referred to as
goodness of fit, denoted by the symbol 32. The ¥2 can be obtained through the use of the

following formula;

= (ZCYiOPS - yi€aley / (np)) = Rwp/Rexp 2.2)
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2.132 PROFILE RESIDUAL

The dependability factor, also known as the profile residual, associated with a refining

process can be defined as follows;

Rp = XY - yiealeyy™ yors)x100% 23)

cale

Yi*®* stand for the intensity profile that is observed, Yi“!* correspond the profile intensity
that is calculated at the i point, and in this context, n signifies the overall number of data

points .

This generates the weighted residual profile;
Rwp = (™ (i(YiOP - YiCaly? / 57 oy (Yobs)2) 2% 100% (2.4)

For where the weight is ;. The characteristics of the Bragg residual profile are outlined as

follows:
RB = LIPS - [j2aleyy ™ obs)100% 25)
ljobs

The integrated intensities of the jm observed and measured Bragg peak are denoted by

and ¥, respectively. The predicted residual profile can be found using;
Rexp = ((n-p) / " wi (Y4)2)*x 100% (2.6)

where the phase is indicated by p.

2.14 OPTICAL PROPERTIES

UV-Vis spectroscopy is an analytical method utilized to quantify the specific wavelengths
of ultraviolet or visible light that are either absorbed by or transmitted through a sample, in
relation to a reference or blank sample. The characteristics of this property are affected by
the composition of the sample, which can yield insights into its constituents and their
respective concentrations. Given that this technique is based on light interaction, it is
essential to first examine the properties of light. UV -visible (UV-Vis) spectrophotometers
function by using a light source to illuminate a sample with light that covers the ultraviolet
to visible wavelength spectrum, usually from 200 to 1100 nm. The instruments measure

the light that is absorbed, transmitted , or reflected by the sample at each wavelength [41].
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2.15 ELASTIC PROPERTIES

By measuring the absorption of infrared radiation, Fourier Transform Infrared (FTIR)
Spectroscopy, a widely used analytical technique, identifies the presence and kind of
functional groups in a sample. The method relies on generating a distinct spectral
fingerprint by transmitting infrared radiation through a sample and analyzing the
frequencies at which the sample absorbs [42]. Elastic properties including force constant,
stiffness constant, elastic moduli, wave velocities and Debye temperature of Al substituted

spinel ferrite can be studied using FTIR absorption data.

2.16 DIELECTRICS

Dielectric electrical insulators are characterized by the absence of free charge, with all
atoms being held in place by their nearest neighbors. When an external electric field is
applied, the centers of the electron clouds experience a slight displacement, resulting in the

positive cores of the ions behaving as electric dipoles.

2.16.1 DIELECTRIC PROPERTIES

2.16.2 DIELECTRIC POLARIZATION

Mw IR Vs W X

dielectric constant

1 1 1 1 1
0% 108 10" 10" 0™ 10" 10'®
frequency (rad/s)

Fig. 2.9 : Frequency dependence polarizability [43].
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2.16.3 COMPLEX DIELECTRIC CONSTANT

The definition of relative permittivity is the ratio of the capacitance of a capacitor
containing a material (C) to that of a vacuum capacitor (Cp). This concept applies to both
liquids and solids and is also referred to as the dielectric constant or specific inductive
capacity. The insulating characteristics of electrical materials are highlighted by their
significant dielectric properties at the atomic level, as opposed to exhibiting a consistent

electrical behavior. The relation of dielectric constant as follows

s @7
In this context,
= o4

Cy= a (2.8)

The dielectric constant is a parameter that reflects the extent to which a material can
sustain polarization in the presence of an external electric field. There are four main types
of polarizing sources: space charge, dipolar charge, atomic charge, and electronic charge.

The two varieties mentioned last affect the microstructure of ferroelectric materials, while
the first two types show no significant impact. A way to represent the frequency-dependent

complex dielectric constant is as follows [43].

et =¢-j&" (29)

The real aspect of the dielectric constant () corresponds to the energy that is accumulated,
while the complex aspect of the dielectric constant (£7) pertains to the factor of energy
dissipation. The equation indicated above combines these two terms. The following text
describes their association with the capacitance measurements of capacitors.
_ Gpd
C= a (2.10)

In this scenario, A is defined as the pellet's cross-sectional area, d is the thickness of the
pellet, g is the free space permittivity, quantified as 8.854x10" C2N"'m?, and C, denotes

the capacitance of the pellet.

2.164 DIELECTRIC LOSS TANGENT

The dielectric loss tangent is characterized by the ratio of energy that is wasted compared

to the energy that is consumed. This can be described as follows
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g = ¢ tand 2.1

The dielectric loss tangent (tand) [42] is shaped by compositional factors such as structural
homogeneity, stoichiometry, and the level of ferrous concentration. It is also reliant on the

temperatures used during the sintering process.

2.16.5 FREQUENCY DEPENDENT DIELECTRIC CONSTANT

a) COMPOSITION

The ¢ in ferrites is determined by several microstructural and structural variables.

It has been found that the value of £ reduces as the aluminum content in Ni-Cd ferrites
increases. In addition, Ni is associated with the B-sites, while Cd is associated with the A-
sites. The ions Fe** and Fe™ can occupy positions in both the A-site and the B-site. The
substitution of a small fraction of Al with Fe* results in the conversion of some Fe™ into

Fe’*, while maintaining the overall neutral charge.

b) FREQUENCY

The relationship between &' and frequency is contingent upon distinct polarizations. With
an increase in frequency, &' tends to decrease, while at lower frequencies, it maintains a
notably high value. Conversely, at higher frequencies, it becomes remarkably small, akin
to being independent of frequency.

The two-layer framework articulated by Maxwell and Wagner [23] is a highly effective
means of explaining the discrepancies in ¢'. This theory indicates that the structure of
dielectric materials is constituted by an insulating matrix or grain borders, in conjunction
with the highly conductive phase or grains interspersed among them. The heterogeneous
nature of the material has led to the formation of space charge polarization. When an
external alternating current electric field is applied at the grain boundaries, it induces a
local accumulation of charge.

The significant resistance at the grain border causes electrons to group together, which in
turn produces polarization. The time it takes for space charge carriers to align with the
alternating field is limited. Unfortunately, when the frequency of the reversing field
increases, these carriers are unable to orient themselves in the direction of the electric field
because of a shortage of charge carriers at the grain boundary. The flow of carriers is

oriented in the opposite direction to that of the external field as a consequence.
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As polarization diminishes due to a decrease in _charges at the grain boundaries, the
permittivity (&') similarly decreases. Consequently, an increase in the frequency of the field
prompts space charge carriers to advance ahead of the reversing field, suggesting that

dielectric materials do not facilitate polarization.
2.16.6 MODULUS SPECTROSCOPY

The complex electric modulus is a crucial approach for investigating the dielectric
properties of polymeric insulators. It becomes particularly advantageous when high
temperatures result in a more intricate permittivity. This increase in complex permittivity

is primarily due to electrode polarization and the mobility of carriers.

As it is inversely related to complex permittivity, the complex electric modulus is effective
for measuring dielectric properties at elevated temperatures. The complete complex
electric modulus is comprised of its real component (M’) and its imaginary component
(M").

M* = M+jM" (2.12)
The following relationships between electric modulus and the dielectric constant for the

real as well as imaginary portion of electric modulus such as

£

M' = i = 0lX (2.13)

and
M = —2 = aCR 2.14
et w0l ( )
Where Cy defines geometrical capacitance equals to gA /t , where
£0=8.854 10" F/Cm is the free space permittivity [43-44].

2.16.7IMPEDANCE SPECTROSCOPY

The effective resistance Z of dielectric materials can be calculated using the subsequent

formula when they are exposed to an external alternating electric field,
Z=R+X (2.15)

where resistance and reactance denoted by R and X respectively. The complex impedance
is created by the combination of resistance and its corresponding reactance. The resistance
and reactance part of impedance can be calculated using the following formula,

R =7'=Rsand
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xo7r = L (2.16)

wCp
where fis the frequency of the applied electric field [43-44].

2.16.8AC CONDUCTIVITY

AC conductivity is a type of investigation conducted on solids to define the overall
resistance of the crystalline sample. Measurement of alternating current conductivity can
be carried out using various methods. The technique currently in use is the complex
impedance spectroscopy. The relationship between conductivity and frequency is
expressed by Eq. 2.17

0. = £'g02nftand , Here, f denotes frequency [1] (2.17)

The total conductivity of the samples being examined can be regarded as the sum of both
the direct current (DC) and alternating current (AC) components, represented as ¢ = G4, +
G4c. The conductivity of direct current is mainly attributed to the excitation of electrons in
localized states within the conduction bands.The conductivity arises from hopping
conduction, in which electrons transfer charge by moving between octahedral cations.
Across a wide range of frequencies, the theoretical behavior of the bulk ferrite can be fitted
to Jonscher's power law, 6 = c4(T) +Aw" . The first term of c4(T) conductivity is
independent of frequency and Aw", the second term, is connected to pure ac conductivity,
which varies with temperature and frequency, and is related to the dielectric relaxation
resulting from localized charge carriers. The parameter 'n' provides details about the
relationship between charge carriers and their surrounding environment. The value of n
can be either above 1 or below 1, contingent upon the frequency range applied in the
measurement of conductivity. When 'n' >0, the conduction is influenced by frequency. The
variation from the n values greater than 1 is a result of multiple factors, such as the

microstructural characteristics of the material, temperature, and its composition.
2.17PREVIOUS WORK ANALYSIS

A brief overview of the influential literature that attribute this study is outlined in the
following paragraphs. Various techniques are employed to prepare spinel ferrites,
including co-precipitation, hydrothermal synthesis, solid-state reactions, and sol-gel auto-
combustion. Many researcher investigated structural, magnetic and dielectric properties of
Al substitute spinel ferrites using sol-gel approach. The same approach were utilized to
prepare different spinel ferrites, like MnZn [45], NiMnCu [46], NiMgCo [47], NiBaCo
[48], Li(NiCo) [49] and NiZnCo [50].
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In general, this method employs metal nitrate salts as reactants and involves fuel for the
auto-combustion reaction. The fuels are most commonly use including Citric acid [51],
Amonia [52] and Uria and and glycine [7]. Ammonia is the best to other substances
because it accelerates the reaction more effectively. While utilizing citric acid assists in
reducing the surplus pollution from N> gas, it also decreases the speed of the reaction,
which affects the prepared chemical. Because of its simplicity and low cost, this
technology has primarily been recognized by the scientific community for the synthesis of
ferrites [7]. However, Al substituted ferrites have been synthesized using solid state
reaction methods in other research [53-54].

Many metal oxides are mixed using this technique through grinding and calcination to
fabricate ceramic ferrites. It's challenging to regulate this mechanical mixing, and every
preparation step has experienced variations that may persist after sintering. Additionally,
the calcination process in this method requires high temperature, which may cause some
metal ions to evaporate ultimately results in defects in the manufactured products. Co-
precipitation is another method for producing spinel ferrite specimens CoMg [55], ZnAl
[56], CoMnZn [57]. The hydrothermal method is the newest technique for producing
nanoparticles NiAlFe,.,O, [58]. In this process, the synthesis produces application of the
hydrothermal effect. The cavity and additional instruments needed for this procedure are
very expensive. Additionally, the operation is very risky because the generated molecule is
frequently harmed because the generation is not realized promptly. The chemical synthesis
method is expensive and necessitates numerous modes of operation that are time-
consuming. On the other hand, sol-gel auto combustion has advantages over chemical
methods because it requires inexpensive equipment, consumes less energy, and produces
uniform, highly reactive, nanosized outcomes.

By replacing a small non-magnetic element, such as Al, the ferrite samples' structural,
magneto-electric, and dielectric properties can be altered. This change can also affect the
cation distribution and magnetocrystalline anisotropy. Relative coercivity changes in
tandem with the inclusion of Al similar to the magnetocrystalline anisotropy. Al doped
spinel ferrites have piqued interest lately due to their great electrical resistivity and low

dielectric loss [59]. These characteristics are beneficial in microwave devices.

Khan et al. [21] were fabricated Nijs.,Mg,Cuy,CdysFe;Os (NMCC) and observed
magnetocaloric effect of NMCC bulk specimen. They were found RCP values in the range
of 53.82 Jkg to 37.79 Jkg™. The band gap has been discovered to range from 1.4 to 1. 6

eV and is rising with the amount of Mg content.
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Mohammed and Wahba [45] were prepared Mng sZng sFe, Al O, and found the formation
of a pure cubic spinel phase for the whole samples using FTIR analysis. They were also
studied that Al substitution has improved the elastic properties of the Mn—Zn ferrites.
Saturation magnetization was found to increase upto x = 0.10.

Nafees et al.[49] were fabricated Liyg(NiCo)o2AlFes» 0,4 using sol gel method. The
lattice, X-ray density, bond lengths, and crystallite size parameters decline as the AI'*
concentration rises. With increasing AlI** concentration, both the activation energy and the
room temperature resistivity rise. The saturation magnetization was increased up-to x =
0.030 , then decreased with Al content.

Solyman et al.[55] were investigated using the co-precipitation method. They discovered
that the crystallite size and magnetic properties reduced due to a rise in nonmagnetic AI**
ions. As the anisotropy constant decreases with higher AI** concentration, it is observed
that the magnetic permeability increases. The validation of the materials' nanocrystalline
formation was provided by the reduction in crystallite size from 55 to 29 nm with AI**
substitution. The dielectric properties of these generated nanoparticles show that they may
be wusedinthe production of electronic gadgets and the fabrication of high-
frequency devices.

Wasnik et al.[59] were prepared NiysCupsAlFes 04 using Microwave-assisted Sol-gel
method. The average crystallite size calculated from XRD data showed a decrease from
4521 nm to 37.34 nm with rising AI’* substitution. It was discovered that the observed
saturation magnetization (M) and coercivity (Hc) first rise until x = 0.04, then decreased

with Al content.

Arrasheed et al. [60] NiAlFeo «Ou was effectively synthesized using the flash auto combustion.

They were analysed the FTIR spectra. They were found significant modification of the elastic

and electrical proper due to the incorporation of Al content. The values of Debye temperature

found to rises with the substitution of Al.

Rabil et al [61] NijxZnFe:O4 was successfully synthesized using co-precipitation method,

where x=0.4,0.5,0.6, and 0.7. At room temperature, they noted high resistivity values, minimal

dielectric loss, and low dielectric constant. The Curie temperature was observed to drop from

619 to 350 K as x increased from 0. 4 to 0. 7. They were measured RCP values in the ranges of

(90-97 9)Jkg™.
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Chapter 3: MATERTALS AND METHODOLOGY

This chapter outlines the methods used in the experiments to prepare samples of Al-
substituted NiCd dense ferrites. We also go over the methods for preaparing Ni-Cd-
Al ferrites and the sintering procedure, which has the general formula

Nio.esCdo.3sAlFe;.,0a. The sample was prepared using the sol-gel process.

3.1 SYNTHESIS OF NANOPARTICLES AND BULK FERRITE PREPARATION

Initially ~ analytical grade ingredients of Ni(NO3)».6H,0, Fe(NOs),.9H;0,
Cd(NOs)2.4H20, AI(NO3)2.9H0 chemicals as precursors to synthesis Nip ssCdo 35Fe2-
ALO4JNCA) nanoparticles without further purification and all are collected from
Sigma-Aldrich. Nanoparticles of Ni-Cd-Al bulk synthesized using the sol-gel auto-
combusted method and Fig.l shows the flow chart of synthesis procedure. The
stoichiometric raw materials were dissolved in ethanol and combined to prepare a
homogeneous solution. A magnetic stirrer used to agitate the solution continuously

for homogeneous mixing and the pH of the solution kept at 7.

Annealing Annealing

Sintered at 1423K
for 5 hr

353K for Shr 353K for 5 hr

=
Precurs

Fig. 3.1 Diagram of Ni-Cd-Al bulk ferrite specimen preparation process.

Liquid ammonia (NH,OH) added and stirred vigorously. This combination placed in
a hot water bath at 353 K and kept there until the gel formed at a constant
temperature for 24 hr. The resulting gel heated at 523 K for 2 hr, then subjected to

the self-ignition process to transform into a fluffy loose powder.
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The ferrite powder was meticulously hand-milled for a period of 2hr to produce fine
and uniform particles. The necessary amount of polyvinyl alcohol (PVA) has been
utilized to granulate the powder effectively.The hydraulic press machine has been
employed to compress the granulated ferrites, resulting in the formation of the
required disc and toroid-shaped samples.The disc and toroid samples were subjected
to a pressure of 600 psi for a duration of two minutes during the pressing
process.Subsequently, the specimen was subjected to sintering at a temperature of
1423 K within the furnace for a duration of 5 hr. The samples underwent sanding

with sandpaper to prepare them for the subsequent experiment.
3.2 STRUCTURAL ANALYSIS

3.2.1 X-RAY DIFFRACTION AND PARAMETERS.
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Fig. 3.2: Bragg’s X-ray diffraction mechanism [62].

Structures were assessed using the Rietveld refinement method and Fullprof software
from the experimentally obtained XRD data. During refining, the symmetry of the
space group Fd-3m and the Pseudo Voigt peak form applied to each motif. Except
for oxygen, all atoms are thought to have fixed atomic locations throughout the
refinement process. As open parameters, the atomic scenarios are employed. The

backdrop was also enhanced using the Pseudo-Voigt function.
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Different settings were chosen for obtaining the best fitting as well as a good y* value.
After achieving the best fitting value, the structural parameters like lattice constant,
electron density, cation distribution, and crystallite size. Additionally, each set traveled for
analysis of the Electron Density Method (EDM). The results of the Rietveld refinement
method were also used to find bond structures. For step size 0.015, the crystal structure
was created using the VESTA software. The perpendicular distance (dhkl) of the adjacent
of inter-planer spacing of (hkl) parallel plane calculated using the Bragg’s relation,
dyg = (nA/2sinB) where the value of n is only for 1, which is the diffraction order. The
interplaner spacing value and the related (hkl) parameters used to derive the lattice

constant (a) for various spinel phases using following relation

a= dpgvh? +k +12 (3.1

In order to calculate the precise lattice constant for each sample, the Nelson-Riley

extrapolation function was empployed [2] ,

_ 1 ,cos28 | cos26
F(8) = 2(51119 + 0 ) (32)

The X-ray(px) and experimental (pB) density have computed applying following equations

Px= o (33)
Py = = (34)

where M and N stand for the samples' molecular weights and Avogadro's number and 1, M

and r stand for the thickness, masses and radius of samples respectively.

The following expression could be used to determine the density of dislocation[2],

5= (3.5)

The lattice strain (eLs), stacking faults (SF), the micro strain (Emicrstrain) and the surface

area of compound could be computed using relations respectively [2]

_ _B
E= 4tan@ (36)
_ 2n?
SF = 45v/3tan@ &)
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Bcos®

Emnicro = . (3.8)
6000
S= ) (3.9)

Estimation of RMS strain calculated by using following equation [63].

Erms = V> (3.10)
The ionic radii of the A and B sublattices can be determined by [2] ,
ra=aV3(u-025) -1 3.11)
g=a(0.625-u) -1 (3.12)

The ionic radii of A and B sites, as well as the bond lengths of A , (A - O) and B,

(B - O) of each composition calculated using Standley's equations ,

A-0=aV3(u-0.25) (3.13)

and, B-0=a(0.625-u) (3.14)

where denotes the oxygen radius (1.32 A) and u = 3/8 is the parameter of Oxygen [9].

The hoping length determined for A-A sites, A-B sites and B-B sites using the following
equations [6, 64-65].

Laa=22 3.15)

La-g =22 (3.16)
a

La-s =55 (3.17)

where a stands for the lattice constant

The B site edges for shared and unshared (dgpr) and (dsru) as well as the A site edge (dag)
can be evaluated applying relations [65].

dgg =av2(1 - 2u) (3.18)

= 2 Mu 43
g =a [(Buz -4 2 (3.19)

dggy = a }(4u2 -3u+ o) (3.20)
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dag =av'2(2u—§) (3.21)

The cation-cation bond length (Me - Me) b, ¢, d, e and f can be calculated using ,

b= - (3.22)
c=21 (323)
d =“%3 (3.24)
a3V
- (325)
f=ave (3.26)

The parameters p, q, 1, s were used to measure the length of the cation-anion bond (Me - O) ,

where u is the oxygen positional parameter 0.375.

p:a(g.u) (327)
q=av3(u-7) (328)
r=a\’ll(u-§) (3.29)
s=aV3+ lg) (3.30)

The bond angle values were derived from following equations

Fh:cos'l(%) (331)
B= cns’l(]ﬂ?—;_ez) (332)
5= cos"(3) (333)
0= cos’'( %) (334)
05 = cos’( % (335)
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3.22 CRYSTALLITE SIZE ANALYSIS

KA . . N
feos0 has been applied to estimate the crystallite size where D

is the crystallite size, B represents for the whole width half maximum, 6 for the diffraction

The Scherrer's formula D =

angle of crystal, A stands for the wavelength of the Cu-Ka radiation (1.5405 A, X-ray
diffractometer, PW3040, PANalytical), and K denotes for the form factor here used for
cubic (0.9).

3.23 FTIR AND ELASTIC PROPERTIES ANALYSIS

Fig.3.3 FTIR , (PerkinElmer, spectrum two) Postgraduate lab, Physics, CUET.

The absorption bands were recorded at room temperature using Fourier transform infrared
spectroscopy (FTIR) (PerkinElmer, spectrum two).The ion force constants at the A and
B sites (Kt and Ky) are associated with band frequencies of infrared (v4 and vg) of the

cations at the A and B sites. These can be written as follows:
Ky = 41:2(:2\;12}1 (3.36)

Ko= 41:202\;3}}1 (3.37)
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In this scenario, ¢ is the symbol for the velocity of light, and p represents the reduced

mym;

mass, which we have derived from the following relationship, p = here, the value

ny+my
of (u), representing the reduced mass, is computed in accordance with the distribution of
cations, m is defined as the weighted average of the atomic weights of the cations that
occupy the A-site or B-site, while m» refers to the atomic weight of the oxygen anion [66,

68-69]. The stiffness constants Cy; and C,, were measured [68] based on the following

relation,
Ciy =t (3.38)
Co=gos (3.39)
In this context, (F,, ) represents the average force constant, calculated as
F,, = frtfo (3.40)

2

The variable (o) signifies Poisson's ratio, which is dependent on the pore fraction and is

. _ (3B-20)
written as [70] o= (65720)

(3.41)

The different elastic moduli for cubic structures, which include Young's modulus (E),
shear modulus (G), and bulk modulus (B), can be derived from the following formulas

[45].

E= (€11—C12)(€C11+2C12) (3.42)
(C11+C12)
1
B= e (42
E
RETCTEY (49

In the context of isotropic materials exhibiting cubic symmetry, such as spinel ferrites and
garnets, Ci; and C)» represent the components of the elasticity tensor. It is noteworthy that
Cy; is nearly equivalent to C;o, resulting in the relationship B = Cy; [2, 71]. The elastic
wave velocities of the transverse (V,), longitudinal (V,), and the mean (V,) were

determined [45,71] through the application of the following equations,
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V) =\ (345)

pX
-
V= Vs (3.46)
Vo= G+ 215 (347)
m 3 V:3 V13 -
The Debye temperature (6D), was calculated using the following equation [3]
Op = 2% | 438Ky (3.48)
Kp

In this instance, v,,. is the average wave number, h is identified as Planck's constant, KB
denotes Boltzmann's constant, and C is the light speed. For ferrite materials, the value of
hC/KB is assumed to be 1.438 [3]. Thermal conductivity conductivity can be determined
from the expression

%(2 Vi+Vy)

Kuin= KBn 248

(3.49)

where Vm is the mean wave velocity, KB denotes Boltzmann's constant, n represent for
number of atoms, and NA stands for Avogadro's number. The threshold energy (Eth) was
determined by employing the relevant relationship, Ew = hevth [3]. The lattice energy,

known as Uy, can be formulated as follows[72]

U =3.108 (MV,,” )x107 (3.50)

3.3 SCANNING ELECTRON MICROSCOPE

SEM can generate high-resolution images of a sample surface. SEM images have a high
depth of field due to the manner they are made, giving them a characteristic three-
dimensional appearance that is beneficial for understanding the surface structure of a
material. Large depth of field and a wide variety of magnifications are characteristics of
the most popular imaging mode for specimens in the SEM. When inner shell electrons are
ejected from the sample by the primary beam, distinctive x-rays are generated, which can
be used to detect the elemental makeup of the sample. The sample's backscattered
electrons can be utilized independently to create images or in conjunction with the distinct
x-rays to reveal atomic number contrast clues regarding the sample's elemental

composition.
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Fig. 3.4: Scanning Electron Microscope at Nuclear Science and Engineering Department,
MIST, Dhaka.

Scanning electron microscope (SEM) micrographs of the different compositions employed
in the current study. We have used Imagej software to investigate grain size by analyzing

surface morphology of the ceramics.

3.4 OPTICAL PROPERTY MEASUREMENT

UV-visible spectrophotometer (Perkin Elmer, USA, Lambda 365) used to record UV-
visible absorbance spectra between (200-1100) nm. Band gap energy can be determined
from the Tauc's equation, (¢hv)" = A(hv-Eg) and absorption coefficient relation a = 2.303
(A/t), where, t stands for sample thickness and A for sample absorbance, where o denotes
absorption coefficient, depending on the type of electronic transition that caused the
absorption, n= 1/2, 3/2, 2 or 3 are possible, and A is a constant [73]. UV-visible
spectroscopy refers to the study of photons in the UV-visible spectrum. It uses both visible
light and light with near-ultraviolet and near-infrared wavelengths. Molecules undergo

electronic changes in this part of the electromagnetic spectrum.
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Fig. 3.5 UV-vis Spectrometer Lambda 365, Postgraduate lab, Physics, CUET.

The primary functions of spectrophotometers (UV-Vis) are the measurement of
transmission, absorption and reflectance that occur in both the liquids and transparent
or opaque solids. The refractive index n(w) and extinction coefficient (k) for
prepared materials, can be determined over the wavelength range of 250-800 nm by

means of the Kramers—Kronig method, N'(®) = n () +ik(®).[74]

3.5 MAGNETIC PROPERTY ANALYSIS

Physical Property Measurement System (PPMS) (DynaCool, USA, Quantum Design)
used to take magnetic measurement of the temperature-dependent magnetization
under 3T external magnetic field. The LAS expression can be represented as

8K%
105MZH2

M= Mg{1— } (3.51)

The M-H fitted curve produces the values of K, and Mg, and equation

MgHc

K, = =2 (3.52)

which has allowed for the calculation of K1. The total magnetization of A site and B
site can be determined from the equation (M; = Mg - M,) and the experimental

magnetic moment can be obtained from the following expression
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which has allowed for the calculation of K,. The total magnetization of A site and B
site can be determined from the equation (Mg = Mg - M,) and the experimental

magnetic moment can be obtained from the following expression

MxMg (353)

nexp(PB) =

5585

— aniae T

1L

DynaCool

Q

OwnaConl

=

———

Fig. 3.6 : Physical Property Measurement System( Atomic energy commission, Dhaka).

The canting angle effect with Saturation magnetization can be found from the canting
effect which related the relation Ms = Mgcosy - Ma [1, 5, 14]. The magnetocaloric

effect derived [61, 66] using Maxwell's thermodynamic relation

VS = [SrdH (3.54)
The magnetic properties of materials as a function of temperature and field are to be

continuously recorded by the PPMS.
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This type of magnetometer moves the sample up and down in an area bordered by
several pickup coils. Thus, the magnetic sample behaves as a time-varying magnetic
flux that varies within a certain fixed area. According to Maxwell's law, an electric
field follows a time-varying magnetic flux to cause a voltage to be induced in pickup
coils. A control unit system processes this alternating voltage signal to improve the

signal-to-noise ratio. Measurement of the sample's magnetization is the outcome.

3.6 IMPEDANCE ANALYZER

== ENE B
L4 8
e i~ |~ | . [

Fig. 3.7 Impedance Analyzer Wayne Kerr 6500B, Postgraduate lab, Physics, CUET.

The Wayne Kerr Technologies 6500B precision impedance analyzer, known for its
reliability, is housed in the physics department of Chittagong University of
Engineering and Technology in Chattogram. This device is particularly well-suited
for measuring and analyzing the electrical properties of diverse electronic devices.
Furthermore, the 65008 impedance analyzer (illustrated in Fig. 3.6) is an essential
tool for the advancement of circuit designs and for the exploration and development

of materials, encompassing both electrical and non-electronic types.

3.6.1 COMPLEX INITIAL PERMEABILITY MEASUREMENT

The frequency range of 20Hz-120MHz of a Wayne Kerr impedance analyzer (model
no. 6500B) and the complex initial permeability (u* = p' + ') have been
determined. The following relations were used to compute the real portion (i) as

well as the imaginary (x;"") portions of the complex initial permeability:
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pi=te (3.5%)

= tand (3.56)

where Ls stands for the self-inductance of the sample core,
N2 R
Lo = o5 InGH) (3.57)
Here, N stands for the turns number of the coil, r stands for thickness, and R, and R

stand for the outer and inner radius of the toroid shape sample [23, 75].

3.6.2 DIELECTRIC MEASUREMENT

The following relation has been used to compute the dielectric constant with real &’

as well as imaginary (") portion and the dielectric loss tand such as

e*=¢-je” (3.58)
,_ocd

€= (3.59)

£"” = g'(tand) (3.60)

where &' denotes for energy consumption and & denotes for energy dissipation.
Where Cp is the pellet capacitance in farad, d is the pellet thickness in meter and tand
=(1/2xnfe’e0p). A represents the flat surface cross-sectional area of the pellet, €0 is the

permittivity constant of free space [76] .
3.6.3 ELECTRIC MODULUS ANALYSIS

Electric dynamics process in the materials can be explained by the spectroscopy of
the electric modulus (M* = M'+jM"), which is separated into two components as
follows: M' stands for real and M"imaginary of complex electric modulus. The
following relationships between electric modulus and the dielectric constant for the

real as well as imaginary portion of electric modulus such as

er2

L—
T e gen?

=wCX (3.61)
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n2
M= — =GR (3.62)
£ e

Cy defines geometrical capacitance equals to €0A /t , where g = 8.854 10-14 F/Cm is the
free space permittivity [64-65].

3.64 IMPEDANCE ANALYSIS

The effective resistance Z of dielectric materials can be calculated using the subsequent
formula when they are exposed to an external alternating electric field, Z = R +jX, where
resistance and reactance denoted by R and X respectively. The complex impedance is
created by the combination of resistance and its corresponding reactance.

The resistance and reactance part of impedance can be calculated using the following
formula R =7Z'=Rsand X = Z" = 1/oCp , where f is the frequency of the applied electric
field [64-65].

3.6.5 AC CONDUCTIVITY ANALYSIS

The correlation between ac conductivity and frequency is given by the expression
o = oo(T) +o (@, T). Here, the initial term oy(T) refers to band conduction, which
represents the dc conductivity, and it is not influenced by frequency.

The first term is primarily important at low frequencies and high temperature, while the
second term is chiefly significant at low temperatures and high frequencies.

Dense ceramic sample's ac electrical conductivity can be determined 6, = £'gp2nftand, here
o = 2xf denotes angular frequency [1]. The AC conductivity of the sample can be fitted to
Jonscher's power law, which is presented as follows, 6, = 64.(T) + Aw". The value of the
frequency exponent 'n' varies from 0 to 1. The significance of 'n' reveals important details
about the interaction of charge carriers with their environment. For values of n less than 1,
the main mechanism of conduction primarily involves interfacial charge transfer; on the
other hand, for values of n greater than 1, other charge transfer processes may contribute to
an_increase in conductivity. This deviation from the n values illustrates a phenomenon
influenced by various factors, including the material's microstructure, temperature, and

composition.
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Chapter 4: RESULTS AND DISCUSSION

4 GENERAL

This section reveals the outcomes of the research and discusses their potential
implications. The interpretations of the experimental results, comprising X-ray diffraction
(XRD), Rietveld refinement, magnetization, dielectric studies, modulus studies, and
dynamic conductivity, are aligned with the objectives set forth in the study. Every section is

thoroughly examined and appropriately referenced in academic literature.

4.1 XRD ANALYSIS

4.1.1 STRUCTURAL PROPERTIES

XRD data is used to examine the structural characteristics of Ni-Cd-Al bulk ferrites
specimen to obtain the XRD pattern at room temperature for each composition in the 20
range from 20° to 70° with scanning step 0.01. Identified diffraction planes are (220),
(311), (222), (400), (422), (511), (440) and corresponding 26 angle as 30.28°, 35.65°,
37.30°, 43.35%, 53.82°, 57.35" and 62.97" respectively [2, 4, 77]. There are no extra peaks
and the peaks are complying with the cubic spinel structure shown in Fig. 4.1. Single-
phase spinel structure formed successfully. Table 1 revealed theoretical, Rietveld
refinement method and experimental values of the lattice constant and volume as well as
other structural factors of Ni-Cd-Al bulk compound [2, 76]. The Scherrer's formula used to
estimate [78] the crystallite size of which found from (36-43) nm with a high intense peak
corresponding to the (311) plane recorded in Table 1.

dislocation(d), lattice strain (gLs), micro strain (&) and stacking faults (SF) are calculated
and mentioned in Table 4.1 [2]. The density px and pg with apparent porosity for various
compositions shown in Table 4.1. Fe* (0.064 nm) has a greater ionic radius than
AI*(0.054 nm). The density of substance affects its structural qualities. The porosity has
shown decreased in this situation by substituting Al™ for Fe™. The surface area, the
hoping lengths and the ionic radii of the tetrahedral and octahedral sites determined for A-
A sites, B-B sites, and A-B sites, octahedral edges of the shared and unshared (dgg) and
(deeu) as well as the tetrahedral edge (dar) which shown in Table 4. 2 [63]. As the Al
content in the composition increases, the height of the peaks broadens, which implies a
smaller crystallite size. Therefore, Al is an essential element for achieving reduced

crystallite sizes and for enhancing the properties of the crystalline structure.
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The identified sharp peaks correspond to the reference value and affirm the structure of

spinel formation across all samples, suggesting a consistent crystalline homogeneous

structure.

Table 4.1: Structural parameters lattice spacing(nm), lattice constant(A~), volume(nm®),

dislocation (lines/mz), lattice strain, micro strain, stacking faults, RMS strain, density

(kg/mE), surface area (mz."kg) and porosity, P (%) of Nij ¢sCdg 1sFe».s AlyO4 bulk ferrites.

Al d f4n eap ' ] ELs Erms SF Pin Pexp
Content  (nm) (A") (A" (A) 10" x10® x10? x 100 x
10°
0.00 025157 8.344 8345 58092 692 295 343 0446 577 522 980
0015 025170 8350 8348 58218 6.57 292 337 0452 575 527 944
0030 025157 8349 8345 58197 657 288 327 0446 575 532 851
0045 025150 8.347 8345 58155 730 309 378 0446 575 533 958
0060 025218 8365 8362 58532 771 303 384 0447 570 535 883

Table 4.2 : Structural parameters ionic radii(nm), bond length (nm), hopping length (nm),

tetrahedral edge, dAE(nm), octahedral shared edge, dBE(nm) and octahedral unshared
edge, dBEU (nm) of Nig ¢sCdy 3sFe> <Al Oy bulk ferrite.

Al T Iy A-O B-O Laa Lgg dge dggeu dag
content
0.00 0.05 0.1 0.18 021 0362 0295 0.2950 0.2950  0.181
0015 0.05 0.1 0.18 0.21 0362  0.295 0.2952 0.2952  0.181
0.030 0.05 0.1 0.18 0.21 0.362  0.295 0.2951 0.2951  0.181
0.045 0.05 0.1 0.18 0.21 0361  0.295 0.2951 0.2951  0.181
0.060 0.05 0.1 0.18 021 0362  0.295 0.2957 02957  0.181
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4.12 RIETVELD REFINEMENT
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Fig. 4.1 Rietveld refinement of XRD data of Nio.¢sCdossFez xAliOq bulk ferrite.

The XRD data is traveled under the road of Rietveld refinement methods. The refined

fitting patterns as well as original data shown in Fig.4. 2 where the experimental data

represented by black hollow circle, the refined data are represented by solid red lines, the

difference between the two data shown by blue curves, and the Bragg is shown by black

bars. A good %2 result obtained by repeating the refinement process several times. ¥2 value

is regarded as having a good fitting range of 1 to 3 [78].

Table 4.3: Fitting parameters for Nip 6sCdo 35Fe2 xAlxO4 structural analysis through Rietveld

refinement.
Al content R, Rup Reyp R factors %2 Bragg DW-Stat
contribution
0.00 299 14.1 1035 0414 0983 1.86 9.19 0.3053
0.015 48.1 151 912 0.667 1.11 275 13.08 0.1254
0.030 34.1 134 862 0485 1.03 240 1407 0.1982
0.045 49.1 146 908  0.651 1.10 2.60 1521 0.1072
0.060 400 15.70 987  0.563 1.12 2.57 6.196 0.1068

Bulk composition of Ni-Cd-Al bulk ferrites for which ¥2 values found within this range

and good fitting.
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Optimum data formed from structural study of cubic FCC phase of every compound
observed. The symmetry corresponds to the space group Fd3m. Ry, Reyy and %2 along
with other structural parameters provided in Table 4.3 [69]. The profile elements Rp are
significant, as shown in Table 4.3. The Bragg contribution, often known as the global user
goodness of fit value, used to substantiate that the goodness of fit ¥2 values is lower and
that the process of best fitting is satisfied. It is thought to be a suitable fitting parameter if
the Bragg contribution is more than 10. Table 4. 3 presented that less than 2 result for

domain wall-state.

4.13 CRYSTALLITE SIZE AND STRAIN

Fig.4.2 has been depicted about the modified Scherrer's formula used to estimate the size
of which found from (36-43) nm with a high intense peak corresponding to the (311) plane
recorded in Table 4. It is possible to draw a straight line with an intercept equal to In
(kX/D) by plotting between Inf and In(1/cosB) from modified Scherrer approach which was

given crystallite size [79].

52
>¥[2 Modified Scherrer
- x=000 5.18) b
-5.3|
-5.32
= 54
5 a
— E-5.46)
=335
s . 5.60
o0 0.076 0114 0.152 0038 0076 0114 0.152
In{ 1/cos@) In(1/cos0)
5265 -
. To00% d X =0.045 -
5346
539 =
- £ 5427 .
£ -550 .
5508
561 "
0038 0076 [NRE 0152 0038 0.07 0114 0152
In( 1/cos0) In(1/cos0)
517
528
=
£ 539
5500 = .
0038 0076 0114 0,152
In(1/cos0)

Fig. 42 (a-e) Crystallite size determination of NioesCdossFe:<AlOs by modified

Scherrer’s approach.
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Fig.4.3 was illustrated about the Williamson-Hall (W-H) formula used to measure the size
of bulk ceramics of NCA which found from (46-60) nm shown in Table 4. When
compared to the Scherrer approach, the Williamson-Hall analysis is a more straightforward
integral breadth method that fluctuates with tan@ rather than following 1/cosB dependency.
The uniform deformation model asserted that strain is equal in all crystallographic

orientations. The term (4sinf) has used to plot the term (Byucosd) [80].

illiamson-Hall
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Fig.4.3 (a-e) Crystallite size determination of NiossCdosFexxAlxO4 bulk by Williamson-
Hall Method.

The strain and crystallite size were determined by the fitted line's slope and vertical axes
Y-intercept, respectively in Fig.4 [9, 79-80]. The W-H analysis shown in Table 4. 4.
Fig.4.4 has demonstrated about the Size Strain Method (SSM) used to measure the

crystallite size of NCA found from (38-44) nm.

The term (dyaPracos®)’ has plotted against the (dua Briicosd)) . Crystallite sizes have
derived from the slope of the linearly fitted data from size strain method shown in Table
4.4.The Scherrer equation only takes into consideration significant peaks, whereas both the
W-H approach [79] and the SSM plot, which also take into account the strain rectification

component, result in further reductions in crystallite size.
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Fig.44 (a-e) Crystallite size determination of Nij¢sCdo3sFes ALOs bulk by Size Strain

Method.

Table 4.4: Crystallite size "D” and Strain using the Scherrer's formula, Williamson-Hall

plot and Size-Strain Plot.

Al content  The Scherrer's Modified Williamson-Hall Size-strain plot
formula Scherrer method
Dinm) & D(mm) € D(nm) &x10°  D(m) &x10°
x10°
3

0.00 38 295 39 258 46 0.70 40 1.07
0.015 39 292 39 2.58 64 1.29 44 1.31
0.030 39 2.88 43 3.62 60 1.07 42 0.97
0.045 37 3.09 37 1.98 43 0.52 38 0.58
0.060 36 3.13 36 2.88 46 1.00 38 1.59
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4.14 CATION DISTRIBUTION AND CRYSTAL SHAPE FORMATION

According to the final results of the distribution of cation determine from XRD and
Rietveld refinement, the Al™ that replaced for the Fe’™ predominantly both occupy the B
site. These findings concur with the results reported in Table 4.5. To balance the relative
occupancy offered by the space group, some of the Fe™ move from the B site to the A site
at the same [80]. In spinel ferrites, Cd is known to have a high affinity for the A sites. Ni-
Cd ferrite form by combining Ni** and Cd**. Fe™/Cd* complexes are found [81] in A
sites, while Fe'*/Ni** complexes are found in B sites. Fig45 displayed the crystal
structure with cationic position from output refinement process typical x = 0.00, 0.030 in
which the Ni atom is depicted as blue, the Cd atom as green, and the Al atom as black, the
Fe atom as pink, and the O, atom as red. All structures spinel cubic phase represents the

bond between the atoms.

Table 4.5: A sites and B sites cation distribution of Niy ¢sCdg 35Fes Al O, bulk ferrite.

Al content (x) A site B site
0.00 Nig 20Cdo 35Feq 75 NigasFe; 22
0.015 Nio 16Cdo 3sAlono2Feo 735 NigaeAloo1z Fei2s
0.030 Nio.15Cdo 35AloosFeq 75 Nio.47Alp 025 Fey 175
0.045 Nip.19Cdo 35 Alp p10Fen 70 Nig.a6Alppss Ferass
0.060 Nig20Cdo 35Al o15Feq 70 NigasAlooss Fei s

® A site

@ A site
@B site L4

® B site
B sitg

Fig. 4.5 Crystal shape (a-b) as space filling and (c-d) as polyhedral.
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Fig. 45 is displayed the crystal structure with cationic position from output of Rietveld
refinement process of x = 0.00, 0.030 in which the Ni atom is depicted as blue, the Cd
atom as green, and the Al atom as black, the Fe atom as pink, and the O atom as red. All
structures spinel cubic phase represents the bond between the atoms. Fig. 4.5 (a) is
depicted the crystal structure as space filling of the main compound in without Al ions
substitution. Fig. 4.5(b) is illustrated the structure of crystal as space filling with Al atoms.
Al with step x = 0.015 has been substituted up to x = 0.060 in mother compound. Fig. 6 (c-
d) is depicted basic crystal structure with atoms and bonds in the form of polyhedral,
respectively. The occupied A and B sites of interacting atoms is displayed in Fig. . Ni atom
is occupied by B sites which are dark grey and Cd is occupied by A site which represents
pink color in Fig4.5 (c). Fig.4.5 (d) is expressed that Cd strongly preferred by A site
(tetrahedral). Fe and Al atom strongly preferred by B site which is brown color and Aqua
color. Earlier study is explained and demonstrated comparable structure [82]. The
substituting of Al in the Fe site has a significant influence on the structure of crystal, as is

displayed by the analysis of these structures.

4.1.5 ELECTRON DENSITY METHOD

Fig.4.6 (a-e) are illustrated the electron density of the plane (311) with the highest intensity
[80]. To investigate density by EDM mapping and comprehend EDM density distribution
within the unit cell, the GFourier software from the FullProf package employed. The
positions of the atoms that make up the constituent parts of the molecule contained within
the unit cell could be found out by analyzing of the density. Electron density is the
geometric structural factor's Fourier transform applied to the entire unit cell. The Fourier
map of the electron scattering density might be two-dimensional (2D) or three-dimensional
(3D). The electron density is described as a position-dependent periodic function, peaking
at an atom's position and decreasing to a minimum value between the atoms. Here, red
denotes a location with a high density of electron whereas blue denotes a region with a low
density of electron. The typical 2D Fourier distribution of the density of electron of
Fe**/Fe™ and O atoms on the yz plane in the unit cell is shown in Figure 4(a-e). The
electron distribution in valence d orbitals principally responsible for the thick and dense
circular form of the contours encircling Fe™/Fe® [78] . The valence distribution orbital 2s
and 2p electrons responsible for the outlines surrounding the Oxygen. Positive and some
negative values also detected. These represented different forms of bonds between them. It
emphasized that positive values are linked to covalent bonds, which bind two atoms

together.
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However, an ionic bond more precisely, a metallic ionic bond, which shown negative

value when two atoms are joined by an exchange of charges.

(i@
025 050

x/a

Fig. 4.6 Fill contour 2D representation of NigsCdp 35Fes AlO, bulk ferrite.

Strong covalent bonds observed in the atoms of various combinations in this investigation.
For instance, the covalent link between Fe®™ and O denoted by yellow and brown circles.
The maps of remaining compounds displayed such trends as well. The density of electrons
changes as shown due to the exchange of electrons. 3D representations of EDM examined
in Fig. 4.7(a-e). The values of the three related axes are x/a, y/b, and z/c in three-
dimensional represented. The combinations of these values allowed us to observe the
overall densities of the compound. The matching values for each of the map's colors shown

in the colored pattern legend to the right.
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Fig. 4.7 3D representation of Ni 6sCdp 35Fe> 4 AlO4 bulk ferrite.

The blue line represented the lowest density numbers, while the red line the greatest
values of density. Several negative values from found to represent the ionic forms that
were previously mentioned [83]. The most intriguing result of this analysis is the
lowering of ionic forms in dense ferrite ceramics caused by the emergence of Al**

substituting on the Fe'* sites.
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As more Al is added. the covalent bonds grown stronger as a result. Aluminum tends to
form covalent bonds rather than ions since it is a trivalent transitional substance. These
3D Maps satisfied this behavior. The Sigma density, Maximum density, and Minimum

density determined using MEM and are shown in Table 4.6.

The most intriguing result of this analysis is the lowering of ionic forms in dense ferrite

I** substituting on the Fe'* sites. As more Al is

ceramics caused by the emergence of Al
added, the covalent bonds grown stronger as a result. Aluminum tends to form covalent
bonds rather than ions since it is a trivalent transitional substance. These 3D Maps
satisfied this behavior. The Sigma density, Maximum density, and Minimum density

determined using MEM and are shown in Table 4.6.

Table 4.6: Electron distribution densities of Nio 6sCdo 3sFe2  AlO4 bulk ferrite.

Al Contents x Density max Density min Sigma density
0.00 75.11 -19.85 6.24
0.015 79.52 -22.23 6.20
0.030 1595 -4.15 642
0.045 95.39 -24.75 6.53
0.060 7945 -20.02 6.55

All maximum densities displayed as positive figures. Therefore, in these cases,
covalent bonds take precedence, which supported the bulk ceramic ferrite structures
depicted in Fig.4.6 and Fig4.7. The fact that the lowest densities are all negative,
however, shows that ions formed between the atoms. Finally, the density rate in this
field revealed by the sigma density. It found the covalent bonding nature and strength
of bonding from the electron density maps study. Bond strength are correlated with
magnetization as well as with the mechanical stability and potential durability of the

materials [84].
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42 SURFACE MORPHOLOGY

Fig. 48 is demonstrated the SEM images carried out to observe the surface morphology,
grain size, and shape of the bulk of Ni-Cd-Al bulk compound. It illustrated that the amount
of Al substitution causes the grain size reduction. The grain size ranges from 4.00 to 1.00
um found by analyzing Imagej software. As the amount of Al substitution increases, it
shown that the grain size reduces, indicating that Al substitution prevents exact crystal
formation. This is because that small amount of aluminum oxide Al;O; might be separated
at grain boundaries, preventing boundary movement as the second-phase in the final

sintering stage [50].

Fig.4.8 SEM images of Nig ¢sCdg35Fe> «AlyO4 bulk ferrite.
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Absorbance

Smaller grains aggregated as a result of the aluminum substitution because of the magnetic
interactions between the nearby particles.In the molecular structure of the ferrite, the
stoichiometric rate of Fe atoms decreases as Al content rise. The stoichiometric rate of
aluminum on Fe led to smaller nanoparticles and limited development due to ionic radii
and internal stress [85]. Similar variation in grain occurred when the amount of Al
substitution increases [5, 17]. The average crystallite size tends to decrease as the Al

content increases as confirmed by the XRD pattern.

4.3 OPTICAL PROPERTIES
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Fig.4.9 Optical Absorbance and Reflectance of Nio.6sCdo.asFe2xAliO4bulk ferrites.

Fig. 49 is depicted the optical absorbance and reflectance properties of Ni-Cd-Al bulk
ferrite compound. In order to comprehend the optical characteristics of this compound,
UV-visible spectrophotometer used. UV-visible absorbance spectra recorded between
(200-1100) nm. It is reveal that Ni-Cd-Al bulk spinel ferrite exhibits characteristics UV
and visible light absorption. From Fig., it is observed that absorbance increases in the
range (300-700) nm up to x = 0.030 beyond that it decreases with Al content. For Fe**
ions, the 3d°-3d%s’! transition, or photo-excitation of electrons between the valence and
conduction bands occurred inside the investigated mixed ferrites [24]. By applying
absorption coefficient relation, a = 2.303 (A/t), wherever t stands for sample thickness and
A for sample absorbance. Fig. was displayed that absorption decreased after 700nm where
reflectance start with Al content. The refractive index n(w) for prepared materials, plotted
as a function of & over the wavelength range of 250-800 nm by means of the Kramers—

Kronig method, is shown in Fig.4.10a.
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The refractive index (n) varies with A among the ranges to be 0.30 to 1.05. It is evident that
the enhancement of the refractive index in the UV-visible region and then decreases with
increasing wavelength, which may be attributed to the normal dispersion law. In Fig. 7,
variation among the n values is noted, which may be affected by the permeability
characteristics of Ni-Cd-Al bulk or the specific impurities formed due to Al substitution

[74].

1.2 12 b x =000
a x=0015
x=0030
0.9 x=0.045
0.9 x = 0.060
x =0.00
0.6 x =0.015
x =0.030
x =0.045
03 x =0.060
0.0 !
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Fig.4.10 Curves of (a) n Vs &, and (b) k vs. hv for NiyCd, 5sFe; (AL O, bulk ferrite using K-K

model.

Fig.4.10b illustrates the changes in the extinction coefficient (k) for NCA as determined by
the Kramers—Kronig method. It is clear that there exists a predominant broad k value
approximately to be at ranges of 2.28 to 2.58 eV and wavelength of 475 to 550 nm within
the UV-—visible spectrum for NCA spinel ferrite. It is important to highlight that k values
rise in two areas, which signifies a significant enhancement in photon absorption within

these regions [74, 86].

4.4 FTIR AND ELASTIC PROPERTIES

The analysis is revealed two predominant absorption bands such as v1, which in the range
of (525-578) cm™, and v2 situated between (407- 418) cm', thus confirming the
formation of the structure of the spinel ferrite. Table 4 lists the frequencies connected to
the vibrational modes, v1 and v2. It is determined that the stretching at the interstitial
tetrahedral (A) and octahedral (B) sublattices is responsible for the vibrational mode

frequencies [87].
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The v1 peaks are known to be caused by the stretching of tetrahedral metal ions and their
corresponds with oxygen, whereas the v2 peaks are caused by the bending vibrations of

cation-oxygen bonds located at the octahedral site [45]
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Fig4.11 FTIR spectra of Nip ssCdoasFex«AlO4 bulk ferrite.

The FTIR spectra of the Ni-Cd-Al bulk compound is obtained at room temperature, as
illustrated in Fig. 4.8. The data reveals the movement of the v, shift to the higher values
with the enhancement of Al substitution. In cubic spinel and spinel-like ferrite, the lengths
of the cation—anion (Me—Q) and cation—cation (Me—Me) bonds, as well as the associated
bond angles, influence the interaction strength of magnetism [66, 88]. All of the computed
bond lengths are listed in Table 4.7, and bond angles are included in Table 4.8. The table
demonstrates that the average inter-ionic distances tend to decrease with an increase in Al
content in the NCA compound. This phenomenon can lead to a decrease in the strength of
super-exchange interactions, as a result of wave-function overlap, thereby reducing the
Curie point. The reducing trend of Curie point has been published in our previous work
[89]. The analysis of bond angles (81, 62, 83, 64, Bs) in relation to compositions indicates
that the interactions of magnetic (A—O—-B, A—O—A, B-0O-B) exhibit strengthen and
weaken between the anions and cations within the sub-lattices. The angles 6; and 6; signify
the A—O-B interactions between the voids, whereas 05 and 6; denote the bond angles
pertaining to the B-O—B exchange interactions. Moreover, 65 is related to the A-O—-A
interactions found within the complexes. The discrepancies in these angles demonstrate
that cations are adjusted in relation to the aluminum content, which is affected by varying

super-exchange interactions [24]. The calculated bond angles were mentioned in Table 4.8,
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which indicates that 0;, and 0, decreasing trend with Al content, while bond angles 05 ,

64 and 05 increasing trend with AP* substitution.

Table 4.7: Inter atomic cation-cation bond length Me —Me distances (,3\), cation-anion

bond length Me — O distances (A) of Ni-Cd-Al bulk ferrite.

Al content X 0 0.015 0.030 0.045 0.060
Me - Me distances b 2.9500 2.9521 29518 29511 29507
(A) c 3.4592 34617 34613 3.4604 3.4600
d 3.6130 3.6156 3.6152 3.6143 3.6139
e 5.4195 5.4234 54228 54215 54208
f 5.1096 5.1133 5.1126 5.1114 5.1108
Me - O distance P 2.0860 2.0875 20875 2.0867 20865
(A) q 1.8065 1.8078 1.8076 1.8071 1.8069
T 3.4592 34617 34613 3.4604 34600
s 3.6130 3.6156 36152 3.6143 3.6139
Tabel 4.8: Bond angles of Ni-Cd-Al bulk ferrite.
Al content 61(degree) B2(degree) 63(degree) Ba(degree) 6s5(degree)
0 12527 15472 119.99 125.23 7997
0015 12529 154 83 119.98 125.30 7998
0.030 125.29 15473 120.00 125.25 7998
0045 12528 15473 120.04 125.28 7997
0.060 12522 154.66 120.00 125.63 80.00

The observed behavior can be linked to the relative weakness of the A-B interactions, in

contrast to the enhanced strength of the B-B and A-A exchange interactions [87].

In Fig. 4.11, the variation in (a) the force constants (kT, kO. and Kav) and (b) the stiffness

constant in compound are presented as function of Al content. The force constant k

(Nm—1), is derived from FTIR absorption spectra by employing standard formulas for the

A-sites (kT) and B-sites (kO) cation distribution. Cation distribution was carried out in

our previous work [87]. The estimated values pertaining to kT , kO and Kav. are detailed

in Table 4.9. Both the force constants of the NCA compound are observed to rise with an
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increase with Al content. The average value of Kav. was calculated from KT and KO in

Fig. and Table. Fig. 4.12 has illustrated the changes in moduli including Young's (E),

bulk (B), and rigidity (G) in relation to the Al content.

Table 4.9: Absorption wave number (vi, v2), force constant (K), stiffness constant (C;) elastic

constant (B, G, E) of Niy¢;Cd, 35Fes AlLO,.

Force constant (Nm'])

x v va Elastic constant (GPa)
Ky K Ky C B G E
(cm']) (Cm']) T 0 3 1
0 524.00 40500 210.80 12592 16836 201.75 201.75 93.05 140.99
0.015 558.00 40400 252.81 13252 192.66 230.79 230.79 115.54 180.53
0.030 566.00 40400 261.18 13306 197.12 236.22 236.22 118.25 184.77
0.045 57700 40600 27001 133.68 201.85 241.88 241.88 121.09 189.22
0.060 580.00 40400 270.70 13333  201.01 240.38 240.38 120.34 188.38
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Fig.4.12 : Variation of (a) force constant( kr , ko and K,,.) and (b) stiffness constant of

Nij 65Cdg35Fes Al O, bulk ferrite.

The calculated values of stiffness constant (C;;) is mentioned in Table 4.9. The elastic

moduli associated with cubic structures, specifically bulk (B), Young's (E), and shear (G)

were computed and are recorded in Table 4.9. Compound's elastic moduli and stiffness

constant were observed to rise with increasing Al content [45, 87]. The increase in elastic

properties with Al content can be attributed to the characteristics of inter-atomic bonding.

Increasing of Al content in Ni-Cd- Al bulk ferrite leads to shorter in inter-atomic distances

between cations, thus strengthen the bonds between them.
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Fig. 4.13 Changes of bulk modulus (B) , modulus of rigidity (G) and Young's

modulus (E) with Al content.

Our findings show that, o varies slightly from the value of 0.28, which falls within the

range of -1 to 0.5, suggesting a satisfactory elastic property [87].
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Fig. 4.14 Changes of longitudinal wave velocity (V1), shearing wave velocity (Vt), and

mean wave velocity (Vm) on the Al content in Nig ssCdo.3sFe2xAl:O4 bulk ferrites.

The variation in wave velocities including Vi, Vi, and Vm is shown in Fig4.13. The
velocities Vyand V, were calculated using the density of compound and stiffness constant.

The values of Vm calculation mainly relies on the parameters V, and V| .
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The values of Vi, Vi, and Vy; were found to increase as result of Al doping with step 0.015
[45,60]. The changes in the Debye temperature (6p) with Al content in Ni-Cd-Al bulk
ferrites are shown in Fig.4.12. The graph clearly illustrates that an increase in Al
corresponds with rise in (0p), indicating that lattice vibrations are obstructed as a result of
Al substitution [45, 60]. The Debye temperature is a significant factor in the study of
lattice vibrations within the field of solid-state physics. It indicates the temperature at
which the maximum vibrational activity of the lattice occurs, thus streamlining the
integration of thermal capacity. The values of V) and V;are used to compute the thermal
conductivity of a given material. The Debye temperature, signifying the approximate
temperature, where quantum effects become apparent, was calculated through various

physical properties, resulting in a range of values [60]
720
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Fig.4.15 Debye temperature (6p) variation of NiyesCdo 35Fes <AlLOs bulk ferrites.

Table 4.10 Longitudinal wave velocity (V1), transverse (Shear) wave velocity (Vt), mean

velocity (Vm) , Poisson ratio(s), Debye temperature(6) of Ni-Cd- Al bulk ferrites.

X Wave velocity (ms™) Poisson  Debye temperature
ratio (K)
Vi Vi Vi o Op
0 621691 3589.34 3984.84 0.30 667.95
0015 6649.36 3839.01 426203 0.28 691.67
0.030 6727.05 3883.86  4311.83 0.28 697.43
0045  6807.18 3930.12  4363.18 0.28 706.77
0.060 6786.12 391797  4349.69 0.28 707.50
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4.6 MAGNETIC PROPERTIES

4.6.1 MAGNETIC HYSTERESIS
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Fig. 4.16 (a) Hysteresis loops and (b) LAS fitted curves of Nip.gsCdossFerxAliO4 bulk

ferrites.

Fig. 4.16 is presented magnetic hysteresis Fig. (a) and LAS fitting Fig.(b) using PPMS
with an applied field of 3T (in puoH) at room temperature. The magnetization examined for

all the compound and found to rise with magnetic field up to 0. 20 poH (T).

Table 4.11 provided the M values for the samples with their theoretical and experimental
magnetic moment. It observed that Ms increases up to x = 0.045 beyond that it decreased
with the Al content. The hysteresis nature like soft ferrites with Al substitution exhibited
the same behavior [1, 5, 13-14].This type of M variation with AP content could be
explained by the cation distribution with exchange interaction over A- and B-sites, which
influences magnetic behavior of the compounds. The distance between the magnetic
cations is reduced due to the substitution of a smaller ion AI*(0.53A) compared to
Fel+(0.6413x) which increases the A—B exchange interaction [1]. Furthermore, as the non-
magnetic Al content rises beyond x = 0.045, decreases the magnetic moment more in the
B-site than the enhanced exchange interaction. This results decreased in Ms. Analyzing
every compound, from x = 0.00 to x = 0.060, Fig. 4.15(b) displayed the representative

curves of Mg fitted to the Law of Approach to Saturation (LAS) to calculate the values of

Ms and first nnicntrﬂ{\u constant K IlT:]th 4 IQJ
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Table 4.11: Theoretical magnetic moment (nth) and experimental magnetic moment (nyp),
saturation magnetization(emu/gm), LAS saturation magnetization(emu/gm), remanent
magnetization(emu/gm), coercivity(emu/gm), Curie point (T,), Curie-Weiss Temperature
(®cw), anisotropy constant (Jm™) and overall anisotropy constant (Jm®) of the

Nig 65Cdg 35Fes  AlyOy4 bulk ferrites.

Al ng g Mg Mg a5 M, He Te Ocw K, x10 K
content (th)  (exp) x10°
0.00 2.00 133 6278 62.82 4.82 40.19 582.27 78720 2.62 9.36
0.015 2.53 144 67.89 68.05 475 37.64 580.08 699.33 246 9.40
0.030 2.00 134 6317 6324 332 4694 57920 81466 3.09 9.34
0.045 261 136 63.96 64.13 297 4631 57900 80026 3.08 9.37

0.060 255 129 6160 6141 437 4608 57876 71173 2.60 9.34

E— 65.00 . - — 100
-~ 675 B —@—Saturation Magnetisation (Ms&
Eo i (exp) —@— Canting Angle o
E e 63.75 95
] -
% 6.00 2 ~ ° =
5 =i }-—-'_s>< o
g E 62.50 . 90 E’
S 525
% —o— Bsite p % S k-
3 = 6125 8 3
o
= i - o
8 450 —o— Assite u °
=
60.00 80
0.000 0.015 0030 0.045 0.060 8.000 0015 0.030 0045 0060

Al content Al Content

Fig. 4.17 (a) Magnetic moment with Al and (b) Canting angle effect with saturation

magnetization.

K has measured from 2.62 x10” to 3.09x10° Jm* whereas overall anisotropy constant (K)
from 9.34 x10° Jm™ to 9.40x10° Im™>[90]. It was observed that high M; and low H, from
hysteresis loop indicate soft magnetic materials, which facilitate easy domain wall
formation and movement [91]. Analysis of first anisotropy and effective anisotropy depicts
the relation between smaller grain size and magnetic performance. M, is related to
anisotropy as per Ms = 2k/uoHc. The expression K represents the particle size-dependent
anisotropy , Ker = K, + Ky6/d), where K, and K, are the material constants, and d

represents particle size.
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Anisotropy increases with decreasing particle size. The domain-grain size relation is
proportionate with ds co(grain size)™, when domain size and grain size are compared. The
grains might not be completely ordered, yet it is clear that the crystallite regarded as fully
ordered [92].

The cations distributed on the A and B sites using Hund's rule with the magnetic moments
of Ni** (2uB), Cd**( 0uB), A" (0uB) and Fe'* (5uB). Table 4.5 presented all of the
cations in their respective places from the Rietveld analysis. With an increase of Al
substitution for Fe™* in the B-site, the total yp decreased in the B-site shown Fig.4.16(a). It
is observed that Al occupied by the B-site dominantly and A-site very rare. As a result the
expected value for the py of A" and Fe'* reference value as well as the change in
magnetization at the B-site. Thus, the B-A interaction eventually reduces, leading to a
drop in the total magnetization (Mg = My - M,). Therefore, it found that, with Al
substitution, both the total magnetic moment and Mg reduced [14] beyond the value of x =
0.045 shown in Fig.4.17a. and Fig4.17b. Table 4.11 has presented comparison of the
theoretical and experimental values ng, and n.,, of the Bohr magnetron pp with APl*
substitution.

Due to anti-parallel interaction, theoretical nth (i) calculated using n(g) = (Mg - Ma)ps
for the magnetic moment and cation distribution as well as using n., (1) = (MxMs)/5585
experimental magnetic moments have trends to increase up to x = 0.045 and then decrease
with Al shown in Fig.4.16(a) and Table 4.11. The observed n.,, less than ny, obtained from
Rietveld analysis and cation distribution . The difference between nth and ney, could be
explained that nex, measured at room temperature (at 305 K), but nth gives at 0 K. The
reason for the linear decrease in Ms is determined from the substitution of the non-
magnetic AI'* for the magnetic Fe'* ion at the B-site. Since AI’* is nonmagnetic ion, it
does not participate in the exchange interaction with its closest neighbors in the A-B
interaction, as a result both the magnetization at the B-site and the net saturation
magnetization decrease. The increase of Ms could be interpreted using canting effect
which related the relation Mg = Mgcosy - My, where Mg initially increases as a result of
the canting angle decreasing shown in Fig. 4.16(b) [1.5,13-14]. The magnetization at the
saturation point increases up to x = 0.045, when the canting angle y smaller, i.e., increases

13+

cosy. That is also result of A" is smaller size than Fe®* according to XRD study.
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4.6.2 TEMPERATURE DEPENDENT MAGNETIZATION AND CURIE POINT
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Fig 4.18(a) Temperature dependent Magnetization (M) and(b) The inverse of susceptibility
with temperature of Ni Cdy 3:Fe, AlLO, bulk ferrites.

Fig. 4.18 is illustrated the temperature-dependent magnetization measurement under an
external magnetic field 3T over a temperature (T) range of (300-900)K. It is observed that
M gradually decreased with T. At the Curie point (Tc), all compounds shown
ferromagnetic (FM) to paramagnetic (PM) phase transition from M-T curves. TC at which
dM vs. dT indicated [24] minimum value. Tc decreased from (582.27 to 578.76 )K with Al
substitution shown in Table 7 and Fig. 9 [3,24]. TC found to decrease with Al shown in
Table 4.11. When Al** ions are substituted, some ferromagnetic ordering within the system
is distorted and decreases active magnetic interaction for each magnetic ion per formula
unit, which reduced the Tc. Fundamentally, Neel's two-sublattice ferrimagnetism model
predicts that in ferrite spinel, A and B sites interact magnetically in three different ways:
A-A. A-B and B-B. The T. of ferrites is the primary determined from the overall strength
of the A-B exchange interaction. The ferromagnetic exchange between Fe™'- 07 - Fe'* is
influenced by the electronic configuration 2p6 of the nonmagnetic ion AP, As a result,
new coupling between AP - 0" AI* forms without contributing the magnetic
interactions. For that reason, the Tc dropped of Ni-Cd-Al bulk ferrites [3,18, 20.90].
Furthermore, because of the shifting valence states, the oxygen deficiency within the

spinel has a significant impact on the magnetic structures.
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The trend of reducing lattice parameters increasing the A-B exchange interaction. Due to
the relatively strong exchange interaction, it constantly takes more energy to disorient the
moment that corresponds to higher Tc values of the Ni-Cd-Al bulk ferrites decreases.
Consequently, changes Tc signify the formation of new ferrites that have an overall
increase in the phase transition temperature [20, 93]. This material is ideal for high-
sensitivity magnetic stress sensors due to its strong magnetomechanical effect and high

strain sensitivity [93].

Fig. 4.18(b) represented inverse susceptibility () with T which indicates transitions from
ferromagnetic to paramagnetic. The susceptibility in the paramagnetic region follows the
Curie-Weiss expression 3 '(T) = (T- fcw )/C in T range, which is significantly above Tc,
where Ocw is the Curie—Weiss paramagnetic temperature, C is the Curie constant, and Tc is
the Curie temperature. The obtained [24, 90] variation values from 699.33 to 800.26 K of
Bcw are higher than Tc, as shown in the Table 4.11. Magnetic inhomogeneity might be the

main source of this disparity [3].

4.6.3 MAGNETOCALORIC EFFECT
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Fig. 4.19 The magnetic entropy changes depending with temperature of under an applied
magnetic field of AH =3 T of Nig 6sCdy 35Fe».,AlyO4 bulk ferrites.

Fig. 4.19 is depicted the magnetic entropy changes (ASM) with temperature under an
applied magnetic field 3T to examine the magnetocaloric effect (MCE) of the Ni-Cd-Al

bulk compound.
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To assess the MCE of Ni-Cd-Al bulk ferrites, a basic quality element in determining the
magnetic refrigeration capacity is the magnetic entropy change. By analyzing the
experimental M-T curves, indirect methods for MCE estimate are used to calculate the
isothermal change in magnetic entropy (Asm) for all compositions during transitions [94].
Isothermal magnetization curves around T¢ measured in the magnetic field at 3T. ASy; is a
fundamental property of magnetic materials used to calculate the MCE parameters. ASy
values derived [97] using Maxwell's thermodynamic relation (ASm =I(clM/dH)d.H ) and the
M-T curve in this investigation. The change of maximum —AS," is ( 0.64, 0.72, 0.54,
0.62, and 0.60) Jkg'K" respectively at or near Tc, from Fig. 4.18. Typically, we use the
RCP to characterize material from the perspective of its practical applicability in MCE

devices, here RCP = (- ASy ) x T v is aresult of the full width at half maximum (

éTFM"M) of the (- ASM) peak and the maximum values of (- AS;;M) [61, 95]. RCP values

found from (43.18, 56.12, 52.90, 53.68 and 56.97) .lkg'l. Similar research results found in
previous work [94, 96-97]. This characteristic offers on the applicability of the magnetic

materials in magnetic refrigerator cooling technology.

4.64 COMPLEX INITIAL PERMEABILITY
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Fig.4.20 Demonstrates (a) the real and (b) imaginary portion of the initial permeability.

Fig. 4.20 a and b are revealed the real (;") and imaginary (u;") permeability of compound
with frequency. Up to 8MHz frequency, the pi’ is pretty steady, but beyond that, it grows

to a maximum and then quickly decreases with frequency.
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The p;" parameter used to express the in phase relationship between the magnetic induction
component (B) and the alternating magnetic field (H), assesses the capacity of materials to
store energy, while the y;” parameter measures the ability of materials to dissipate energy.

In contrast, the pi” rapidly declines at lower frequency sides and has a typical peak at
higher frequency sides, where the pi’ begins to decline. It's known as the ferrimagnetic
resonance phenomena [98]. The two separate magnetization mechanisms such as domain
wall motion and spin rotation are related to the permeability of spinel ferrites . In
comparison to spin rotation, domain wall motion contributes more to permeability at lower
frequencies. Large grains facilitate domain wall motion, resulting in high permeability.
The domain's wall causes the initial permeability to be represented as, (pi')y = (3rerD.U
Yy, ( pi)spin = (27MS7 Yk, where M, stands for saturation magnetization, Dy, stands for
average grain size, K for the magnetocrystalline structure's anisotropy constant and y for
domain wall energy [99]. The particle size, saturation magnetization, and
magnetocrystalline anisotropy influence the initial permeability [77]. Variation of initial
permeability can be made in a number of ways, including high density structures,
saturation magnetisation thin grain boundaries with large grain sizes, and chemical

composition optimization [100].

4.6.5 QUALITY FACTOR
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Fig.4.21 Q-factor versus frequency.

Fig. 7 has been shown the quality factor (Q-factor) fluctuations of the compound. The Al

substituted compound has been shown wider peak widths than the parent compound.
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These wider peak widths offer a broad brand frequency as well as Q-factor value shift
towards higher frequency side implies application range suitable for that more accurate
method of assessing magnetic characteristics. A favorable peak in the Q-factor for samples
containing Al occurs at a frequency of about 1 MHz. Higher Q-factor has observed for x =

0.060 in the middle region of frequency.
4.7 DIELECTRIC PROPERTIES

471 COMPLEX DIELECTRIC CONSTANT
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Fig.4.22 Demonstrates (a) the real portion and (b) imaginary portion of the dielectric.

The dielectric properties of Ni-Cd-Al bulk ferrites sintered at 1423K, are shown in both
their real and imaginary components in Fig. 4.22a and b. The frequencies are depicted
within the range of 20Hz to 10 MHz. As the amount of Al increases, a corresponding
decrease in both the real as well as imaginary values &' and &” of the dielectric constants
was noted in the compound. Fig. a shows that the value of ¢’ is higher at low frequencies,
but lower at higher frequencies. Fig. shows the linear behavior at frequencies above 100
kHz .

The dielectric constant, as observed in Fig. 4.22b, ¢" shows similar decreasing tendency
with increasing frequency. After 1 kHz, it also displayed a linear pattern. Comparing &' and
£", in both the cases, substituting Al to Ni-Cd bulk ferrite results in a downward trend of
dielectric constant curve [85]. The variation of &" and £” can be explained by Koop's two-
layer model and Maxwell-Wagner polarization theory. The assumption is that electron
hopping takes between cations and O% within framework that enables these interactions,

However, when the electrons attempt to pass through the insulating barriers (grain
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boundaries), they encounter hindrance and are unable to move from one grain to another.
Consequently, the confined electrons accumulate at the grain boundaries, leading to space
charge polarization within the ferrites' grains. Furthermore, throughout the sintering
process, there exists a chance of forming vacancies for oxygen ions and free charge
carriers within the voids. Later, they participate in space charge polarization as well. At
low frequencies, the electrons have sufficient time to traverse the grains by following the
alternating current field and can engage in space charge polarization. Because of the swift
oscillation of the ac field at high frequencies, the electrons attempt to alter their direction
too rapidly. Thus, the charge carriers are unable to keep up with the area's path due to a
lack of sufficient time. They are unable to gather across the grain boundaries, and space
charge polarization vanishes within the grains. Consequently, as frequency rises, the
polarization decreases and remains independent in the high-frequency zone [14, 24, 76].

The movement of electron between Fe ions in their Fe™* and Fe™* valence states is caused
by the creation of Fe’* ions. The polarization in ferrites is caused by the small-scale shift in
charges resulting from the electronic interaction between Fe?* and Fe'* ions, which oceur
in the with the direction of the applied electric field. The quantity of Fe”*/Fe’* ion pairs
located on the B-site determines the magnitude of the exchange. At higher frequencies,
conductive grains significantly effect on the material's dielectric constant, whereas the
grain boundary has a minimal impact at low frequency [101]. All four types of
polarization- electronic, dipolar, ionic, and space charge polarization were detected at
lower frequencies. The Maxwell-Wagner Model provides clarity on underlying the
concepts of these polarizations. Bulk effect results in electronic polarization, especially at
high frequencies. The curve indicates rapid decrease in the dielectric constant with
increasing Al concentration [3, 101]. There is a variation in dielectric constants for the x=
0 to x = 0.065 samples within low-frequency range. The interfacial areas of the grain
boundaries change because of the variations in grain sizes with Al content. Thus,
the buildups of charge carriers at the grain boundaries change depending on compositions
x [24]. Consequently, the space charge polarization exhibits minor variations as Al ions
doping and dispersion take place for the samples' dielectric constants in the low frequency
range [102-105]. The theoretically determined dielectric constant was graphed with
frequency and subsequently fitted to the modified Debye equation (MDE) to justify the
experimental dielectric properties [106]. The modified Debye relaxation function is a
suitable model for describing the dielectric relaxation process, and the dispersion in the

. . 2(1-
dielectric constant can be expressed as, &' =g'.. + (£'0- £'..)/] 1+(m‘c)’[1 "’J.
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Where, €., define ¢ in the highest frequency (© = 2nf.x), E'D represents € in the lowest
frequency and the Debye average relaxation time is 7 and the spreading factor of

the real relaxation times around the mean value is o.
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Fig. 4.23 Fitted curve of modified Debye equation of dielectric constant.

Table 4.12 Theoretical dielectric fitting parameters of Niy ¢sCdg 3sFea.cAl,O4 bulk ferrites.

Al content 0.00 0015 0.030 0.045 0.060
P 1.22x10° | 85350.67 6327845 | 48333.36 41171.33
& 516.80 363.41 373.9 507.15 402.02
7 (s) 1.36x107 2.80x107 2.64x107 1.15%10* 1.20x10°*
a 0.62 0.62 0.58 047 048

The spreading factor o ranges from 0 to 1, which is a permissible value [108].
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4.7 2 DIELECTRIC LOSS TANGENT
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Fig.4.24: Reveals tand variation with frequency.

The variations of dielectric loss tangent of NipssCdossFerxAlO4 are presented in Fig.
4.23. The tand has decreased noticeably with frequency following the substituting of Al on

mother sample, and the curve becomes almost linear at frequency of 100 kHz. The graph
of the frequency-dependent loss tangent (Fig. 4.24) exhibits a similar trend to the graph of
dielectric constants versus frequency (Fig. 22 a and b) [24]. Tand has identified the

minimal value for x = 0.015.

4.73 ELECTRIC MODULUS ANALYSIS
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Fig.4.25: Changes of (a) the real portion and (b) imaginary portion of modulus.
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The behaviors of the frequency dependence of the real M' and M" imaginary components
of electric modulus of the ferrites under investigation are illustrated in Fig. 4.25.

Fig. 4.25a is displayed very low value of M’ (close to zero) in the low-frequency area and
continuously increases with frequency that reach at maximum value in the high-frequency
region at IMHz for all samples. The real value of M’ remained constant up to 10MHz. The
real value M’ reaching its maximum for the compound provides evidence that the
relaxation process of voids occurs at high frequencies. Therefore, during conduction, there
is a rapid rise in M’ at a high frequency of about |MHz, which indicates that charge
carriers are mobile over short distances. In contrast, the low-frequency zone's minimal
values of M’ show that the compound under investigation exhibit a small amount of
electrode polarization within their grains [106]. Fig. 4.25 (b) is revealed the relaxation
peak, which is caused by the highest conduction loss occurring at the center frequency. On
the lower frequency portion of the peak of M”, charge carriers can travel from one site to a
nearby site over large distances, but on the higher frequency side. they are constrained to
their potential wells and can only travel short distances [3]. It finds that M" provides low
values at lower frequencies; however, when the frequency drive is in the 1 kHz — 10 kHz
range, M” displays broad maxima for the compound. The maxima of M” for the compound
later gradually fall with other higher frequencies to low values. The charge carriers are
capable of traveling long distances within the grains at low frequencies and exhibit very
high capacitance values [3,108]. In the high-frequency zone, the carriers do not go along
the AC fields due to being contained within the potential wells. As a result, the charges
travel across short distances. The samples have broad, asymmetric peaks on both sides of

the maxima at high frequencies [ 106].

4.74 IMPEDANCE ANALYSIS
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Fig.4.26: Demonstrates (a) the real portion and (b) imaginary portion of impedance.
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In Fig4.26, the real part (R) and the imaginary component (X) of the impedance are
presented of the Ni-Cd-Al bulk ferrites. The fluctuations in the real (resistive) and
imaginary (reactive) portions of the complex impedance spectra are shown in the
compositions. Both the real as well as imaginary portions of the impedance were shown to
decrease with frequency. The values of R was declined to 10k whereas X at near about 8k.
The values of R were became constant at 100k while X after 10k. At higher frequencies,
the real component of all the materials seems to blend. The space charge polarization
effect in the material may be responsible for the real component decreasing with
frequency. The observed larger values of real portion (R) at lower frequencies
demonstrates the importance of the grain boundary in the conduction mechanism of the
materials under investigation. Consequently, these materials display high impedance in
lower frequency range, which is likely caused by the grain boundary, where the formation
of AlO; hinders the grain growth mechanism. The real portion (R) was found to rise with
increasing Al content, which can be attributed to the ideal gas behavior of trivalent
Aluminum, combined with its tendency to predominantly occupy B sites in the ferrous
state, leading to increased resistivity with Al substitution. The imaginary part (X) of plot

with frequency was exhibited a comparable pattern to R [10, 14].

4.75 Cole - Cole Plot
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Fig.4.27 Cole-Cole fitted plot of Nij 5:Cdy 3sFes Al O,.
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In Fig. 4.26, the Cole-Cole plots are depicted the real part (R) alongside the imaginary part
(X) impedance of Ni-Cd-Al bulk ferrites. A ferrite material is thought to have a
microstructure made up of crystalline parallel conducting plates (grains) that are spaced
apart by resistive plates (grain boundaries). Using Zview software, the impedance data are
fitted, and the optimal fit is achieved by using an analogous circuit consisting of a grain
resistance (Rg) and grain boundary resistance (Rgb) with a parallel combination of grain
capacitance (Cg) and grain boundary capacitance (Cgb). The complex impedance that
results from the Cole-Cole type of distribution based on a two-layer model is made up of
two overlapping semicircles. The plot provides two semicircles as the grain boundary
resistance represented by the first semicircle at low frequency, while the resistance of the
grain or bulk properties is_shown by the second semicircle at high frequency. In the
majority of instances, the phenomenon is linked to the existence of a dispersion of
relaxation time. The semicircle's size, which varies with grain size and represents the level
of resistance. The complex impedance plots can be employed to evaluate the nature of
Debye or non-Debye type dielectric relaxation within the system.

The Cole-Cole Plot is displayed semicircles that depressed, having their centers located on
a line below the real axis (£’ axis). This behavior signifies a deviation from ideal Debye
behavior. Non-Debye behavior may be attributed to several factors including grain
orientation, grain size, distribution, grain boundaries, atomic defect distribution and stress-
strain effects, among others [23].

Table 4.13 Grain and grain boundary parameters of NiygsCdg ssFe (ALO,.

Al content Ry(Q2) Cy(F) Rgb(£2) Cen(F)
0.00 2.66x10° 1.97x10” 2.26x10° 121x10M
0.015 1.92x10* 3.07x10" 1.41x10° 139x10™""
0.030 3.67x10° 7.82x10" 7.25%10° 3.72x10”
0.045 557x10" 1.09x10™" 4.17x10° 1.07x10°
0.060 404x10° 1.09x10°® 2.32x10° 951x10™""

Smaller grain samples display one semicircle, while larger grain samples show two
semicircles that correspond to the grain border and grain resistance, respectively [1, 49].
The real portion of impedance in complex impedance diagrams is connected to resistance
Zr, whereas the imaginary component has connection to capacitance C, where Z, = 1/joC.
Calculating the relaxation period is possible using the formula T, = C;R, and Ty =
CgbRyb[8] . This is attributed to a significant increase in electron scattering caused by the
disordered atomic arrangement close to the grain boundary area. Furthermore, the
concentration of mobile charges may significantly rise as a result of the internal space-

charge generated at grain boundaries.
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It has been depicted, for all the samples of NigssCdo 35Fe2.4AliOy4 in the studied frequency
range, that the Cole-Cole plot demonstrates the creation of two semi-circles, grain
boundary and grain resistance. The pattern of this curve indicates that the contribution
from the grain boundary predominates and that the grain contribution is less demarcated of
the sample [105]. The grain resistance, which is substantially less than the grain boundary
resistance, is crucial to the conductivity behavior of materials. The grain and grain
boundary resistance of the samples is represented by the diameter of the semicircle in the
Nyquist plot. In NigssCdy ssFea«AlO, ferrite, the computed values of grain and grain
boundary resistance from these plots revealed that resistance values increasing trend with

Al doping [106] as shown in Table 4.13.

4.76 AC CONDUCTIVITY

Fig. 428 was illustrated the variation in AC conductivity for Ni-Cd-Al bulk ferrites
compound at room temperature. It is possible to express the AC conductivity of ferrite
materials as o(w,T) = g4(T) + 6,(®,T) where the sole temperature-dependent variable is
the dc conductivity, which is the first term in the equation. The second term in the equation
is the ac conductivity, which is a variable that depends on both temperature and frequency.
The formula for this frequency-dependent AC conductivity cac is as follows, cac = Aw" =

£'e0 2nftand. AC conductivity was found to rise with frequency [107].
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Fig. 4.28 AC conductivity with frequency.
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The rise in the ac conductivity of the ferrites with frequency is explained by means
of Koop's two-layer model and the space charge. Ferrite materials consist of grains that are
highly  conductive, which are separated by grain boundaries that possessa
resistive characteristic. The grains demonstrate well conductivity at high frequencies
but show poor conductivity at a lower frequency due to the hopping of electrons and space
charge polarization. As the frequency of the applied field increases, the grains become
more dynamic by boosting the hopping between ions, which raises the hopping frequency.
Furthermore, the pumping forces of the utilized frequency assist the charge carriers in
moving among various localized states and liberate the trapped charges from other
trapping centers. Thus, a significant increase in ac_ conductivities is noted for all the
compositions. These hopping charge carriers have a strong correlation with the conduction
mechanism and dielectric behavior | 24]. The o, reduces as the Al content is increased
with the steps x = 0.015. The phenomena can be clarified by stating that the Al ions reside
in the octahedral sites within the mixed Ni—Cd ferrite, reducing the quantity of Fe present
at the octahedral site. The reduction in conductivity with Al content is attributed to a
decrease in Fe'* ion concentration at the B site, which restricts the ability to hop between

3 2%
Fe'™* and Fe™ ions.
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The distance of B-B site is shorter than that of the A site and B site. As a result, the
probability of electrons exchanging between B-B sites is lower than A-A and A-B sites.
Substitution of nonmagnetic AI** ions for Fe** in mother compound was found to impede
conductivity due to effect of Verwey's hopping process [22, 99]. The theoretically
calculated AC conductivity was plotted with frequency and subsequently fitted to the

Jonscher’s Power Law to justify the experimental results [ 108].
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Chapter 5: CONCLUSIONS

5.1 GENERAL

In these investigations, we have been studied the influence of Al substitution on the
structural, elastic, magnetic, magnetocaloric, optical, dielectric and electrical properties

of Ni-Cu-Al dense ferrite with formula Nips5Cdp 3sFesAlOy
5.2 KEY FINDINGS
The acquired results could be used to mention the following important conclusions;

® The series of Ni-Cd-Al bulk compound have been successfully prepared by sintering at
1423K using sol gel technique from nano-crystallite powders. Utilizing X-ray diffraction
technique, structural with Rietveld refinement analyses such as goodness of fit, cation
distribution, maximum entropy approach properties have been explored.

® The single-phase homogenous cubic spinel structure is confirmed by XRD and
Rietveld refinement analysis. Cation distribution reveals Al substitution in Ni-Cd- Al bulk
compound, is shown to occupy on both A and B sites, though slightly larger in the
tendency towards A-sites.

* Goodness of fit 1.86 to 2.75 has been obtained from Rietveld refinement analysis. Ni,
Al and Fe were found to strong preference for the B site, whereas Fe and Cd were found
to occupy the A site from the cation distribution study.

® The strong covalent bond is found to increase from the electron density method with Al
substitution.

* The crystalline sizes is observed to decrease using Scherer's formula, Modified
Scherer's formula, Williamson-Hall plot, and Size Strain Method (SSM) as well as XRD
analysis.

* Interatomic distances of bond length are decreased with Al as well as bond strength
increased.

* Bond angles of 8, and 0, are calculated as a decreasing tendency corresponds with the
A-B exchange interaction weakened. On the other hand, bond angles of 8, , 0; and 8 are
found to increasing as well as the B-B and A-A interaction goes stronger with Al content.

e Elastic properties including force constant, stiffness constant, elastic moduli, wave

velocities and Debye temperature are analyzed and found to decrease with Al content.
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® Grain sizes is found to decrease with Al from surface morphology study.

o The saturation magnetization is found to increase initially and then decline with Al due
to effect of canting angle. The values of M, have found to increase initially with Al
content as well as supported by the LAS fitting curves.

» Curie temperature (T.) has been observed to decrease from (582.27 to 578.76) K.

® RCP values have been recorded to be the range of (43.18 - 56.97) .lkg'l of Ni-Cd-Al bulk
with Al content which might be consider them a appropriate materials for magnetic
refrigeration.

» Refractive index (n) and extinction coefficient are determined with Al from optical
study.

o High frequency ranges is observed from initial permeability.

o The dielectric constant, the dielectric loss tangent and AC conductivity are found to
decrease with Al.

o Low cost, low temperature dense ceramic fabrication as well as better various properties

might be applied for multifunctional devices.

LIMITATION OF THE STUDY

Due to lack of proper availability of characterization facility of various instruments like

XRD, FESEM, PPMS etc. practical handling was limited during research time.
PRACTICAL IMPLICATION

The result has found potential for Magnetic Refrigeration as it provided great value of

Relative Cooling Power.
RECOMMENDATION FOR FURTHER STUDY

Temperature Dependent magnetization needs to be done on various magnetic field (i.e. 1T
to 5T) to obtain optimum for RCP values and to get certainty on being applicable as
Magnetic refrigerant. Also, P-E hysteresis loop and and Mossbauer spectra analysis is

required to obtain clear image of this research.
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