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Abstract

The effect of gamma (y) irradiations on the physical, magnetic and electrical properties of
nanoferrites samples with a chemical formula of NigsCu.2Cdo3Fe2xAlO4 have studied. These
samples have prepared by sol-gel auto combustion method. The synthesized samples have
irradiated for y rays from 8°Co source at room temperature with a dose of 1 and 3 MRad, at a
dose rate of 1.067 MRad/h. X-ray diffraction (XRD) parameters, magnetization, dielectric
constant, dielectric loss factor, electric modulus, impedance and ac conductivity have analyzed
for the irradiated samples. XRD patterns show that the irradiation has caused a change in the
lattice constant due to ions redistribution. The lattice constant of the investigated samples has
increased with the increase in irradiation (gamma) due to the conversion of Fe** (0.67A) to
Fe?* (0.76A). Moreover, the cation redistribution play an important role in increasing the values

of ac conductivity with increasing the irradiation (gamma) dose.

The magnetization has measured by using Vibrating Sample Magnetometer at room
temperature with an applied field of 1.5 T (in poH) after irradiation (gamma) by different doses.
The saturation magnetization initially increase with irradiation. The frequency dependence of
conductivity, dielectric constant, and dielectric loss has been studied. The Cole-Cole plots of
(Z" vs Z') give different two over lapping incomplete semicircles depending upon the electrical
parameters. Also, the modulus plots of (M” vs M/) insure that the electric stiffness is the
dominant property of the investigated samples. Electrical and dielectric properties have carried

out with the influence of vy irradiation and interpret using existing theories.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

The process of creating new materials with particular characteristics in the nanometric range
and their applications is often reffered as nanotechnology. As a consequence nanotechnology
also involves the low-cost manufacturing of nanoscale devices with special uses [1]. Synthesis
and accurate characterization of nanoparticles play a crucial role in present nanotechnology era.
It is thought that nanoparticles serve as a link between atomic as well as molecule and bulk
structures. These characteristics make these materials extremely interesting for both scientific
research and technological development [2]. Aside from the improved physical characteristics
of nanocrystalline materials, it is critical to advance scientific research more quickly in a
number of areas [3]. Applications in electronics and telecommunications have made use of high
resistivity and high-frequency effectiveness [4]. The process used to synthesize nano ferrites
has an impact on not only particle size but also electrical transport and magnetic characteristics
[5-7]. Many studies on the effects of y-irradiation on compounds have been conducted in the
past few decades. For example, gamma ions with high energy for ferrite structure might cause
dramatic structural and magnetic changes in nano form samples of garnets, hexa-ferrites, spinel,
and other materials. Tetrahedral (A) and octahedral (B) sites combined with metal ion
engravings make up the spinel structures. There is a fcc oxygen cage around these ions. The
anti-ferrimagnetic magnetic transitions between metallic ions are dependent on the places
where the magnetic ions are occupied as well as their placement in crystallography. Thus, the
chosen issue is the rearrangement of cations on the spinel ferrites or the displacement of cations

for due directional and bonding length alterations.



In addition to studying magnetic characteristics, more research is being done on electrical and
dielectric properties from a basic and applied standpoint. The preparation process, along with
environment, the heat treatment temperature, and the proportion of existing chemicals etc.
affect the dielectric characteristics. Thus, when this substance is exposed to radiation through
the use of radiant energy, new kinds of occurrences have emerged, which can alter dielectric

and magnetic properties drastically for technical applications.

Numerous studies have documented the remarkable characteristics of ferromagnetic oxides
when exposed to high and low energy ions, electrons, c-photons, and fast neutrons. The effects
of exposure to °°Co radioactive source y-rays at dosages of 1 MRad and 2 MRad on the
structural, magnetic, and electrical characteristics of Mg-Cu-Zn and Ni-Cu-Zn nano ferrites
were studied by Assar et al [8]. According to the XRD data, when the irradiation dosage is
increased for Ni—Cu—Zn ferrite samples, the disordered grain border area increases at the cost
of the ordered regions of the crystallites, or grains. This causes the crystallite size to decrease.
Also, the slight increase of the lattice constant of all investigated samples may be attributed to
the conversion of some Fe*" (0.67 A) to Fe** (0.76 A). The cation redistribution, which is
primarily responsible for modifying the magnetic characteristics of the samples, is responsible
for the observed increase in saturation and residual magnetization after irradiation. The
samples' Cole—Cole (2 vs. Z') plots reveal two partially overlapped semicircles and a notable
shift in values with respect to radiation dosage. Ultimately, it is determined that both
compositions exhibit balanced behavior with increasing exposure to y-ray radiation, making
them viable candidates for use in the production of MLCIs when subjected to extremely high

irradiation levels. In a different study, Ahmed et al. [7] investigated the impact of laser and



gamma radiation on the physical characteristics of MnFe>O4, which was made using the citrate

precursor approach.

Magnetic resonance scanners, computerized tomography, satellites, and nuclear fusion reactors
are among the successful uses of gamma irradiation systems [9]. Irradiating ferrites with
gamma rays is a useful technique for understanding controlled flaws that are formed in the form

of points, columns, and clusters [10].

Since Cu-based ferrites have low processing temperatures and a simple synthesis procedure,
they are the preferred magnetic material for MLCI. They also have appropriate electromagnetic
characteristics for high-frequency applications [8]. Because of their adaptable soft magnetic
properties, Ni-Cu—Cd nano ferrites might be used in high-frequency applications as an alternate
of Ni-Cu-Zn ferrites. Because of their high resistivity, high magnetization, and chemical
stability, these ferrites may thus be used in the MHz to GHz range [11]. A statistical
redistribution (cations) governs the variations in the spinel structure's characteristics. Cations
move more quickly from A-site to other B-site and vice-versa. It has observed that the impact
of unirradiated and y-irradiated zinc ferrites on electrical conduction [12]. This report also
includes the same study on CdFe204, CoxZni.xFe204, and FesO4. Due to irradiation effects,
issues have recently surfaced with the construction of electrical components for measurement
devices and accelerators. Instead of a large dosage, cosmic radiation has been detected in the

case of spacecraft and satellites.

Radiation might show signs of atom ionization, excitation, and matter structural disruption [13].
Of all radiations, ¢ rays cause flaws in materials by altering their morphological, structural, and

electromagnetic characteristics. These changes might be caused by cation inversion,



ferrimagnetic ordering breakdown, surface state pinning, etc. More elementary particles and
radioactive isotopes are forced by recent advancements in nuclear engineering than by
ionization radiation from different acts [14,15]. High-energy electromagnetic radiations have
interacted with electronic shells when substances have been exposed to radiation. The
scattering of both elastic and inelastic kinds that occur during atom ionization and excitation
have given origin to the phrase radiation damage. In addition, this disturbance in the matter and
nuclear initiations are another reason for that [16,17]. Gamma irradiation is now the subject of
most research and development for medical equipment and cutting-edge industrial products,
such as nuclear fusion reactors, computerized tomography spacecraft, magnetic resonance

imaging, and satellites.

There are no works that have been reported regarding different irradiation effects comparison
in the case of nano ferrite properties till now. The effective behaviors of

NiosCuo2CdosFe2xAlxOs were analyzed in a previous study [18] in which some noticeable
results were obtained in synthesis, homogeneity in structure and morphology, resistivity, and
magnetization with size in the nanoscale range. This is what draw interest in studying the
behavior of the magnetic, structural, and electric characteristics when Ni—Cu—Cd-Al nano
ferrites have exposed to gamma radiation. The objective is to observe the structural strength as
well as electric and dielectric properties in addition to the preceding one for the
NiosCuo2CdosFe2xAlxOs. The goal was to irradiate samples as an inexpensive method to
produce distinct properties. This innovative approach yields a productive comparison of two

primary irradiations, designated vy, as affected by electromagnetic waves and particles.

No research work has reported until now on the comparison of different irradiations on the

structural, magnetic and electric properties of nano ferrites. For these reasons and for the first



time much attention has been paid in the present work to study the effect of gamma and neutron

irradiation on the structural, magnetic, dielectric and electric properties of Ni-Cu-Cd-Al

nanoparticles under investigation. Another goal is the variation of the physical properties of

such nano ferrites (Nio.sCuo.2Cdo3Fe2-xAlxO4) by using irradiation as a sample low cost tool to

obtain novel characteristics. The novelty of this fruitful work is emphasized from the nature of

the influence of y-irradiation on nanoparticle.

1.2

AIMS AND OBJECTIVES

The main motive of current works are derived below:

Synthesis of NiosCuo2CdosFezxAlOs (X = 0.00, 0.015, 0.03, 0.045, 0.06)
nanoparticles.

X-ray diffraction (XRD) patterns of the prepared nanoparticles after irradiation are
recorded by X-ray diffract meter.

The variation of saturation magnetization (Ms) for various irradiated composition are
observed using Vibrating Sample Magnetometer.

Frequency dependent transport properties such as complex dielectric constant, AC
conductivity and analysis of complex impedance spectra (Cole-Cole plot) of different

irradiated compositions are investigated.



1.3  THESIS OUTLINE

Outline has been organized in the following way:

Chapter 1: presents a brief introduction about “RADIATION INDUCED STRUCTURAL
MAGNETIC AND ELECTRIC PROPERTIES OF Al SUBSTITUTED Ni-Cu-Cd

NANOPARTICLES”; brief of previous work and organization of thesis.

Chapter 2: deals with detailed theoretical background to study this type of research work.
Classified and described the magnetization term along with class of different materials. Detail
in this chapter incorporates background information to assist in understanding the aims and
objectives of this investigation, and also reviews recent reports by other investigators with

which these results could be compared.

Chapter 3: incorporates with the detail of sample synthesis and experimental technique.

Chapter 4: describes the results and discussion of all studies.

Chapter 5: includes the general conclusions as well as key findings drawn from the overall

experimental results and discussion along with the scopes of future work.

A concise list of publications and conferences related to present research work has been

presented at the end.



CHAPTER 2: LITERATURE REVIEW

21 GENERAL

This section represents the comprehensive overview of the research, which includes the
main topic of the thesis that will be covered in literature review. Here, key studies related to
this research will be discussed along with their methods, findings and contributions to this

regarding field.
2.2 RELATED THEORIES AND UNITS OF RADIATION MEASUREMENT
2.2.1 Exposure

When all of the electrons released by photons in a medium-volume element with mass
Am are fully stopped in the volume, the unit of exposure, X, is defined as the quotient of AQ
divided by Am. AQ is the total of electrical charges on all the ions of one sign that are produced
in the medium,
_ A
~ Am
Roentgen (R) is the specific unit of exposure that comes before the SI system. Exposure does
not have a Sl unit, and the old special unit, roentgen, is no longer in use, but it is still

infrequently encountered, especially in the older literature.
2.2.2 Absorbed Dose

The definition of the term "absorbed dose" D, is the product of Am and AEp, where Am
is the mass of matter in a volume element and AEp is the energy deposited (Ep is equivalent to

energy imparted, vide infra) by ionizing radiation:



_AE,

Am

Up till 1977, a unique unit of measurement for absorbed dosage was the rad, which is defined
as 1 Rad = 100 erg g. Rad is also the plural unit; for instance, 1 Rad or 20 Rad. Despite the
introduction of the gray (Gy), a new special unit, the rad is still commonly utilized. The
definition of gray is 1J deposited in 1 kg. 1 J kg™ equals 1 Gy. In contemporary writing, gray
is gradually replacing the Rad, and | shall make an effort to employ it consistently throughout
this essay.

Since 1 Gy = 100 Rad, it is easy to convert between the rad and the gray since 1 rad = 1 cGy.
Consequently, the centigray has become a common tool for scientific communication among

radiation experts.
2.2.3 Radioactivity

Radioactivity defined as the occurrence of spontaneous nuclear changes within atoms
that are unstable, leading to the creation of new elements. These transitions are distinguished
by many mechanisms, such as the emission of alpha particles, the emission of beta particles
and positrons, and the capture of orbital electrons. There's a chance that gamma radiation will
be released in conjunction with any of these processes. Nuclear factors alone dictate the
radioactivity and radioactive properties of nuclides; the radionuclide's chemical and physical
states have no bearing on these properties. The radioactive characteristics of atoms are
inherently unalterable and distinct from the specific radionuclides. The specific mechanism of
radioactive transformation is contingent upon the amount of energy accessible for the transition

process. It depends on two things: (1) the type of nuclear instability, that is, whether the



neutron-to-proton ratio is too high or too low for the nuclide under study; and (2) the mass-

energy correspondence between the parent nucleus, and daughter nucleus, and released particle.
2.2.4 Decay Constant

For a radioactive nuclide in a particular energy state, the decay constant, denoted by A,
is the product of the change in the time (dt) interval and the change in the probability (dp) of a
nucleus undergoing a spontaneous nuclear transition from that state:

_dp

A_dt

The reciprocal of time, or t2, is used to describe the dimensionality of the decay constant.

2.25 Gamma Rays

X-rays and gamma rays are examples of electromagnetic radiation, which are photons
with enough energy to cause ionization. X-rays and gamma rays have comparable physical
characteristics. However, it has been customary to refer to ionizing photons generated in
"machines" as X-rays, while ionizing photons emitted from radioactive sources are

conventionally referred to as gamma rays.
2.2.6 Characteristic X-rays

The solar system atomic model possesses distinct qualities, wherein electrons orbit the
nucleus with specific radii that correspond to discrete energy levels. The model possesses
several virtues, including its ability to provide straightforward explanations for the transfer of
energy to matter through processes like excitation and ionization. It also provides insights into

processes such as the creation of characteristic X-rays and the photoelectric effect. Numerous



electron volts of excitation of outer electrons have been shown to give birth to the optical and
ultraviolet spectra of various elements. Furthermore, the spectral lines correspond to the energy
disparities between these excited states. The energy disparities across primary levels experience
a significant increase as additional electron shells are included. Electron energy levels in
elements with significant atomic numbers may reach tens of thousands of electron volts. For
lead (Pb), the difference in energy between the K and L electron shells is 72,000 electron volts
(eV). Figure 2.2 shows what happens when a photon with an energy higher than 87.95 keV
interacts with the K electron. The electron is then released from the atom, leaving a space in
the K shell. Simultaneously, an outer electron undergoes a transition to occupy the previously
unoccupied energy level created by the ejection of the photoelectron. In the event of this
occurrence, a photon is discharged, with an energy equivalent to the disparity between the
initial and ultimate energy states, as stipulated by the following equation . When an electron
moves from the L to the K energy levels in the instance of the lead (Pb) atom, a photon is
released. The quantum energy associated with this emitted photon is measured to be 72,000
electron volts (eV). An X-ray is any photon with enough energy. Because of the unique energy
differences between electron orbits that are unique to various atoms, the photon produced in
this way is known as a characteristic X-ray. These X-rays, which represent these variations, are
considered "characteristic" of the elements from which they originate. The aforementioned
procedure is iterated until all the internal electron orbits are completely replenished. One may
speculate that the first transition comes from the M level or perhaps from the outermost
electronic orbit. The L shell is considered the most probable source of the initial electronic
transition. When such an occurrence takes place, the resultant X-ray is referred to as a K,
photon. A Kg photon is produced whenever an electron moves from the M level to the K level.
When an electron transitions from the M level to fill the vacancy in the L orbit, it produces an
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X-ray known as Lo. Similarly, when an electron initially in the N level fills the L vacancy, it
generates an X-ray referred to as Lg. The term "fluorescent radiation™ is often used to refer to
the characteristic X-rays that are emitted as a result of irradiating materials with X-rays. The
utilization of characteristic radiation serves as a valuable tool for analytical chemists in the
process of identifying unknown elements. The health physicist places significant attention on
characteristic radiation, particularly in situations where radiation absorbers and high atomic

numbered materials may emit fluorescent radiation due to the ejection of inner electrons.

Ejected electron

Fig. 2.1 Schematic representation of the origin of characteristic X-rays [1].

An X-ray photon with particular characteristics may come into contact with another electron in
the atom and cause that electron to be expelled. The subsequent emitted electron is commonly
referred to as an Auger electron. The Auger electron may come from an orbit outside of the
original photoelectron's orbit or from the same orbit. The following is the formula for

calculating an Auger electron's (Exa) kinetic energy:

Exa = @i — 200,

where @i = binding energy of the inner orbit and ¢o = binding energy of the outer orbit.

2.2.7 Interaction of Radiation with Matter
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The interaction between radiation and substances holds significant importance from
both theoretical and practical perspectives. This encounter can be analyzed from multiple
perspectives. When a substance is exposed to radiation, it has the potential to undergo
alterations in its properties. Because of the numerous developments in nuclear engineering, the
use of radioactive isotopes, and the development of elementary particle accelerators, there has
been a great deal of interest in researching the effects of radiation on materials used in electronic

devices and control systems in recent years.

The dynamics of the interaction processes are contingent upon the characteristics of the
incoming particles or photons, including their type and energy. An illustration of this concept
is the electromagnetic spectrum, which encompasses a wide range of frequencies spanning
multiple decades. The circumstances are analogous to those of particles that possess an electric
charge. The energy spectrum spans from sub-electron volt (eV) levels to 10% eV, exemplified
by ultra-high energy cosmic rays. Throughout a gas medium, ion pairs—that is, electrons and
positive ions—are formed as a result of the energy dissipation process. These pairs then split
and travel throughout the medium. In general, the formation of an ion pair necessitates an
energy input of approximately 30 electron volts (eV). In semiconductors, the medium is found
to have a greater density, and the production of an electron-hole pair requires an energy input
of around 3.6 electron volts (eV). Materials are much more vulnerable to the effects of ionizing
radiation of many kinds, including gamma rays, a and 3 particles, neutrons, and X-rays. These
interactions may be categorized as nuclear reactions, inelastic scattering, or elastic scattering
based on the properties and energy level of the incoming radiation [Tareev, 1979; Turner,

2007].
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During the process of radioactive decay, particles or rays are emitted with a specific energy
level, and it is possible for these emissions to possess either a charge or no charge. After being
discharged, each of these entities interacts with their surroundings, sending energy into the
medium until they run out of energy altogether. As things stand, it is clear that these energy
transfers will have a substantial impact on radiation biology, radiation shielding, radiation

detection, and almost every other area of radiation protection.

The main processes by which radiation interacts with matter are:

e |onization
e Excitation
e Capture

Fundamental processes like ionization and excitation are important in many different kinds of
radiation and contact situations. Reactions resulting from the interaction of specific radiation
types in certain conditions give rise to significant consequences, which shall now examined.
One may conceptualize certain radiation interactions as akin to "billiard ball" collisions,
specifically characterized by elastic scattering alone. When examining the interaction between
a moving particle with mass M and a stationary particle with mass m, it is possible to determine
the maximum amount of energy that may be transmitted during a single collision. This can be
achieved by applying the principles of conservation of energy and momentum, assuming a
"head on" collision scenario. Let us consider a scenario where particle M possesses an initial

velocity denoted as V prior to a collision, and subsequently acquires a new velocity denoted as

- -
M 71
V1 after the impact. Particle m exhibited a state of rest prior to the collision, assuming a relative
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perspective within the context of this interaction. Though most particles, including orbiting
electrons, would normally have some kind of motion, it is important to keep this in mind. After
the collision, particle m acquired a velocity denoted as v. Subsequently, by adhering to the
principles of energy and momentum conservation, it can be deduced that:

MVZ  MV,? N muv?
2 2 2

MV = MV; + mv

Solving 2" equation for v, thus v = (MV — MV;)/m, if this is substitute into 1% equation, thus
_ (M—-m)v

V., =
1 M+m

The maximum energy that may be transmitted in a single collision is provided as follows if it’s

applied for V1:

MV?Z  MV? AMmE

Omax = — 2 (M +m)?

2.2.8 Interaction of Gamma-Rays with Matter

The process by which gamma radiation interacts with matter will be reviewed in this
paragraph to understand the features of a gamma spectrum that arise from interactions between
the detector and its surroundings. Compton scattering, pair formation, and photoelectric
absorption are the main interaction processes used in radiation measurements. In each of the
aforementioned scenarios, there is a phenomenon wherein the energy of gamma-ray photons is
partially or fully transferred to electrons, resulting in the production of unbound electrons. As

these electrons traverse through the material, they undergo deceleration, leading to the
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formation of electron-ion or electron-hole pairs. To explain the features seen in a gamma
spectrum arising from interactions taking place inside the detector and its surrounding
environment, this paragraph will provide a summary of the process by which gamma radiation
interacts with matter. Compton scattering, pair formation, and photoelectric absorption are the
main interaction processes used in radiation measurements. In each of the aforementioned
scenarios, there is a phenomenon wherein the energy of gamma-ray photons is partially or fully
transferred to electrons, resulting in the production of unbound electrons. As these electrons
traverse through the material, they undergo deceleration, leading to the formation of electron-

ion or electron-hole pairs.
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Fig 2.2 The relative importance of various processes of gamma radiation interaction with

matter [1].

2.2.9 Photoelectric Absorption

The phenomenon of photoelectric absorption takes place when a gamma-ray photon
interacts with an electron that is bonded within an atom. When the energy of a gamma-ray
surpasses the binding energy associated with that specific shell, an electron may be ejected
from its shell, which is typically the innermost K-shell (see Figure 2.2). If there isn't enough

energy to release a K electron, it's possible that L or M electrons will be released instead. The
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phenomena described causes the photoelectric absorption spectra to exhibit sharp
discontinuities that correspond to the binding energies of the electron shells K, L, and M. These
discontinuities are referred to as K, L, or M edges. The gamma-ray outcome is completely

absorbed, resulting in the electron acquiring a kinetic energy denoted as Ee:

E.= E, — Ep

Here, Ey stands for the energy binding an electron to its shell, while E, stands for the energy
related to y-rays. It is often noted in the context of momentum conservation that the recoiling

atom has to save a very small amount of energy while an electron is being ejected.

#%  Jump of L-shell
o " clcclron to the K shell
Photon gamma f
incident
> \
0 5)
Ejection of a K-shell
o clectron

Fig. 2.3 The mechanism of photoelectric absorption [6].

This entity possesses negligible dimensions and can be disregarded in the context of practical
applications. With an excess energy of Eb, the atom stays excited and eventually returns to
equilibrium, either by filling the vacancy left by the photoelectron with an electron from the
outer shell with a greater energy or by redistributing the excitation energy among the atom's
remaining electrons. This process leads to the emission of a characteristic X-ray known as X-

ray fluorescence (Figure 2.3). Subsequently, the X-ray has the potential to undergo
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photoelectric absorption, potentially resulting in the emission of more X-rays. This process
may continue iteratively until the entire energy of the y-ray is absorbed. The energy level from
which the electron is emitted is contingent upon the energy of the y-ray. The K electron is the

most probable candidate for ejection.

Ejected K-shell electron

o

Incident Radiation

S
&
&
&

L-shell electron
fills vacancy
Shells

K, x-ray
emitted

M-shell electron
fills vacancy

Fig. 2.4 The emission of fluorescent X-rays [6].

When a K electron cannot be released due to insufficient energy, L or M electrons will be
emitted in its stead. The discontinuities in the photoelectric absorption curves result from this.
The binding energies that correlate to the electron shells are where these absorption edges
occur. The probability that a photon will undergo photoelectric absorption is expressed as a
cross-section (1), and it rises via a complicated connection as the energy of the y-ray (E) grows

and the absorber's atomic number (Z) lowers:
T ~ Z"/E}

Therefore, n and m fall between 3 and 5 depending on energy. The photoelectric attenuation

coefficient, or pupe, may be derived from the appropriate cross-section in the following way:
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ppg(m™) =T X p X Np/A

Where p is the density of the absorbing material, A its average atomic mass, and Ny is

Avogadro’s number.

2.2.10 Compton Scattering

In this scenario, the photon will selectively impart portions of its energy to an electron.
A further gamma photon with a lower energy level absorbs the remaining energy. The newly
emitted photon is referred to as being dispersed, as it will undergo a change in trajectory. The
electron that is expelled from the atom induces ionization in a manner analogous to that of a

beta particle.
In contrast to the photoelectric effect, this process:

e The transfer of energy from a photon to an electron is only partial and

e The procedure solely involves the electrons that are virtually unbound and located in

the outer orbitals.

The photon undergoes scattering at an angle 0 relative to the incident line (Figure 2.4) and
experiences a loss in energy as it continues its trajectory. The phenomena of Compton
scattering may be adequately described by thinking of the photon with energy E as a wave of

wavelength A

A= A= — (1 — cosé)

Where, E; = hv = %
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Once the scattering angle 0 is established, one may compute using conventional mechanics:

e The angular orientation of the electron’s trajectory and
e The allocation of energy between the electron and the scattered photon occurs in a

specific ratio.

The greatest energy that a photon may transmit to an electron is when 6 = 180°, or when the
photon is directly scattered backward. Even so, it is still less than the entire energy that a single
photon in a photoelectric interaction is capable of transferring. You can choose any value
between 0° and 180°for the scattering angle. The quantity of energy delivered to the electron

decreases with decreasing angle. When a photon "grazes™ an electron (6 = 0°), no energy is

transferred.

. ,C: Recoail
Incident Target electron - electron
Photon at rest ,;;}

-
_ — _@9_ Ag— A= AA
A 0
i
Scattered
photon
h
p— 1 - Cosg
AA s (1-cose) A

Fig. 2.5 Compton scattering process.

The probability of a Compton interaction has a positive correlation with the absorber's atomic
number and a negative correlation with the incoming photon's energy. To summarize, this may

be expressed as follows:

Probability of Compton scattering = k%
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With regard to the geometric configurations often used for sample counting, an intriguing

scenario arises:

The sample is placed close to the detector within a strong shield, usually composed of lead.
The detector therefore "sees” photons that are directly emitted from the sample and a lesser

quantity that were all reflected by the absorber by around 180 °.

This backscattering produces photons with almost the same energy regardless of the photons'
energy affecting the lead shield. The pulse height spectrum's low energy area displays a board

peak that represents the backscattered photons.
2.2.11 Pair Production

High-energy gamma photons may sometimes divide into two types of electrons:
positive and negative. The positive electron is known as a positron. Its referred that interaction
as pair creation. The theory of relativity, which holds that "matter” and "energy" are two distinct
forms of the same thing, can be used to explain the effect. The equation states that a quantity

of energy E can be created from a particle of mass m and vice versa:
E = mc?; where c is the speed of light.

Some implications of this idea include the following: pair of creations Two separate particles

with the same mass but opposing electrical charges are created from a photon's energy E.

The two particles split the extra energy between them as kinetic energy:
2 1 2
E, = (m; + m_)c* + > (my + m_)v

Electrons are the two particles that are involved. The negative electron is one, and the positive
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Fig. 2.6 Pair production process.

electron, often known as the positron, is the other. Although it has the opposite electrical charge
from the negative electron, it shares the same mass and nuclear characteristics. Sometimes, to

distinguish between a negative and a positive electron, one uses the term negatron.

The quantity of energy equivalent to the mass of an electron or positron may be found using
the Einstein equation (9.11x1028 g). It is equal to 511 KeV for a single particle and 1022 KeV

for a positron-negatron pair. Consequently, the above equation may be written as:
1 2
E, = 1022 KeV + > (my + m)v

When at rest, the positron is not a stable particle. Similar to how a negatron loses energy by
interaction with electrons in absorbing materials, a positron that has been formed through pair
formation will also lose energy. However, a nuclear reaction happens when it loses all of its
kinetic energy and is unable to survive in the presence of additional electrons. Two photons
with a combined energy of 511 KeV are produced in this reaction when a pair of positrons and
negatrons destroy one another. The annihilation can take place not only with the electron

generated during pair creation, but also between the positron and any other electron.

Two photons are involved in the reaction in order to maintain momentum. It is exemplified by:
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B++ B. = v1+ vzandE, = E,, =511KeV

Only when the incident photon's energy is high enough (>1022 Kev) to provide a positron and
negatron pair's mass, can a pair be produced. Practically speaking, it only matters for photon
energies greater than 1.5 MeV. Pair formation is more likely to happen at higher photon

energies.
2.2.12 lon Irradiation

In order to cause changes in a target material's physical, structural, and transport
properties, ion irradiation involves the application of energetic ions to the substance. This
method of material modification is interesting since it is non-equilibrium in nature and sensitive
to a variety of materials, such as metals, semiconductors, ceramics, insulators, polymers, and

biological samples.

The principles of ion-solid interaction have become more important over the past ten years.
The increased necessity to use beams to change materials for particular applications is the cause
of this trend. lon beam and solid interaction occurs in a non-equilibrium manner. Two

essentially independent processes cause an energetic ion to lose energy when it enters a target:

Q) Inelastic collisions between the matter's atomic electrons and highly charged,
energetic ions [electronic energy loss (dE/dx)e] and

(i) Atomic nuclei of the matter's elastic scattering [nuclear energy loss (dE/dX)n].

Through excitation and ionization of the surrounding electrons in an inelastic collision (cross-
section 1071 cm?), energy is transferred from the projectile to the matter atom. Each collision

loses a different amount of electronic energy, ranging from a few eV/A to a few keV/A. This

22



is the primary method for energy transfer to the material that modifies its properties in
nanoparticles traveling at velocities similar to the electron’'s Bohr velocity. The target material's
electrical, thermal, and structural characteristics, the projectile ion's mass, and the irradiation

settings all affect the type of change. [17].
2.3 SURVEY OF EARLIER WORKS

Veena et al. [18] studied Ni1xZnxFez.yDyyO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0; y = (0.0
and 0.1) nano ferrites that were created using a creative, practical, and affordable combustion
process. A study using X-ray diffraction was conducted to verify the phase development. With
an increase in Zn content and a drop in Dy** ion content, the lattice constant rises. The range
of the typical crystallite size was 11-31 nm. The ac conductivity increases and the dielectric
constant and loss tangent decrease with increasing frequency. Electrical conduction in the
samples is hindered by the addition of Dy®* ions. The frequency range of 5-7 MHz was where
the resonance peaks were seen. The production of Fe?* ions in irradiated samples caused
enhancements in the lattice constant, crystallite size, and dielectric properties. When the
amount of Dy in the sample increases, the peak height decreases and the peak location shifts to
a lower frequency in radiation-exposed samples. The conduction mechanism caused by the

grain boundary is revealed by the complicated impedance analysis.

S.T. Assar et al. [7] investigated Ni-Cu—Zn and Mg—Cu-Zn nanoferrites having the formula
Nio.35CUo.15ZNo.sFe204 and (b) Mgo.3sCuo.15ZnosFe204 respectively, have been effectively
synthesized using the auto-combustion method of citrate precursor. The effects of 1 Mrad and
2 Mrad doses of ®°Co radioactive source on the structural, specific magnetic, and electrical

properties have been studied using y-ray exposure.
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The XRD data show that, for Ni-Cu—Zn ferrite samples, the ordered portions of the crystallites,
or grains, are lost as the irradiation dosage rises, resulting in an increase in the disordered grain
border area. In addition to increasing porosity, specific surface area, and microstrain, this
results in a reduction in densification. As a consequence of increased unit cell stacking and
well-ordered grain sizes, the Mg—Cu-Zn ferrite samples exhibit an increase in crystallite sizes.
This suggests that irradiation energy has a role in these processes, which ultimately lead to
increased densification and reduced porosity, specific surface area, and microstrain. In addition,

some Fe3* (0.67 A) and Fe?* (0.76 A) were converted.

The primary factor influencing the customization of the samples' magnetic characteristics is
cation redistribution, which is responsible for the observed increases in saturation and remnant
magnetization following irradiation. The distribution of cations in the studied samples has been
proposed so that the experimental and theoretical magnetic moment values are the same and
grow with increasing magnetization. A comparison between the experimental and theoretical
estimates of the lattice constant provides more support for the validity of the hypothesized
cation distribution, since they correspond rather well. Similar to Ni-Cu-Zn ferrite samples, the
DC conductivity values of Mg-Cu-Zn ferrite samples also increase when the y-ray irradiation
dose increases, but at higher levels due to the extra influence of their microstructures beyond

cation redistribution.

Plots of the samples using Cole—Cole (Z" vs. Z') reveal two overlapping incomplete
semicircles. The first occurs at low frequencies and is caused by the conduction of the grain
boundaries, where it is impossible to determine their electrical parameters. The second occurs
at high frequencies and is caused by the conduction of the grains, which have higher

capacitance and lower resistance than the grain boundaries and exhibit a significant change in
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their values in response to the dose of radiation. The semicircular Cole—Cole plots of (M vs.
M") guarantee that the electric stiffness of the samples under investigation is the primary
characteristic both before and after the irradiation dose. Ultimately, it can be said that while
samples of Nio.3s Cuo.15Zno.sFe204 exhibit greater magnetization and resistivity than samples of
Mgo.35CU0.15ZNosFe204 under extremely high y-ray irradiation, both can be regarded as
promising candidates to be used in the production of MLClIs because of their balanced behavior

under higher irradiation exposure.

All of the study's samples, according to Karim et al. [19], had a single-phase cubic spinel
structure. All significant peaks were visible in samples of Ni—Zn ferrites that were both
irradiated and unirradiated. Because of ion-induced disorder, the irradiation samples in both
systems show lesser intensities and larger line broadening. The presence of stable induced flaws
at room temperature in the Ni-Zn ferrite following gamma-ray Co® irradiation is demonstrated
by the results. It is anticipated that these faults will result from the interaction of two or more
factors. It has been noted that the particle sizes inferred from the 311 XRD peak broadening
for both irradiated and unirradiated materials are (10-24) um and (52-30) um, respectively.
The partial creation of ferrimagnetic centers, cation rearrangement in the lattice, and ion-
induced disorder are responsible for the observed increase in the saturation magnetic moment

and Curie temperature following irradiation.

According to a study by Kee-Nam Choo et al. [20] The primary use of HANAROQO's irradiation
facilities has user-requested nuclear material irradiation testing. Even though the bulk of
irradiation experiments at HANARO have been related to national R&D related to nuclear
power, the necessity for neutron irradiation of electromagnetic materials is rapidly increasing.

Taking the lessons learned from HANARO, KAERI is constructing the KIJANG research
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reactor (KJRR), which will increase the country's capability to supply radioisotopes and shield
thermal neutrons for use in irradiation facilities like the FNI facility for fast neutron irradiation
and the NTD facilities for large-scale power semiconductor production. It is possible to
effectively study the different impacts of heat and fast neutron irradiations on the properties of
electro-magnetic materials by using the NTD and FNI capabilities of the KIRR reactor. There
appears to be a lot of potential for the basis for neutron irradiation-based material research in

the field of electromagnetic material research.

According to M.A. Ahmed et al. [8], MnFe2O4 nano ferrite was created using the citrate
approach in a single spinel form with cubic symmetry and without the need for further heat
treatment. Gamma irradiation decreases the particle size (L) of the MnFe2O4 nano ferrite while
increasing its unit cell volume, TC, and room temperature values of yM, ¢/, tand, and o. The
unit cell volume of the nano ferrites is reduced by neutron irradiation, although its L, TC, and
room temperature values of ywv, €, tand, and o rise. When the nano ferrite is exposed to laser
light, its L and ywm drop, but its unit cell volume, TC, room temperature values of &/, tand, and
o increase. Lastly, the alterations in the behavior of irradiation nanoferrites are detected by
means of their dielectric and magnetic characteristics. On the basis of this data, it can be said
that the micro ferrite is verified to be used in the detection of nuclear contamination and has

the greatest potential for use as a radiation detector in industrial and technical applications.

Dogra et al. [21] looked at changes in the dielectric properties of Mg-Mn ferrite
replaced with AI®* by 50 MeV Li%". The XRD studies revealed that the ion
irradiation had changed the electrical characteristics, resulting in compressive
strain. The dielectric constant & of unirradiated samples was found to be dispersed

due to Maxwell-Wagner type interfacial polarization and Koops's hypothesis.
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In situ monitoring of the electrical resistance of a thin coating of
Lio.2sMgo.sMno.1Fe2.1504 micro ferrite exposed to 190 MeV Au'** ions was studied
by Ghosh et al. [22]. To look into the quick changes in the electrical properties of
the film brought on by heavy ions, an in situ measurement of electrical resistance
utilizing two probe techniques was carried out. It was shown that following
exposure to radiation at a flux of 1 x 103 ions/cm?, the resistivity value drops

sharply from (1.5 x 108 to 1 x10°%) Q cm.

Chhantbar et al. [23] investigated the impact of 50 MeV Li3* ion irradiation on the
structural and magnetic characteristics of Ti** substituted LiosAlo.1Fe2.404. Using
magnetization, >’Fe Mossbauer spectroscopy, and x-ray diffraction (XRD), the
effects of 50 MeV Li*" ion irradiation on the structural and magnetic behavior of
polycrystalline samples of the spinel ferrite system were examined. Following
SHI irradiation, the Mdssbauer spectra showed central amplification, which was
explained by the paramagnetic centers the irradiation produced. According to
XRD and Maossbauer Lorentzian intensity analysis, the partial creation of
paramagnetic centers and cation rearrangement in the lattice were responsible for
the decrease in saturation magnetic moment that was seen following SHI
irradiation. The origin of the central amplification seen in the irradiated samples'
Massbauer spectra can be traced to the creation of localized paramagnetic centers

rather than amorphization.

The impact of 100 MeV Si’" irradiation on the structural and magnetic
characteristics of Mgo.9sMno.osFe204 nanoparticles was investigated by Kumar et

al. [24]. After irradiation, a little increase in particle size was discovered. Super
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paramagnetic relaxation effects were seen in both the irradiated and clean samples
using room temperature Mdossbauer spectroscopy. There were no appreciable
changes in the room temperature Mdssbauer spectra after ion irradiation. At room
temperature, the samples were all superparamagnetic, but at 5 K, they all showed
distinct magnetic ordering. Based on the magnetization analyses conducted on the
samples exposed to radiation, it was determined that there was an enhancement in
saturation magnetization. This was described in terms of single-domain particles
growing under the influence of coercivity, where the absence of domain walls
prevented the magnetization from reversing. The surface state pinning of domains

was released and the nanoparticles’ magnetism was enhanced by radiation.

Darwish et al. [25] as well as Hemeda et al. [26] studied the effect of gamma ray
irradiation using a ®°Co source on the structure and the electrical properties of Co-
Zn ferrites. A shift in XRD peaks was observed following irradiation. The

y-radiation induced a conversion of ferric ions to ferrous ions, resulting in an
increase in their radius from 0.59 A to 0.69 A. The crystal's size was augmented
using the process of y-irradiation. The phenomena that has been seen may be
explained by the increase in ferrous ion concentration at the octahedral sites due
to exposure to y-radiation. This increase in concentration leads to an expansion of
the lattice parameter and an enhancement of polarization under the influence of
an electric field. It was observed that the diffusion coefficient exhibited an
increase subsequent to gamma irradiation across all concentrations of Zn?*. The

effect reported may be explained by the metal ions being displaced by radiation
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from their initial locations. This displacement results in the creation of lattice

vacancies, which subsequently lead to an increase in the diffusion coefficient.

The impact of gamma irradiation on the structure and diffusion coefficient of

Co-Zn-Mn ferrites was studied by Hamada et al. [16] and Dalal et al. [27]. This
observation suggests a minor deviation from the ideal cubic form. The irradiated
samples exhibited an increase in the diffusion coefficient of electrons. The
irradiation spectra also revealed the presence of a defect that was generated during
exposure to y-irradiation. The radiation that was applied during the first stage of
temperature rise caused the activation energy of hopping electrons to drop. The

jumping holes in this system were the majority carriers at high temperatures.

A comparable investigation on Co-Zn-Ce-Fe>O4 ferrites was reported by Ateia et
al. [28]. According to the research, the unirradiated samples had bigger crystallites
than the irradiated ones. In contrast to the unirradiated samples, the calculated
micro strain values in the irradiated samples were greater. Moreover, it was noted
that after the irradiation procedure, the dielectric constant &' increased. The
observed rise in €' could be attributed to the formation of Fe?* ions following
irradiation, as well as the creation of vacancies at various depths that serve as

trapping sites.

The impact of gamma irradiation on the structural and electrical characteristics of
the Mg-Ti-Erz-Fe2O4 system was investigated by Ahmed et al. [29]. A discernible
alteration in the XRD peaks was seen subsequent to the irradiation process. The

observed phenomenon can be attributed to the alteration of the Fe?*/Fe3* ratio on
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the octahedral sites as a result of the interaction between y-irradiation and Fe?*,
leading to the conversion of Fe?* to Fe3* by the process of y + Fe?* «» Fe3' + e—.
As aresult, there was a reduction in the size of the crystals. Furthermore, it is seen
that there was a significant rise in the dielectric constant. Displacement may cause
some distortion to the tetrahedral sites, which would cause anions to migrate away
from the closest tetrahedral cations. The conductivity exhibited a positive
correlation with the increase in y-dose. The observed rise in ¢ can be attributed to
the corresponding increase in the Fe?*/Fe®* ratio on the octahedral sites, which is
a direct result of the hopping process. The activation energy measurements

exhibited a reduction as the dose increased.

By using y-irradiation, Okasha et al. [30] were able to enhance the magnetization
of Mg-Mn micro ferrite. The ionization of ferric ions, which have a lower ionic
radius, into ferrous ions, which have a bigger ionic radius, is responsible for the
observed expansion in lattice constant for the irradiated materials. The presence
of superparamagnetic behavior was demonstrated by the absence of hysteresis,
saturation, remanence, and coercivity at a higher applied magnetic field of 6 kOe.
Furthermore, the saturation magnetization (Ms) values of the irradiated samples
were found to be higher compared to those of the unirradiated samples. The
internal cation disorder and the impact of the tiny particle surface effect were used

to explain this phenomenon.

The effects of gamma irradiation on the distribution of cations, the structural
integrity, and the magnetic characteristics of Ni-Zn ferrites were studied by Karim

et al. [31]. The analysis revealed that the XRD peak positions exhibited a shift
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towards higher 20 values, accompanied by a drop in peak intensities. Furthermore,
there was an observed increase in the diameter of the peaks when comparing the
irradiated samples to the unirradiated ones. After irradiation, there was a drop
observed in the value of the lattice constant. The observed phenomenon can be
ascribed to the presence of lattice vacancies that arise as a result of irradiation,
leading to deformation and divergence from the cubic structure of the spinel. The
cation distributions showed that the redistribution of cations in the A and B-sites
was initiated. The observed alteration in the distribution of cations can be ascribed
to the generation of Fe?* ions at octahedral sites subsequent to irradiation. An rise
in both the saturation magnetic moment and Curie temperature was seen after
irradiation. The observed phenomenon can be attributed to the partial production
of ferrimagnetic centers and the rearrangement of cations within the lattice, as

well as the introduction of disorder generated by ions.

Cu-Mg-Zn ferrites were made using the gel auto-combustion approach by
Zhenxing et al. [32]. The investigation focused on examining the impact of Cu
ions on the electromagnetic characteristics. The study revealed that the
synthesized powders demonstrated a notable level of sintering activity, enabling
the ferrite phase to undergo sintering at temperatures below 950 °C. The evaluated
samples exhibited favorable electromagnetic characteristics and refined
microstructures, rendering them acceptable materials for high-performance
multilayer chip inductors. The electromagnetic parameters that are influenced by
the copper content include dielectric constant, dielectric loss tangent, dc

resistivity, quality factor, and initial permeability.

31



For the first time, ZnFe204, MdgosZnosFe204, and Mgo.2Cuo.2ZNo.62F€1.9803.99
powder were made using flame spray synthesis by Vital et al. [33]. It was
discovered that the flame process produced the crystalline spinel particles with a
primary particle size of (6-13) nm. The precursor's molarity, flow rate of the
atomizing gas, and particle and crystallite sizes were all related. Without the use
of any sintering additives, a sintered density of 5.05 g/cm? was attained after 2 hrs.
of fire at 900 °C. The sintered Mg—Cu-Zn ferrite nano powder compacts had

saturation magnetization of 80 emu g* and permeability of pu = 600 at 1 MHz.

The production of nano-sized PbO-added Cu-Mg-Zn ferrites using microwave
hydrothermal method was studied by Raju et al. [34]. After an hour of treatment,
it was discovered that the samples produced at a low temperature of 160 oC had
particle sizes in the range of 10—20 nm with high surface area. Investigations were
conducted into how the additive concentration affected the saturation
magnetization, electrical resistivity, initial permeability, and sintered density. The
results were compared to those produced using the traditional ceramic process.
Improvements in electrical resistivity, permeability, and sintered density were

observed upon the addition of PbO.

B. M. Sahanashree et al [35] were investigated Nanosized Coi-xZnxFe2.yNdyOa4
ferrites were synthesized by combustion method. A ®°Co gamma ray source was
used to irradiate each sample. Spinel ferrite phase development was verified by
XRD analysis. The average crystallite size ranged from 12 to 39 nm, and for
irradiation samples, it rose to 15 to 40 nm. As frequency increased, ac conductivity

increased while the dielectric constant and dielectric loss dropped. It has been
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noted that impedance characteristics vary similarly with zinc content. Nd3+ is
added to the samples, which enhances electrical conductivity and prevents it
following irradiation. Multiple electrical responses were suggested by complex

impedance spectra.

The fabrication of nanostructured Ni-Zn-Dy nano ferrites by burning was studied
by M. Veena et al. [36]. The XRD patterns and infrared spectra verified that cubic
spinel ferrite had formed. With Dy substitution, the lattice parameter lowers, and
with Zn?* concentration, it rises. The graphs between logc and 1000/T nano
ferrites show two zones, which correspond to paramagnetic and ferrimagnetic
behavior at Curie temperature (Tc). The paramagnetic regions exhibited higher
activation energies compared to the ferrimagnetic regions. The T. values were
clearly moved to lower temperatures when the concentration of Dy ions and Zn?*
ions increased. The nano Zn ferrite's ferrimagnetic characteristic was
demonstrated by the magnetic investigation. It was discovered that samples with
Dy®* ions substituted had lower magnetic parameter values. Upon gamma
irradiation, decreases in the x-ray density and crystallite size were noted, along
with an increase in the lattice parameter. The lattice's tetrahedral and octahedral
site cation rearrangement is responsible for the seen improvement of DC

conductivity and magnetic properties upon irradiation.
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 MATERIALS

Sol-gel synthesis was used to synthesize Ni-Cu-Cd nanoparticles with the
compositional formulas respectively. The raw materials that will be utilized include
Ni(NO3)2.6H20, Cu(NO3)2.3H20, AI(NO3)3.9H20, Cd(NOs)2.4H20, and Fe(NO3)3.9H20 in
their analytical grade. The components' stoichiometric mixes are dissolved in pure ethanol. The

above solution is kept in water bath at a temperature of 70 °C and stirred constantly using a

Flow chart of the samPle's Preparation
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magnetic stirrer until gel formation takes place. Liquor ammonia will be used to keep the pH

of the solution at 7. This gel is then annealed for five hours at 200 °C. During this heating
Fig. 3 Flow chart of the sample’s preparation

phase, the gel will continue to self-ignite until it burns entirely, becoming a fluffy, loose
powder.The powder is then heated for five hours at 700 °C each to remove any last traces of
organic material from the sample. For electric measurements, the samples are pressed into
pellets in the form of a circular disc in order to construct a parallel plate capacitor geometry
with ferrite material serving as the dielectric medium. The pellets' opposite faces are then

covered with silver paste as two probe contact.

The study involved the use of Ni-Cu-Cd-Al nano ferrite samples for gamma irradiation. These
samples were placed in the center of a Co® gamma irradiator with an energy level of
approximately 1.3325 MeV. Two different doses, 1IMRad and 3MRad, were administered.
During long irradiation, all the samples and standards were placed together in the same
irradiation vial and irradiated simultaneously. Following the irradiation process, the vial that
had undergone irradiation was subsequently placed within a lead container for a duration of
two days. This was carried out to lessen the possible radiation hazard and to permit the decay
of short-lived radionuclides. The irradiation source is situated at the Institute of Nuclear
Science and Technology (INST), AERE, Savar, which is under the purview of the Bangladesh

Atomic Energy Commission (BAEC).

The specimens’ XRD patterns are acquired subsequently to their exposure to gamma (y)
irradiation. The measurements were conducted using a D8 advance X-ray Diffractometer

equipped with CuKa radiation (A = 0.15418 nm). The instrument has operated at the Process
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Development Centre, Bangladesh Council of Scientific and Industrial Research (BSCIR),
located in Dhaka. The calculation of the average L was performed using Scherrer's formula
[37]. L is the particle size in nanometers (nm), B is the full width at half maximum, A is the
radiation wavelength, and 0 is the diffraction angle. This formula may be found by solving

L = 0.89\/BcosH. At the Material Science Division of the Atomic Energy Commission (AEC)
in Dhaka, the magnetic properties of the current samples has examined using the Micro Sense
EV9 Vibrating Sample Magnetometer (VSM). Electrical and dielectric transport characteristics
were measured at room temperature in the 20 Hz—10 MHz frequency range. The two sides of
the pellet has covered with silver paste and checked to make sure there was enough electrical
contact. Furthermore, at Chittagong University of Engineering and Technology (CUET) in
Chittagong, Bangladesh, the Postgraduate Laboratory of the Department of Physics conducted
dielectric properties, impedance measurements and modulus spectroscopy using a computer-

controlled Wayne Kerr Precision Impedance Analyzer (6520A, UK).

3.2 EXPERIMENTAL TECHNIQUES

This chapter provides a description of fundamental experimental techniques employed
for the measurement of lattice parameters and frequency-dependent dielectric characteristics
of ferrite nanoparticles. The physical characterization of the samples was conducted using X-
ray diffraction (XRD). A Vibrating Sample Magnetometer (VSM) was utilized to conduct the
DC magnetization measurement. The measurement of transport characteristics was
conducted using two probe techniques employing an impedance analyzer. The dielectric
measurements were conducted with a custom-designed sample holder and an impedance
analyzer. The present study also includes a comprehensive examination of impedance and

modulus spectroscopy.
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3.2.1 X-ray Diffraction Analysis

One method that provides important insights into the crystal structure is XRD. Cu-Ka
radiation with a wavelength of A = 0.15418 nm has used in an X-ray diffractometer for the
structural characterization. Within the powder, a multitude of grains exhibit arbitrary
orientations. For specific grains, it is expected that most of the unique atomic planes would
align parallel to the surface in the case of random orientations. Consequently, the act of
scanning from various angles would be linked to distinct atomic spacing. The powdered sample

was carefully placed onto a sample stage in order to undergo irradiation by X-ray radiation.

The X-ray powder diffractogram may provide the following details:

e The quality and verification of the prepared samples
e The spacing between the planes of reflection, denoted as dn, is a crucial
parameter to consider.

e The intensities of the reflections

e The unit cell dimensions and lattice type.
An electronic detector was placed on the other side of the sample, opposite the X-ray tube, to
determine if diffracted X-rays were present. The sample was then systematically rotated across
various Bragg's angles. The goniometer was utilized to monitor the angular position (0), while
the detector recorded the X-rays discovered in counts per second (counts/sec). Subsequently,

this data was transmitted to the computer.

For each sample, XRD patterns were acquired in order to identify the phases and ascertain their
preferred orientations. The data collection was performed throughout a 26 range of 15-60°,

with a step size of 0.01°. Plotting the X-ray intensity (measured in counts per second) against
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the angle theta (20) produced a graphical depiction after the sample scanning procedure was
finished. The 26 values corresponding to each diffraction peak were subsequently transformed
into d-spacing values by applying Bragg's equation, which states that nk = 2d Sin6, where n

represents the order of diffraction [38].

The formula that was provided was used to calculate the lattice parameter for each peak in each

sample. [39]:
a=dVRZ ¥ k2 ¥ 2,

The crystal plane indices are represented by the variables h, k, and I. The exact lattice parameter
for every sample was determined using the Nelson-Riley method. The expression [40]

represents the Nelson-Riley function F (0):
F(8) = %[(cosze/sine) + (cos?8/0)]

Plotting the lattice constant 'a' values for each peak in a sample against the variable F (0) creates
a graphic. A least square fit approach is used to determine the precise lattice parameter 'ao". The
real lattice parameter of the desired sample is represented by the y-intercept of the least square

fit straight line, or F(0) = 0.

3.2.2 Crystallite Size Measurement

The determination of particle size holds significant importance in the context of ferrite
nanoparticles. When fine particles are present, the X-ray diffraction (XRD) lines exhibit
broadening, indicating a drop in particle size. This broadening phenomenon provides
unequivocal evidence of the decrease in particle size. The full width at half maximum (FWHM)

of the diffraction peaks is measured in order to determine the particle size. In the realm of
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crystallography, a crystal is commonly regarded as achieving a state of perfection when its
constituent atoms fully fill all lattice sites, hence exhibiting an absence of any imperfections
within the crystal structure. The phenomenon of diffraction peak broadening can be primarily
attributed to three key reasons. The broadening of peaks is observed as a result of reduced
crystallite sizes, and so, an examination of peak broadening can be employed to ascertain the
sizes of the crystallites, which in turn contribute to additional broadening in the diffraction
peaks.The average size of the crystallites (D) in the samples was calculated using the linear
intercept approach on nano-graphs [41]. Bragg's law describes the need for constructive
interference, which strengthens X-ray scattering from a crystalline powder. An exact
connection is found between the integral (n) number of X-ray wavelengths and the path
difference of X-rays scattered from parallel crystalline surfaces spaced d apart. The
crystallographic planes provide the reference point for measuring the diffraction angle. In the
case of an infinite crystal, Bragg scattering manifests itself at distinct values of the scattering
angle that adhere to the Bragg condition. Consequently, the resulting Bragg peaks can be
described as a Dirac delta function. In the case of crystals with finite dimensions, the observed

peaks exhibit a broadening effect that spans a range of angles.

In order to gain insight into the phenomenon of fine particle widening, it will be examined a
finite crystal with a thickness denoted as D = md, where m represents an integer and d
represents the distance between crystal planes. Consequently, within the given thickness Dais,

there exist m planes.
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Fig. 3.1 Effect of fine particle size on diffraction curves (Schematic): (a). small particle size

and (b) large particle size.

The full width at half maximum (FWHM) or breadth of the peaks is indicated as follows when

looking at Fig. 4.5, where the widened Bragg peak terminates at and starts at an angle,

p=5(26,-20,)-(6,-0,)

When examining the route differences for both angles 01 and 0., in the case of X-ray
propagation through the entire thickness of the crystal, it is important to take into account these
variations. The measurement of breadth is often expressed in radians. Instead of using the
separation between adjacent planes to describe the path difference equations for the two angles,

one may use the overall thickness of the crystal.
These equations are given as follows:
2 D311 sinf1 = (m+1)A 2 D311 sinfz = (M-1)A

By subtraction: Dz11(sinf, — sinf,) = A

0,+6 . 0,-6
or, 2D311 cos ( 12 2) sin (172)
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But 8; and 6, are both very nearly equal to 6 so that 8; + 6, = 26 and sin (@) ~

(@). So the equation can be written as:

2D344 cos (29) (ﬂ) =2

2 2
or, 2D311 cos@ (%) =1

From above, Dfcosf = A

A
BcosO

or, D311=

0.914

A more exact empirical treatment yields: D4 = oot

The formula in question is commonly referred to as Scherrer's formula. This technique is
employed to determine the particle size of minuscule crystals by analyzing the measured width
of their diffraction curves. The contribution of instrument-induced line widening was
subtracted from the measured peak width prior to the calculation of the crystallite size, as per

the following mathematical expression:

2 _ p2 _ p2
Be = Bmeas Bequip

where Bmeas = measured full width at half maximum from peak, Bequip= instrumental

broadening.
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3.2.3 Wayne Kerr Precision Impedance Analyzer

For accurate measurement and study of impedance in a wide variety of electronic devices,
including parts, circuits, and both electronic and non-electronic materials, the Wayne Kerr
impedance analyzer is a valuable tool. Additionally, this instrument holds significant utility in
the realms of circuit design and development, as well as research and development pertaining
to both electronic and non-electronic materials.

» The device offers precise measurements across a broad range of impedance and

frequency, spanning from 20 Hz to 15 MHz;

> It also provides robust impedance analysis capabilities;

> Additionally, it is user-friendly and offers flexible networking options with personal

computers.

The complex impedance Z of the coil [42] can be expressed as follows: Z = R + jX;

Where the R represents the resistive part and the reactive part is X.

3.2.4 Magnetic Hysteresis Analysis

Saturation is a term used to describe a state in which a substance or medium has reached its
maximum capacity or concentration. It is The magnetization of the ferrite specimen has been
measured by measuring the force it experiences in a field gradient. The measurement was
conducted with a vibrating sample magnetometer (VSM) manufactured by Micro Sense,
specifically the EV9 model, as depicted in Figure 3.3. The fundamental concept underlying
VSM involves quantifying the electromotive force generated by a magnetic specimen when

subjected to controlled vibrations at a consistent frequency within a static and homogeneous
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magnetic field. A minute quantity of nanocrystalline minerals, weighing approximately 10-11
mg, was carefully measured and secured within the sample container to prevent any internal
motion. The VSM was utilized at a magnetic field strength of 3 Tesla, with a vibration
frequency of 82 Hertz. The calibration process involved the utilization of a nickel standard (in
the form of a sphere) possessing a well-established magnetization value (specifically, Ms =6.92
emu at 5 kOe).The EV9 VSM is capable of generating magnetic fields of up to 26 kOe inside
a sample spacing of 5 mm. When the temperature chamber is installed, the maximum magnetic
field strength achievable is 21.5 kOe. The Vector Space Model (VSM) demonstrated the
capability to generate magnetic fields with intensities reaching 1 Tesla. The Vector Space
Model VSM exhibited the capability to identify magnetic moments with a sensitivity as low as

0.5 electromagnetic units (emu).

Fig. 3.2 Vibrating Sample Magnetometer at Atomic Energy Commission, Dhaka.
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3.25 Complex Dielectric Measurements

There are many categories of polarizations, and each has a physical process that
explains them. Three primary types of polarizations are known to exist: electronic, ionic, and
orientation polarizations. When an insulator is subjected to an external electric field, the relative
positions of the electrons and nuclei within the atoms are altered, leading to the emergence of
induced dipole moments. These induced dipole moments contribute to the phenomenon of
electronic polarization. In cases where the electrons of a molecule's atoms are not shared in a
symmetrical manner, there will be an eccentric displacement of the electron-clouds towards the
more strongly binding atom. Consequently, the ions obtain charges of contrasting polarity. In
the event of an external electric field, the ions with net charges will undergo a displacement in

their equilibrium positions.

A secondary type of an induced dipole moment results from the displacement of charged ions
or groups of ions relative to one another. This effect represents the ionic polarization shown by
the different components of a molecule, which leads to the existence of dipole moments that
are always present even in the absence of an external electric field. These kinds of dipoles
experience a torque in the presence of an electric field, which helps to align them with the
field's direction. As a result, the occurrence of an orientation polarization, also known as dipole
polarization, may arise. The three mechanisms responsible for polarization arise from the
presence of charges that are confined within atoms, molecules, or the solid structure.
Furthermore, it is common for there to be charge carriers present inside the dielectric material

that are capable of migrating over certain distances.

Using a computer-controlled Wayne Kerr impedance analyzer (model 6500B), the electrical
and dielectric transmission properties were evaluated. The pellet-shaped samples were
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thoroughly polished to remove any surface roughness and other oxide contamination that could
have happened during the sintering process before conducting electrical and dielectric tests. In
addition, silver paint was applied to each pellet's two surfaces to function as the contact
material. The Wayne Kerr impedance analyzer was utilized to perform tests of dielectric
properties, alternating current (AC) conductivity, and impedance (both real and imaginary
components) at ambient temperature. The formula [43-44] was employed to compute the real
component of the dielectric constant.

_ cd
 gA

4

&

In this instance, C stands for the pellet's capacitance, expressed in Farads (F), and | for the
pellet's thickness, expressed in meters (m). €9 is the constant of permittivity for free space, and
A is the size of the cross section of the chosen paint region, measured in square meters (m2).
The sample's imaginary component of the dielectric constant (¢'') was computed using the
following relation: €” = &’ Xtand, where tand represents the dielectric loss tangent.

The calculation of the alternating current (AC) conductivity has performed using the formula
oac = 0d/(A*Rac), where Rac represents the AC resistance. The equation provided can be

expressed as;
o (0, T) = odc(T) + oac(w, T),

where oqc represents the direct current conductivity and is only dependent on temperature. The
second term, denoted as oac, represents the AC conductivity. This parameter is influenced by
both temperature and frequency. The frequency-dependent electrical conductivity, denoted as

cac, can be mathematically described using the empirical formula: cac(w, T) = Aw". In this
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equation, A and n are constants that are influenced by both temperature and composition. The

constant n is dimensionless, while the constant A has units of electrical conductivity (Gac).

3.2.6 Impedance Spectroscopy

An very efficient method for analyzing the electrical properties of complex oxides is
complex impedance spectroscopy. The technique offers several key benefits. First of all, it
involves simple electrical measurements that are amenable to automation. Second, any kind of
electrode may be used to carry out these measures. Thirdly, the obtained results often exhibit
correlations with various sample properties, including composition, microstructure, defects,
dielectric properties, chemical reactions, and more. Finally, in most polycrystalline materials,
the approach clearly distinguishes between the resistance of individual grains and that of grain
borders. AC measurements are commonly conducted using a Wheatstone-bridge-based
apparatus, such as an impedance analyzer or LCR meter. This apparatus allows for the
measurement and balancing of the resistance (R) and capacitance (C) of the sample by adjusting
variable resistors and capacitors. Impedance spectroscopy is a technique used to determine the
impedance magnitude (|Z|) and the phase difference (0) between voltage and current as a
function of frequency for a specific sample. The analysis of the data involves the construction
of an impedance plot, which is a complex plane where the imaginary component of the
impedance Z'=|Z|cosb is plotted against the real part Z’=|Z|sinf. Using a linear scale, the
impedance plot is used to analyze the same circuit in the following way. The impedance plot
of a pure resistor is represented as a singular point located on the real axis, while the impedance
plot of a pure capacitor is depicted as a linear trajectory that aligns with the imaginary axis.
The expression for the impedance of a parallel RC combination is given by the following

equation,
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Z"=7'-j2" =R /(1+jo RC)
After simplification, one gets
(Z- RI2)? + 7' = (RI2)?,

which represents the equation of a circle with radius R/2 and center at (R/2, 0). Consequently,
when plotting Z' against Z” (as a parametric function of Q), a semicircle with a radius of R/2
will be obtained. The time constant of the simple circuit is formally defined as the product of
the R and the C, denoted as t = RC. It may also be expressed as the reciprocal of the angular
frequency (om), given by t = 1/om. The aforementioned statement pertains to the relaxation
time of the sample, with the characteristic frequency being situated near the apex of the semi-
circle. In an ideal polycrystalline specimen, the impedance plot demonstrates distinct features:
a high-frequency arc representing the bulk characteristics of the sample, a low-frequency arc
indicating the behavior of the grain boundaries, and a spike at the lowest frequency associated

with the electrode effect.

3.2.7 Modulus Spectroscopy

The study of complex modulus spectroscopy is a valuable and informative approach
employed in materials research. It provides essential insights into the distribution parameters
of several nano areas inside nano-crystalline materials, including grain, grain boundary, and
electrode interface. The identification of various mechanisms associated with relaxation and
AC conduction can be achieved by graphing the modulus at different frequencies on a complex
plane. This approach proves to be highly efficient in distinguishing the influences of grain and
grain boundary effects. Moreover, the utilization of modulus spectroscopy plots proves to be

particularly advantageous in the differentiation of components exhibiting comparable
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resistance yet varying capacitance. Another benefit of utilizing the electric modulus formalism
is the mitigation of the electrode effect. The utilization of complex electric modulus formalism
has been chosen as a result of the aforementioned factors. The investigation of dielectric
relaxation has been conducted using the formalism of complex modulus M”. The real and
imaginary components of the electric modulus were derived from the impedance data using the

corresponding mathematical relationship:

M’ =g/ (e?+ &) = 0CoZ" and M" = £"/(e” + £"%) = 0CoZ.
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CHAPTER 4: RESULTS AND DISCUSSION

41 GENERAL

The study results are shown in this part along with discussion of their significance.
Within the framework of the study goals, the findings are interpreted such as XRD as well as
Rietveld Refinement, Magnetization, Dielectric Studies, Modulus Studies and, Dynamic

Conductivity. Every segment is thoroughly discussed with proper scientific reference.

42  STRUCTURAL ANALYSIS

421 XRD

The ferrite sample’s XRD patterns for compositions NigsCuo2CdosFe2xAlxO4 after
irradiating with 1 MRad and 3 MRad are represented in Fig. 1(a) and Fig. 1(b) respectively.
Single spinel phase has been shown in XRD patterns in each of every investigated sample after
gamma irradiation. A comparison of sample spectra after gamma irradiation shows the relative
peak intensities of peaks (400) and (511) decrease after gamma irradiation. The peaks of XRD
correspond to the increase of diffraction planes indicated as (222), (440), and (511). In addition,
it is also noticed that the peak intensity of (440) is less than the peak intensity of (311). As a
result, the (440) plane becomes denser than the (311) plane after coming out of gamma
irradiation. In addition, the intensity of peaks (400) and (440) decreased after gamma

irradiation, and the peak (220) also decreased.

Patterns for all the samples show allowed lines of reflection without any extra peaks in the
XRD pattern. Thus these patterns depict the spinel structure of the cubic single phase for all

investigated samples. Literatures report a similar trend for lattice [45- 47]. In Fig. 4.1 which
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represent after irradiation patterns reveals the transition of the peak at 26 values with the
decrease in intensities of peaks. However, the improved width has been observed in

unirradiated samples [48].
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Fig. 4.1 The XRD patterns of the irradiated samples of (a) 1 MRad and (b) 3 MRad y
irradiation of Nio.sCuo2Cdo.sFe2-x AlxOa.

Due to distortion and deviation after irradiation from the structure of cubic spinel, the
generation of lattice vacancies occurs and decreases the lattice constant [49]. The distortion in
a lattice structure and strain shrinkage might be another reason for the vacancies [50]. In the
current case, an increase in lattice constant is observed. The mass increment imposes the
increment of the lattice constant. For comparison, the resultant lattice constant and particle size
for irradiated samples with two different doses are listed in Table 4.1.

Besides, other information that has been found from this investigation is that irradiation causes
a decrease in particle size. It may be noted that high energy ions tend to penetrate along the

beam trajectory of ions due to the irradiated ions. Hence material modification is the resultant
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Table 4.1 Some structural data of the unirradiated and irradiated samples of the

Nio5Cug.2Cdo sFe2-xAlxO4 for gamma irradiation

Al content 1 MRad 3 MRad

0.00 0.015 0.03 0.045 0.06 0.00 0.015 0.03 0.045 0.06

From XRD
Lattice parameter (a), A  8.45454 844442 843629 842594 841952 847742 8.46611 846016 8.45617 8.44809
Particle size (t), nm 21 20 18 16 15 29 22 21 10 18

From Rietveld refinement

Lattice parameter (A) 8.4935 84059 84658  8.4633 84425 R4471 84628 8491 8.4582  8.4453

Volume (A)* 612723 613232 606.743 606205 601.749 602.725 606.105 612.18  605.113  602.339
Crystallite size, nm 25 245 23 21 19 32 28 25 22 20
r 1.58 1.59 1.43 1.91 1.85 1.47 1.55 1.72 1.7 1.53

Phase cubic spinel, Space group Fd-3 m

phenomenon that occurs during molecules spitting and pushing positional change of the atoms.
The decrease in the average size of particles turns into partial amorphization and the generation
of defects has occurred due to the loss of energy from radiation. These are done during the
irradiation process.

The transition of ions from different interstitial positions results in the redistribution of cations.

To ionize more, gamma irradiation collides with A ions and B ions. The migration can be given
by,
Fe” toFe “asFe  -rirradiation — = Fe  + .

As a result lattice parameter and particle size change [51, 52]. The formation of Fe’" ions can
be attributed to the gamma ray interaction process with the outer electrons in the lattice [18]. From
Table 4.1, variations of the particle size for irradiation type are obtained. Radiation
damage to the crystal lattice may produce permanent changes in ferrites' electrical
and magnetic behaviour [54]. These changes influence total dose rate, dose

absorbed in materials, and dose time. These data are essential to evaluate the
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performance of ferrite in electronic components even cosmic radiation usage rather
high accumulated dose in satellites and space craft’s [55]. As a result, cluster pairs
of vacancy are the expected formation. Moreover, the vacancy of cluster pairs has
enhanced the disappearance of planes such as (222) and (533). From a closer
perspective, a greater shift is evident in the plane of the unirradiated sample than in
the gamma-irradiated sample. This implies that both ionization in spinels and
damage displacement in spinels are produced by the radiation process [56]. On the
other hand, cations of B sites are proposed only for vacancies [57]. In contrast, it is possible to
exist A and B vacancies of cations at a time for the disorder [58]. It is possible to state that
irradiation causes an increase in the spinel inversion and an increase in the lattice parameter.
Hence the probable occurrence might be an increase in inversion in spinel and lattice lattice

parameters due to gamma irradiation.

4.2.2 Rietveld Refinement

The data of irradiated nanoparticle samples are studied by the method of Rietveld refinement.
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Fig. 4.2 Variation of lattice constant of irradiated sample of vy irradiation of
Nio5Cuo.2CdosFez-x AlxOa.
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Fig. 4.3 and Fig. 4.4 are demonstrating the outcomes for samples after refining through Rietveld
refinement. The goodness of fit for the Rietveld refinement output is indicated by 2. If the
obtained value of y? is less than 1 then the fitting is considered the best fitting approach [59].
According to that fact, all outcomes are have been to have a x? value less than 1 and thus show

the best fit. Moreover, the fitting was done for the space group Fd-3m and pseudo Voigt

function.
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Fig. 4.3 Rietveld refinement of XRD patterns of NigsCuo2CdosFe2.x AlxOs due to 1 MRad vy

irradiation.
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The fitting parameters such as lattice parameters, volume, and y? values are listed in Table 4.1
for the irradiated samples after irradiation of 1 MRad and 3 MRad. Table 1 shows that the
lattice parameter, as well as volume of the samples, has been decreased with the increase in
Al content in the 1 MRad irradiated compound. Similar patterns have been found of 3 MRad
irradiation except for the sample with Al content 0.03. Compressive strains of the compound

are responsible for the decay in size.
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Fig. 4.4 Rietveld refinement of XRD patterns of NiosCuo.2Cdo3Fe2-x AlxOsdue to 3 MRad y

irradiation.
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M (emu/gm)

42 MAGNETIC HYSTERESIS

Fig. 4.5 shows the magnetization M (A.m™) change with the applied magnetic field

H(T) up to 1 T. consists both before gamma radiation and after the irradiation that is applied at
room temperature for the investigated samples. The increase in magnetization is observed with
the application of a magnetic field, which agrees with normal behavior. The spin motion of
electrons and motion of orbital is considered the origin of magnetic properties and therefore
magnetism of the materials. Due to electrons' magnetic moment, atomic magnetic moments

and ionic magnetic moments are result.
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Fig. 4.5 Variation of M with H for (a) 1 MRad and (b) 3 MRad y irradiation of
Nio5Cuo.2Cdo sFezx AlxOa.

The magnetic behaviors of nanoparticles that are synthesized have been characterized through
a VSM at room temperature with an applied field of 1.0 T (in uoH) for achieving saturation
which is plotted in Fig. 4.5 (a). The various magnetizations (M) against the magnetic field (H)
that have been applied at room temperature (27°C) for both before and after irradiation

NiosCuo.2Cdo.sFe2-x AlxO4 ferrite nanoparticles are shown in Fig. 4.5.
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The increase of M for all compositions is found with the increment in poH near 0.25 T which
is composition-dependent and after the application of field M shows slow rises and then it turns
to saturation. The magnetization extrapolation determines saturation magnetization (Ms) which
plots to 1/(HoH) = 0. This type of variation in Mswith Cu?* content could be explained based
on exchange interaction along with cation distribution, as cation distributions over A-sites and
B-sites influence ferrite nanoparticles magnetic properties. The magnetic characteristics of
synthesized nanoparticles can be ascribed to the relative shiftiness of ions of ferromagnet for
instance Ni?* (2 ug), Fe** (5 us), and lower magnetism of Cu?* (1 pyg) as a nonmagnetic shift of
metal ions which occur in the occupied A-sites and B-sites. The cations are distributed on the
A-site and B-site in a way like (Ni3%_, Cu2*tFe}});02~ by considering the case where all
cations are placed in their respective positions. Previous reports show similar findings such as
Belavi et al [59] and Hemeda [61]. Also, the magnetic properties of the ferrites are expected to
improve because Cu is a Jahn—Teller ion. As a result, lattice distortion has been improved which
ultimately produces a strain of large size in ferrite lattice which is attributed to the enhancement
of magnetization [62]. As shown in M vs H curve in Fig. 4.5, the coercivity of our synthesized
ferrite nanoparticles is very low, which defines the samples as soft ferrites. Generally, the Ms
of nanocrystalline ferrites are less than that of bulk ferrites, which is reflected in our study. The
existence of smaller nano elements with morphological core-shell could be responsible for the
lower magnitude of Ms. The nano particles is consisted of surface layer type spin-glass and
core spins that are aligned with ferromagnetic nature. Therefore, smaller values of Ms due to
the atomic symmetry of dissimilar types have occurred. The breaking of superior exchange

bonds leads to disorder and canting in the spins of the surface layer.
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Since the ferrite atoms accept the interactions of superexchange type, the above effects are
probable. This leads to reducing the interaction between the exchange of A and B and decreases
subsequently in Ms for the studied Ni-Cu-Cd ferrite nanoparticles. To get more accuracy, a

theoretical process known as the law of approach to saturation (LAS) is applied to the positive

parts of the DC magnetization data, and outputs are demonstrated in Fig. 4.6.
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Fig. 4.6 LAS fitted curves for y-irradiated NiosCuo2Cdo.3Fe2x AlxO4 nanoparticles.
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The fitted curves are shown in solid lines and very well-fitted lines are observed through this

process. The fitted parameters are listed in Table 4.2.

Table 4.2 LAS fitted parameters

Irradiation dose 1 MRad 3 MRad

Al content 0 0.015 0.03 0.045 0.06 0 0.015 0.03 0.045 0.06
M., 54.78 60.31 70.12 59.04 4218 5726 65.54 85.59 74.14 48.91
emu/gm

M., 54.99 61.90 6949 5991 43.06 5715 65.55 85.26 73.53 48.95
(LAS)

emu/gm

K 3T08.07  3R17.19 215689 421409 358437 343114 3067.07  2797.88  2476.31 3386.74

4.3 DIELECTRIC STUDY

The dielectric constant is termed as how much material is capable to storing electric energy.
The change in behavior of complex dielectric constant (¢*) with irradiation at room temperature
shows the dynamics of various polarization. A sharp decrease has been observed in the

dielectric constant curve against the increasing frequency.

The dielectric study is essential for ferrite which is dependent on the composition of the
compound, condition of synthesis, presence of cations, and course the temperature of synthesis.
Fig. 4.7 shows the variation of the real component of the dielectric constant (&/) against the
frequency at room temperature for Nio.sCuo.2Cdo.sFe2-x AlxOa4.nanoparticles for both 1MRad and
3MRad irradiated samples. The investigation has been taken within the frequency range of

20 Hz and 15 MHz.

This range is the same for both types of samples (after irradiation) dispersion behavior of € is

observed in the lower frequency regime (20Hz-1kHz) whereas it slowly in the frequency
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domain (1kHz-1MHz) and turns frequency-dependent afterward. € tends to decrease in the
lower range of frequency and at the higher frequency range, the variation is the same as at both
irradiation. E’ display lower values i.e. the nanoparticles exhibit lower dielectric which has a
very important view for the application. Similar behavior was also observed by other

researchers [63-69].

4.3.1 Frequency Dependence of Real Part of Dielectric Constant

The rapid decrease is evident at initial frequencies whereas an almost frequency independent
nature is evident in higher frequencies. Such type of nature is known as normal behavior of
dielectrics [70-71]. Depending on the dielectric polarization content the above behavior can
understood. Space charge polarization can explain that nature too. So, the conduction system
of ferrites governs the nature of & [72], where hopping between electrons takes place. Low

field application of frequency favors the electron hopping mechanism. Therefore, ¢ is large at

low frequency.
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Fig. 4.7 Variation of real part of dielectric constant as a function of frequency for (a) 1 MRad
and (b) 3 MRad v irradiation of Nig5Cuo2Cdo 3Fe2-x AlxOa.
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The exchange of electrons between Fe®* and Fe?* generates local displacement of the electron
along the applied electric field. As a result, polarization is induced in ferrites. The exchange of
electrons follows the applied alternating field only when the frequency is less than a certain
value. Hence the dielectric constant becomes steady with a smaller value [73-77]. In addition,
a slight increase for ¢ is observed in Fig. 4.6. with y irradiation. The interaction between gamma

irradiation and ferric ions is as follows,
Fe’* +y— Fe* +e

The creation of B site preference of ferrous ions has resulted from the interaction and thus ratio
of Fe?*/Fe®" increases on these sites [78-82]. The orientation of hopping electrons rises the

magnitude of & along the direction of the field.
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Fig. 4.8 Variation of imaginary part of dielectric constant as a function of frequency for (a) 1 MRad and
(b) 3 MRad vy irradiation of NiosCuo2CdosFez.x AlxOa.
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4.3.2 Frequency Dependence of Imaginary Part of Dielectric Constant

The imaginary component of the dielectric constant (¢") or the dielectric loss versus
frequency plot for the investigated samples, (with vy irradiation with different doses) at room
temperature is illustrated in Fig. 4.7. The continuous decrease of &" till a certain frequency,
is observed for an increase in frequency and remains constant afterward. The irradiation
processes of y increase the values of &" of every sample. A similar decline in the value of &"
against increasing frequency has been reported for other ferrites research [83-86]. The
increment in the value of y irradiated €" was also reported in [87]. Such types of declining &"
are explained as follows. The main loss of ferrites consists of many factors: eddy current loss

and dipole loss in addition to the loss of hysteresis.

It is known that resistivity and eddy current are inversely related to each other. At all
frequencies, the sample’s resistivities decrease. From Fig. 4.6 and Fig. 4.7 (discussed later)
high dielectric losses is observed and in Fig 4.15 low value resistances for both grain and grain
boundary. For unirradiated case [88] dielectric losses are lower as well as resistivity is higher
which support resistivity and eddy current are inversely related. It occurred because the
orientation of the dipole does not follow the frequency of the applied field. Furthermore,
there is a proportional relationship between the hysteresis loss and the frequency [89]. This
means that the effect of both the eddy current and the hysteresis losses is to increase the
core loss while the dipole loss decreases the core loss. The competition between the different
types of losses determines the behavior of &" and seems to be responsible for the constancy
of losses at high frequencies. Some ferrites showed peaking behavior in the plot of &" [90].
The peaking condition at the (¢" vs. f and zand vs. f in Fig. 4.7 for non-Debye relaxation i.e.

Havriliak—-Negami relaxation) is followed by the same expression [91].
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wr=1

where o = 2nfmax is the angular frequency and tis representing the relaxation time which
is related to probable jumping for each unit time, P, by the equation t = 1/2P i.e. fmax < P
[92]. This relation shows that fmax is directly proportional to the probability of hopping. The
disappearance of fmax by the samples implies a low hopping probability, which may be due
to the high resistivity. This outcome is in agreement with the previous report for Li-Mg-Ti
ferrites where a maximum loss was observed only for low resistive composition [93].
Moreover, the low probability of hopping means that the relaxation times for the investigated
samples seem to be large at room temperature &" but decreases with frequency. The increase
in irradiated &" by y and neutron irradiations could be due to resistivities decreased by the
irradiation process and the effect of resistivity is to increase the loss of eddy current and &"

is increased consequently by providing good agreement with the expression [94]:

Pac=

s/sow
4.3.3 Frequency Dependence of Dielectric Loss Tangent

The tand changes can be originated in ferrites because of two mechanisms: (1) hopping of
electrons and (2) defects in charged dipoles. The initial decline of tand with increasing
frequency is extracted by the principle of Koop’s phenomenological theory of dielectrics [95].
In the lower frequency region, the higher loss factors in both cases are observed due to the
phase delay of hopping charge with a frequency that possesses high resistivity for grain

boundaries and requires more energy to exchange electrons among Fe** and Fe?*.
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Fig. 4.9 Variation of tand as a function of frequency for (a) 1 MRad and (b) 3 MRad vy irradiation of
Nio,cho,zcdo,sFEZ.x A|XO4.

Thus a high loss in energy is observed. On the other hand, less loss in energy is observed for
low resistive grain at a higher range of frequency (15 MHz). Also, the peak height decreases as

a dose of irradiation increases. Rezlescu Model can explain the loss tangents peaking behaviour

[96].

The position of the peak transmits toward low frequency for the increasing dose of irradiation.
This depicts the decrease in the probability of jumping with the increasing content of Al. Hence,
Fe3* occupancy on B-sites has decreased and caused polarization on ferrites ions. As Fe®* on
the B-site decreases, the height of the peak tends to go down. The board peak appears at which
superimposition between hopping frequency and external field frequency takes place, the
transformation from the highest electrical energy to the oscillatory ions has occurred and
consequently, a peak for highest power loss is observed. This peak is related to the dielectric
relaxations phenomenon, provided the condition wz =1 is satisfied and also for the resonance
of domain wall (i.e. contribution of grain-grain boundary) [97] and a similar type of dielectric
constant behaviour has also been reported by Batoo et al. [63], Ramay et al. [64], Ramesh et
al. [65], Hashim et al. [66]. At both annealing temperatures, the observed low dielectric values

by the investigated ferrites make them ideal for high-frequency application points of view.
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Therefore, the relatively low loss makes prepared samples applicable at higher frequencies in
technical sectors and it is also compatible with another result found by Batoo et al. [63] having

a loss factor at 5 kHz.

44 ELECTRIC MODULUS SPECTROSCOPY

A complex modulus study is a vital tool that is useful to interpret the dynamic aspect of the
transport process of electrical behavior inside the material. Several parameters occur including
the hopping rate of carrier or ion, the smallest capacitance at high frequencies containing
relaxation time of conductor in the system of dielectric and thereby large dielectric constant

magnitude at low-frequency range is minimized.

Modulus spectrum analysis has grown interested gradually in both types of conduction analysis
(ionic and electronic) in the materials. Through this study, it is possible to characterize the
insight of the electrical process even for materials' tiny capacitance. Modulus spectroscopy can
suppress electrode polarization effects [98] and also unwanted relaxation effects of extrinsic
nature. The relation between electric modulus and the complex permittivity is given as follows

[99]:

Sl . Su
S T 75—
£ “+e E“t+ &

=M + iM~

M =(")1=

o= [y e 2

where M’ represents the real part of the electric modulus and M” represents the imaginary part
of the same quantity. Moreover, M., = 1/e» has an inverse character with the dielectric
permittivity of high frequency. The relation between the time evolution function ¢(t) and the

decay function of relaxation time in the dielectric is expressed as follows [100]:
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o(t) = exp|— (=) 1 0<p<1

™

Where tv”” and B are the most probable relaxation time and the stretched exponent parameter
respectively. Debye and non-Debye relaxation can be indicated from the values of tv”” and f.
From the perspective of physical point, the constant electric displacement has been found
during correspondence of relaxation time of electric modulus in the electric field. A broad
asymmetric peak and a sigmoidal behavior are the general features of the imaginary and real

part of the electric modulus [101-103].
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Fig. 4.10 Variation of real part of electric modulus as a function of frequency for (a) 1 MRad and (b) 3
MRad vy irradiation of NigsCuo.2CdosFez.x AlxOa.

The real electric modulus is very low at lower frequencies and after a certain range of
frequency, it creases gradually and reaches saturation. Due to the scarcity of restoring force,

M’ becomes saturated with the possibility at high frequency [104].
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Fig. 4.11 Variation of imaginary part of electric modulus as a function of frequency for (a) 1 MRad and
(b) 3 MRad v irradiation of NiosCuo2Cdo.sFez.x AlxOs.

This behaviour appears at a lower domain frequency to give smaller M leading to the process
of conduction for the long-range motion of charge carriers and polarization of electrode

contributes negligibly to the material [105].

The M”and M” dependence on frequency for both irradiation by gamma of Ni-Cu-Cd-Al
ferrite samples are illustrated in Fig. 4.10 and Fig. 4.11 respectively. It is depicted from Fig.
4.10 for irradiation by a different dose that M” increase slightly at the beginning within the
region of low frequency and increase remarkably in the region of high frequency. Whereas,

M depicts (in Fig. 4.11) peaking behaviour.

M™ max is thought to be the highest value that occurs at characteristic frequency. The
characteristic frequency is also assigned as the relaxation frequency (indicated by fn") which
is applicable for relaxation time (tm ) evolution. The M/ illustrates the dissipation of energy
that occurred in the process of irreversible conduction indicating the highest loss of conduction

at the center of M max [106].
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The modulus Cole-Cole plots for all samples are illustrated in Fig. 4.12. The irradiated samples
reveal single semicircular shapes with a center below the real axes. Thus these illustrations

depict grain conduction and grain boundary conduction is not seen here.

The various diameters of various semicircles predict the grain values that are equivalent to
electrical parameters. The value of B represents the tilt angle for the circular arc which lies
between 0 and 1. In this way, it explains the Debye nature and non-Debye nature of relaxation
inside the materials. The lower than 1 value of B is an indication of non-Debye relaxation of
dipole-dipole interaction for the investigated samples. Previous results confirm the dominance

of properties through the semicircular curve [107, 108].
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Fig. 4.12 M’ vs M” plot of NiosCuo»CdosFe-«AlxOs for (a) 1 MRad and (b) 3 MRad y-irradiation.

The complex modulus study also gives the idea of electric stiffness through the semicircle. The
Cole-Cole plots in Fig. 10(a) and Fig. 10(b) reveal the dominated property of electrical stiffness

of studied materials.

45 IMPEDANCE ANALYSIS
Impedance spectroscopy explains the correlation between microstructure and dielectric

properties. Besides, it unravels materials complexity which controls the properties of the
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Fig. 4.13 Variation of real part of impedance as a function of frequency for (a) 1 MRad and (b)

3 MRad c irradiation of Nios5Cuo 2CdosFe2-xAlxOa.

structure, ceramic texture, composition, distribution of defects, and dopants themselves, and

their applications also depend on that. Impedance analysis is effective as the grain impedance

is separated by grains boundary impedance and electrode impedance effects.

2N MO

Cu, Cd Fe AlO,

(a) 1 MRad
——x=0.00

——x =0.015

—a—x =0.03

—v—x = 0.045
x=0.06

"~-~..~, T A Y W

100 10 10 10
Frequency(Hz)

M M0)

Ni Cu Cd Fe AlO
(b) 3 MRad

-=—x=0.00
——x=0.015
~x=0.03
—~—x=0.045

10
Frequency(Hz)

10 10°
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It is observed through the frequency-dependent nature of the constituent [109]. Based on a
specifically efficient circuit model which consists of electrical discrete equipment. The process
involves the accomplishment of observed data to form a circuit equivalent to the data for
investigating materials [110]. Resistive and reactive portions for corresponding materials are
included in the measurements of impedance data. Fig. 4.13 (a) and Fig. 4.13(b) and Fig. 4.14

(@) and Fig. 4.14 (b) represent both the real and imaginary parts of impedance after gamma

irradiation.
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Fig. 4.15 Z' vs Z' Cole—Cole plots of Nio5Cuo 2Cdo.sFe2-xAlxO4. for (a) 1 MRad and (b) 3 MRad
y irradiation.
In the diagrams of complex impedance, the imaginary part variation with the

real part of the impedance is plotted.
Table. 4.3 Cole-Cole fitted data
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This representation (Fig. 4.15 (a, b)) is expected for the distinct relaxation of the
material if magnitudes are comparable and satisfy the functional forms of Cole-Cole.
The probable outcome is a pair of semicircles regarding electrical properties. Among
the two semicircles, the former is generated for grain boundary in a lower region of
frequency, and the latter is generated for the grain resistance in a higher range of
frequency [111]. The electrodes interface's contribution can generate a smaller arc in the case

of enough frequency in a lower region [112].
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Fig. 4.15 (c) Cole—Cole Fitted plots for 1 MRad radiated samples

The theoretical Cole-Cole fitted plots for impedance data are shown in Fig. 4.15 (c) (for 1M
samples) and Fig. 4.15 (d) (for 3M samples). From the two superimposed semicircles,
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the former one corresponds to grain whereas the latter one is for grains boundaries

at higher and lower frequencies respectively.
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Fig. 4.15 (d) Cole—Cole Fitted plots for 3 MRad radiated samples

They exhibit the wider semicircles overlap for nano particles which is similar to
the report of Philippe Knauth et al. [85]. The fitted parameters are listed in Table 4.3. The

values of Ry show a decrease with the substitution of Al for gamma irradiation dose whereas
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the values of Rgp show an increase with the substitution. This agrees well with the ac conduction

result interpretation for all samples.

4.6 AC CONDUCTIVITY STUDY

The ac conductivity has been measured at room temperature. The frequency dispersion is
exhibited at room temperature by the ac conductivity between the range of frequency 3x102 Hz
and 5x10° Hz. Ac conductivity changes for samples with irradiation are determined in various
fluences. Fig. 4.16 shows the variation in conductivity (cac) of all prepared NiosCuo.2Cdo.3Fe2-x
AlxQOq4 ferrite nanoparticles at room temperature and with gamma irradiation at different doses.
The oac increases comparatively slowly with frequency up to 10 kHz and thereafter it rises

rapidly at both irradiation and different doses.
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Fig. 4.16 Variation in ac conductivity of NiosCuoCdosFe2-xAlxO4 nanoparticles with

(@) 1 M v irradiation and (b) 3 M vy irradiation.

The main reason for the electrical conductivity is the electrons hopping among elemental ions
of the same type which possess diverse valences throughout the lattice sites of the crystal. The

distance of metal ions on A sites (0.357 nm) is greater than that of the B sites (0.292 nm) in the
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close-packed cubic system of oxygen. For this reason, A< B sites hopping of electron is less
probable than the B&B sites. Due to the largest distances among Cd?* and Fe®*, the hopping
is less probable in A& A sites. Hence Fe?* prefers to be occupied by the B sites only as they
are formed in the sintering mode [106]. Koop’s phenomenological model is applicable for
explaining the variety nature of ac as a function of frequency [107]. This model implies that,
grain boundary conduction leads cacat a lower range of frequency while grain conduction leads

to it at higher frequencies [108].

Alder and Feinleib [109] reported the linear increase in ac conductivity against frequency
during small polarons' conduction. The conduction mechanism occurs predominantly for the
contribution of grains in a higher range of frequencies. Austin-Motto [101] explained a model
for the polaron hopping which describes the dependence of conductivity with frequency. The
model shows the upward trend of o,c against frequency increment for polaron hopping in the
small range and a downward trend in polaron hopping in the long range. The conductivity is
not dependent on frequency when band conduction is considered [59]. The total electrical

conductivity is given by the following relationship for ferrite materials

o(f, T) = ouc (T) + ocac (f, T) (8)

where oq4c depends on temperature only due to band conduction and is termed as dc
conductivity. The next term oac depends on both frequency and temperature which is termed
pure ac conductivity and imposed B site hopping mechanism. The following empirical formula

expresses the oac dependency on frequency [18]:
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oac(f) = AF° )
where, A and n are constants in which n has no dimension where A has units same as cac. Both

of them are dependent on composition and temperature.
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CHAPTER 5: CONCLUSIONS

5.1 GENERAL

In this study, the effect of gamma (y) irradiations on the structural, magnetic and electrical

properties of nanoferrites with the chemical formula NiosCuo.2Cdo.3Fe2xAlxO4 have studied.
52 KEY FINDINGS
According to the obtained results, the following key findings could be mentioned.

e After vy irradiation, the spinel single phase structure remain unaltered have observed.

e The samples' XRD spectra following 7y irradiation revealed shifts in the peaks' relative
intensities as well as changes in peak shifts. These outcomes has attributed to the
deformation brought about by irradiation in the cubic lattice.

e Gamma irradiation of NiosCuo 2Cdo sFe2-xAlxOs nano ferrite decreases its particle size (L),
while it increases the unit cell volume, and room temperature values of Ms, €/, tand and .

e The crystallite size shrink following the y irradiation procedures. Furthermore, a possible
explanation for the little rise in the lattice constant across all samples under investigation
is the transformation of some Fe* ions (0.67A) into Fe?* ions (0.76 A).

e From the M-H curve, it is clear that at room temperature the nanocrystalline samples of
NiosCuo2CdosFe2xAlxO4 are in ferrimagnetic state. The saturation magnetization (Ms)
increase with increasing gamma irradiation dose. This result could be explained on the basis
of cation distribution and exchange interaction between A and B sites. The presence of
random canting of nanoparticles brought on by anti-ferromagnetic exchange interactions as
a result of gamma irradiation at varying doses is responsible for the increase of M.

e For every composition, it is observed that the dispersion curves for the dielectric constant

(&), dielectric loss (g"), and pac decreased with frequency. After being exposed to y and
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neutron radiation, the levels of €' and &" likewise fell. The two layers concept, often known
as Kopps' model, was used to explain these findings.

The samples' corresponding incomplete semicircles are depicted in two overlapping plots
of Z vs.Z” . The first occurs at low frequencies and is caused by the resistance of the
grain boundaries, where it is difficult to determine their electrical parameters. The second
occurs at high frequencies and is caused by the conduction of the grains, which have higher
capacitance and lower resistance than the grain boundaries and exhibit a significant change
in their values in response to the dose of y-irradiation.

The dynamics of conduction of the studied materials is the predominant property after the

irradiation dosage, as shown by the semicircular arc (M” vs. M) as well as remains non-

Debye nature.

Limitation of the Study

The available raw materials used directly without further justification. Due to lack of proper

availabilty of machinary during research time Temperature dependent magnetization and

Magnetocaloric effect could not be done.

Practical Implication

The result found potential for high radiation environment like nuclear reaction facilities and

high energy acceleration etc.

Recommendation for Further Study

Mdossbauer  effect  analysis, Temperature dependent magnetization,

Magnetocaloric effect, PE loop, and isotope changes after irradiation can be

analyzed.
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