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Abstract

Now a days, research on nickel ferrite nanoparticles is dominated owing to their
distinguished structural and physical properties resulting large scale applications in
almost every field of life. This research work presents synthesis, characterization and
determination of dielectric, magnetic and optical properties of barium doped nickel
ferrite nanoparticles i.e. BayNiixFe;O; (0<x>1). These nanoparticles were
successfully synthesized via hydrothermal method by applying suitable reaction
conditions. XRD, SEM and EDX were used to characterize prepared nanoparticles.
XRD analysis revealed that barium doped samples have cubic spinel structure and
their crystallite size decreases from 72.6-42.8 nm by barium addition. SEM
micrographs shows that prepared nanoparticles have spherical in shape and upon
doping increase in particle size have been observed. In order to determine elemental
composition EDX was employed that confirms the purity of samples as there is no
impurity peak is present in EDX spectra. Band gap ranging from 2.1-5.5ev has
obtained from Tauc plot. Dielectric properties like values of Dielectric constant,
Dielectric loss, tan loss and AC conductivity was estimated and it is interesting to
note that sample having maximum concentration of Barium have highest value of
dielectric loss and dielectric constant i.e 8.3 x 10 and 2.7 x 10* Fm™ respectively.
So, it can be best candidate for charge storing applications while for AC conductivity
and tan loss no periodic trend was observed but all samples show common behavior
that they have large values of AC conductivity at higher frequency. Magnetic
Properties was determined by Fluxgate DC magnetometer and it divulges that there
is decrease in values of saturation magnetization while increase in coercivity values

with doping.
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CHAPTER 1

Introduction

1.1. Nanotechnology.

The word “Nano” has been coined from the Greek word “Nanos” meaning ‘dwarf’. It
is one billionth part of a meter (10° m). So, Nanoscience and is the branch of science
which deals with the study of materials having at least size of one dimension is in the
range of 1-100 nm while Nanotechnology refers to the study and manufacturing of
materials at atomic and subatomic level. About 50 years ago, Nobel Laureate in
Physics Richard P. Feynman is considered as father of Nanotechnology as he gave the
concept of Nanotechnology and Nanoscience in his lecture entitled “There is plenty of
room at the bottom”. Later on, In 1974 Professor N. Taniguchi introduced the term

“nanotechnology” [1].

1.1.1. Classification of Nanomaterials. Nanomaterials can be classified on the basis
of dimension and composition. Siegel had classified nanomaterials in following
categories on basis of dimension.

Zero Dimensional (0-D).This type of nanomaterials have all dimensions in nanometer
(nm) range. Mostly they are spherical in shape e.g. Nanodots, clusters etc.

One Dimensional (1-D).In 1D nanomaterials only 1 dimension is out of nm range.
They are long like cylinders e.g. nanorods, ribbons, nanotubes and fibers etc.

Two Dimensional (2-D).These nanoparticles are just like sheet with two dimensions
out of nm range e.g. coatings, Films etc.

Three Dimensional (3-D). Large materials with no dimension in nanometer range are
categorized in 3D nanomaterials e.g. polycrstals and sand etc. [2].

Figure 1.1 demonstrates the examples of Siegel’s classification of nanomaterials.
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> S
Clusters  Napotubes, Fibres & Films Polycrystals
0D rods 2D 3D

1D

Figure 1.1. Classifications of nanomaterials on basis of dimension [3]

On basis of composition following are types of nanomaterials.

a)
b)
c)
d)

Carbon based Nanomaterials.
Metal based Nanomaterials.
Dendrimers.

Composites.

a. Carbon based Nanomaterials. These nanomaterials are mainly composed of

carbon. They may be in form of hollow tube, ellipsoidal and sheets. For example
Fullerenes, Carbon nanotubes, Graphene as shown in figure 1.2.

e o Graphene

Figure 1.2. Classifications of nanomaterials on basis of composition [4]

b. Metal based Nanomaterials. Metal nanoparticles are the main component of metal

based nanomaterials. For example quantum dots, Au nanoparticle, Si nanowires etc.

c. Dendrimers. The term dendrimer is originated from Greek word “dendra” meaning

“Tree”. They are basically nanopolymers and offer high surface functionality and

versatility due to their highly branched 3D structure.

2
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d. Composites. Composites are unique materials that are originated from combination
of nanoparticles and other materials like ceramics, metal or polymer matrix. Here one
of the material is called reinforcing phase and other one is called matrix phase in

which reinforcing phase in form of particles or sheets is embedded [5].

1.1.2. Synthesis of Nanomaterials. Generally two approaches are used to synthesize
nanomaterials, a). Top down approach. In top down approach smaller materials are
synthesize from large initial structures. It involves breaking down of large materials
into smaller particles and b). Bottom up approach. In this technique materials and

devices are built from smaller components (atoms, molecules) [6].

1.2. Ferrites.

Ferrites are considered as one of the most important class of ceramics with magnetic
properties as they contain iron oxide as a main component. The history of ferrites
began over 1000years ago. Like in 2600 BC, magnetite was used in navigation as
compass by one of the Chinese empire ‘Haung-Ti’ [7]. Later on, synthesis and then
correlation of magnetic properties with chemical composition of spinel ferrites was
done by Hilpert for the first time. These spinel ferrites have general formula MFe,04
(M=Divalent metal ions like Ni, Ca, Cu, Zn etc.) [8]. Kato and Takei who was the
Japanese researchers have also major contributions in the field of ferrites. Like their
1*" discovery was higher magnetization of both cobalt ferrite and magnetite solid
solution at room temperature while they show poor magnetization at higher
temperature i.e.300°C [9]. Moreover the discovery of magnetic core materials was
also done by them. These important discoveries enabled scientist to use ferrites based
materials in electronic industries. In 1945 Neel gave the concept of ferrimagnetism
and magnetic behavior of ferrites [10].

1.2.1. Classification of Ferrites. On basis of Magnetic behavior ferrites can be
classified as hard and soft ferrites.

a. Hard Ferrites. They are also known as permanent magnet as they are hard to
magnetize and then demagnetize. They have high saturation magnetization and
coercivity (Figure 1.3) .Hard ferrites have hexagonal structure and are mainly
composed of Fe and Ba or Sr oxides [11].

b. Soft Ferrites. They are known as soft ferrites owing to their property to magnetize

and demagnetize easily. They have small coercivity values as shown in figure 1.3 so
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they can act as magnetic field conductors. They are mostly composed of nickel,
manganese and zinc compounds [12]. Hysteresis loop for soft as well hard ferrites is

shown in figure 1.3.

M M
(7— : S—
i
Small Coerciveforce Liaige Coercive
force
e ——— A A e e
. H —_— H

“Soft” Feromagnetic Material “Hard” Ferromagnetic Material

Figure 1.3. Hysteresis loop for soft and hard ferrites [13]
1.2.2. Advantages of Ferrites. Following are the advantages of Ferrites.
o Higher resistivity
o Broad frequency range (10 kHz to 50 MHz).
o Cost effective.
o Economically assemble.
o Stability of time and temperature [14].
1.2.3. Applications of Ferrites. Production of FNPs is becoming one of the
fascinating areas of research owing to their applications in almost every field of life
such as in electronic devices for energy storage applications, have antimicrobial
activity [15], biomedical application like magnetic resonance imaging (MRI),
hyperthermia, drug delivery etc. [16], [17] used as sensors for different poisonous
gases [18]. It has also contributed a lot in waste water treatment by acting as a
photocatalyst [19]. Figure 1.4 shows the hierarchal diagram for few applications of
ferrite nanoparticles.
1.3. Spinel Ferrites.
Spinel ferrites are a large group of materials and have general formula AB,0O,
(A=Divalent metal ion like Ni**, Co*", Mg?* B=Trivalent metal ions mostly iron) and

have similar structure of natural spinel MgAl;O,.
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1.3.1. Classification of Spinel Ferrites. Spinel can be classified into following types
on the basis of cationic distribution on tetrahedral or octahedral sites figure 1.5 shows
the crystal structure of spinel ferrites in which octahedral (B) and tetrahedral sites (A)
are present.

1.3.1.1. Normal Spinels. Their general formula is (M;**) [Fe**],0.. In normal spinels
tetrahedral or A sites are occupied by divalent ions while trivalent ions are present at
octahedral or B sites.

1.3.1.2. Inverse Spinels. They have general formula (Fe**) [M:*'Fe**]O.. Here
divalent metal ions are present at B site while trivalent metal ions are present either in
B site or A site.

1.3.1.3. Mixed Spinels. Mixed spinels consist of divalent metal ions present in both A
and B sites and have no definite preference. Spinel ferrites have various applications
in the field of drug delivery, antibacterial activity, gas sensors, energy storage devices

and microwave devices [21].

Diagnosis

Catalyst

Drug Delivery

Biomedical

Drug Release

Hyperthermia

Sensors & Biosensors

\\ Energy Storage
\ \ Electronic = =

Device

\ - | EMR Shiclding I
\ WasteWater
) Treatment

Recording Media

Figure 1.4. Application of ferrite nanoparticles [20]
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o Fe3+
? Fe2* or Fe3*+

@ o

Tetrahedral sites (A)

‘?

Octahedral Sites (B)

Figure 1.5. Crystal strucutre of spinel ferrites [22]
1.3.2. Properties of Spinel Ferrites. Spinel Ferrites have various properties like
magnetic, electric, dielectric and optical properties etc.
1.3.2.1. Magnetic Properties. Feri and ferromagnetic materials show similar net
magnetization but the difference between them arises due to alignment of metal ions
spin moments. Spins are aligned anti parallel for ferrimagnetic materials while for

ferromagntic materials the alignment of spins is parallel as shown in given figure 1.6.

(A)Ferromagnetic (B)Ferrimagnetic (C)Antiferromagnetic

Figure 1.6. Magnetic behavior of Ferromagnetic (A), Ferrimagnetic (B) and Antiferromagntic
materials(C) [23]
In addition, the magnetism in ferromagnetic materials can also be explained by the

presence of spin magnetic moment of transition metal 3d unpaired electrons and their
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interactions through oxygen ions present between. The strength of exchange
interactions between magnetic moment of metal ions depends upon various
parameters like distance as well as angle of metal ions and presence of oxygen ions
between them. The A-O-A and B-O-B interactions are much weaker than A-O-B
interactions in inverse spinels. Hence the ferromagnetic behavior is due to coupling in
magnetic moment of metal ions within sublattices on both octahedral and tetrahedral
sites while antiferromagnetism is based on coupling of magnetic ion moments
between sublattices. But sometimes there is a possibility of presence of all
ferromagnetic as well as antiferromagnetic order, spin glass behavior, local spin
canting etc. due to topological frustration arises from presence of competing
exchange interactions on magnetic ions at both sites. In case of nickel ferrite half of
Fe** present in A site and remaining half are present at B site along with all Ni** ions.
Hence magnetic moment of iron ions at both site is cancelled as they are antiparallel
to each other so net magnetization is due to presence of nickel ions. Moreover the
magnetic behavior of ferrites also depends on temperature and particle size [24].

1.3.2.2. Dielectric properties. Dielectric materials are the poor conductors of
electricity or are insulators due to presence of strong attractive forces between their
constituents and also due to absence of free electrons. But dielectric polarization can
be produced by applying electric field. As shown in figure 1.7 positive ions aligned
themselves in direction of electric field while negative ions are present opposite to

applied field resulting weak field is produced opposite to applied field [25].

Figure 1.7. Interaction of atom with applied electric field.
In this way capacity of dielectric materials to store energy is enhanced as compared to
vacuum that causes increase in per unit voltage capacitance of capacitors known as
relative permittivity or dielectric constant. Common types polarization induced in
dielectric materials as response to applied electric field are depicted in figure 1.8 and
are Dipolar, electronic, lonic and space charge polarization. All these polarization

occurs at different frequency range means these all are frequency dependent.
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Orientation of polar molecules in presence of applied field termed as orientation or
dipolar polarization. It may sometimes inherently present in molecules. Electronic
polarizations are due to dislocation of nucleus w.r.t. neighboring electrons in neutral
atoms while, ionic polarization in ionic solids comprises the alignment of opposite
ions [26].

‘/ N )
\Cy ~\®7/ Electronic polarization

P,

o@eo@®e o o @

Y VY B, @B, E Ionic polarization
@c@c® ©°©O P,

2@ 0 @ ¢ > B B

oc@e@®@e o @e Oc

Dipolar or orientation
polarization
Paip

Figure 1.8. Types of polarization [27]
1.3.2.3. Magnetic Properties. The physical phenomenon due to movement of
electrical charges or as a result of force exerted by magnet is known as magnetism
[28]. Generally in order to understand the magnetic properties of materials hysteresis
loop is drawn that shows relationship between induced magnetic field and applied
field. It is also known as B-H loop. By changing the magnetizing force magnetic flux
of magnetic materials is recorded then this data is used to generate hysteresis loop.
Figurel.9 shows the hysteresis loop for magnetic materials. The dashed line in loop
represents the behavior of ferromagnetic material that may be either demagnetize
thoroughly or not magnetized by increasing applied field. In addition, it also shows
that magnetizing force is increased by increasing applied current or field. By
increasing the point is reached at which alignment of all magnetic domains has been
done. This point is known as Saturation Magnetization. Point ‘a’ represent the
saturation magnetization point. After this point the magnetizing force has not affected
the flux density (magnetic field). Then by reversing the direction of force the curve
move from point a to b. This point demonstrate that although force is zero but still
there is some magnetic flux present in material so this point refers as retentivity or
remanence point (point at which some magnetic domains are in alignment but some
domains lost their alignment). By further applying force but in opposite direction the
curve reaches to point of coercivity (magnetic flux=0) while the force applied to

remove the residual magnetism of materials is known as coercive force. Now, for
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further increasing the force in negative direction same trend is followed for saturation
magnetization, retentivity and coercivity in opposite direction to complete loop.

B Fiux Density

Retentivity 8
L

/
/ /
/
Coercivity /
f/ / /
\ /

-H H
Magnetizing Force [ | Magnetizing Force
In Opposite Direction / /

/

P /
o /'
Saturation .V:_’—V

In Opposite Direction

Saturation

Flux Density
~B In Opposite Direction

Figure 1.9. Hysteresis loop for magnetic materials [29]

1.3.3. Nickel Ferrite. Nickel ferrites have inverse spinel crystal structure as Ni®*
present in B site while Fe** present in both A and B sites. Due to magnetic moment of
antiparallel spins of these metal cations nickel ferrites are ferrimagnetic in nature.
Nickel ferrite is considered as soft magnet due to its low coercivity, low eddy current
losses and low hysteresis loss at high frequency [30]. The electrical, magnetic and
structural properties of nickel ferrites depend on occupancy of tetrahedral and
octahedral sites and also on synthesis method [31].
1.4. Characterization Techniques.
Following techniques are used to characterize synthesized nanoparticles.
1.4.1. X-Ray Diffraction (XRD). XRD is a nondestructive technique mainly used for
phase identification, crystal structure, texture and crystal defects of crystalline
materials on unit cell dimension. The X- ray phenomenon was discovered by German
physicist Max von Laue and Co in 1912 and they suggested that atomic spacing of
crystal lattice are small enough to create diffraction pattern by X-rays [32].
1.4.1.1. Principle of XRD. The basic principle behind XRD is constructive
interference of crystalline sample and monochromatic X-rays. The constructive
interference is produced when incident rays fall on sample if conditions fulfill
Bragg’s Law.

nA = 2dsin©
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dsin®

S e @ ° ---®

Figure 1.10. Schematic diagram for Bragg's law [33]

Bragg’s law gives relationship between the wavelength of X-rays to the diffraction
angle and the lattice spacing (d) of crystalline sample. According to this law if two
parallel incident X-rays make an angle (©) with atomic planes and when these rays
are reflected they will interfere constructively only if the distance covered by these

rays is integral multiple of their wavelength (n}).

1.4.1.2. Working of XRD. X-ray diffractometer includes following main components:
. X-Ray tube or Cathode ray tube (CRT).
. Sample holder.

= Detector.

X-ray tube consists of heated filament for production of electrons. These electrons are
accelerated towards target (Cr, Mo, Fe etc.) by giving them voltage. If these electrons
have enough energy to remove the inner shell electrons of that target then
polychromatic X-rays are produced. These X-rays are directed towards sample after
filtering them by monochromators as shown in figure 1.10. The intensity of diffracted
X-rays in form of peaks is recorded by detector. The results are obtained as the output

to device such as monitor or printer [34].

X-Ray Diffraction

High
Voltage
X-ray
Beam
Lead Screen

Photographic
Plate

Figure 1.11. Schematic representation of X-Ray Diffraction [35]

1.4.1.3. Limitations of XRD. Following are limitations of XRD.

i.  Sample must be homogenous and single phase material for characterization.

10
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ii.  The detection limit for mixed materials is approximately 2%.
li.  Minimum amount of sample required for characterization must be in tenths of

gram.

XRD have several advantages over other techniques like it is nondestructive
technique and can have ability to determine purity and unit cell dimensions of
unknown crystalline materials.

1.4.2. Scanning Electron Microscopy (SEM). Scanning electron microscopy is one
of the most important characterization technique used to get information about
morphology, topology, phase distribution and composition of sample. McMullan
introduced SEM for the 1% time while Manfred von Ardenne prepared first
microscope [36]. A beam of electrons is used in SEM to get image of object.
Resolving power of SEM is much more than ordinary electron microscope because
incident beam of electrons is less converging and have larger depth of focus that can
cover whole sample and as a result sharp 3D image of sample is obtained [37]. Depth
of focus and image formation in both optical as well as scanning electron microscope

is well illustrated in figure 1.12.

Optical Microscope

SEM

Electron Beam
V Image Plane
Depth of Focus ! !

Figure 1.12. Image formation in optical microscope vs Scanning electron microscope [38]
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1.4.2.1. Construction and Working of SEM. Components of scanning electron
microscopy are:
i.  Electron Gun.
ii. ~ Thermionic electron gun (Electron emitted from heated filament)
iii.  Field emission electron gun (Electron emitted from sharp tip using electric

field Magnetic lenses.

In SEM electrons are produced by electron gun that are accelerated by applying high

potential then these accelerated electrons are focused on sample using a pair of

11
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electromagnetic lenses. The scanning coils are used to scan the electron beam over
the surface of sample. The signals produce as a result of interaction of electron beam
and sample are measured by detector [39]. Figure 1.13 represents the phenomenon of

image formation by SEM.

' Electron Gun

7 Magnetic Lenses
»

Scanning Coll

< 3./ Secondary Electron
PN Detector

' /SEM
% =) Image

- Specimen

Figure 1.13. Image formation in SEM [40]

1.4.2.2. Principle. Different types of signals produced as a result of interaction of
electrons with atoms of sample at different depths which are given below.

o Backscattered electrons (BSE).

o Auger electron.

o Cathode luminescence (CL).

o Secondary electrons.

If the incident electrons beam interact with atoms of sample and eject electrons from
usual orbits then these electrons are known as secondary electrons (Elastic collision)
and these electrons are the most common source for imaging of sample because they
are large in number produce as a result of chain reaction taking place by incident
beam. Secondary electrons are used to give topographical information of sample. In
contrast to secondary electrons, Backscattered electrons are produced when incident
electrons strike nuclei of atom and bounce back (Inelastic Collision). These electrons
are higher in energy and give information about difference in the densities of sample
as the electrons are produced from depth of sample so images of atoms with higher
atomic numbers appear brighter than that of images of lower atomic number atoms.
But a single machine could not detect all types of signals produced as a result of SEM
[41]. Different types of detectable signals produced as a result of bombardment of

electrons on sample are mentioned in figure 1.14.
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1.4.2.3. Preparation of Sample. For SEM analysis the sample should have following
requisites.

e Itshould be conductive and flat

. Have appropriate size

e  Surface of sample should be exposed

e  Can tolerate under vacuum condition [42].

Incident Electron Beam

Thick Sample
Backscattered Electron
Catholuminescence
X-ray
Auger Electron Secondary Electron

Sample

Figure 1.14. Schematic Diagram for interaction of electron beam and sample

1.4.3. Energy Dispersive X-Ray Spectroscopy. EDX is one of the best techniques
for elemental detection and is used as an extension to other analytical techniques like

SEM and TEM. For elemental detection it requires emitted X-ray spectrum of sample.

1.4.3.1. Principle. When a high energy electron beam is bombarded onto the sample
elastic as well as inelastic collisions take place resulting in knock out of certain
electron and vacancy/hole is created. These holes are then filled by higher orbital
electrons resulting emission of characteristics X-rays. Figure 1.15 demonstrates the

phenomenon of X-Rays emission by bombardment of electrons.
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kicked-out ..
electron -\ \

Figure 1.15. Phenomenon of X-Rays emission [43]

1.4.3.2. Construction and working of EDX. EDX consists of following main parts.

. Source.

= Detector.
" Processor.
. Analyzer.

Characteristics X-rays emitted by Electron beam (SEM, TEM) and X-rays (XRF) are
used in EDX. Theses X-rays are sent to detector where these X-rays are converted
into signals of voltage, processed by pulse processor and then analyzed and displayed
by analyzer. The most commonly used detectors of EDX are silicon drift detectors

and Si (Li) detector [44]. Schematic representation of EDX is given in Figure 1.15.

Figure 1.16. Schematic representation of EDX

EDX have various advantages as it is extension to SEM so no large setup is required
for it. It can identify all elements ranging from Be(4) to U(92). In addition, EDX can
provide facility of fast analysis both for quantitative and qualitative aspects [45].

1.5. Optical Properties.

Band gap is measured by UV-Vis spectrophotometer.

1.5.1. Ultraviolet-Visible Spectroscopy (UV-Vis). UV-Vis states to the spectroscopy

related to the absorption some time also refer to reflectance spectroscopy depending
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on the mode of use which a UV-Vis device contains. All these type of the
phenomenon occurs in the range of 200 nm to 800 nm of wavelength. Different
chemicals absorbs or reflect at different wavelengths of the light so this property
helps for the UV-VIS characterizations. In UV-Vis region of electromagnetic
spectrum molecules or atoms shows the process of electronic transitions. Absorption
spectroscopy sometimes also refer to the fluorescence spectroscopy in that
fluorescence contracts with transition process in which electron jumps from ground
state to the excited state. UV-Vis also used to identify the kinetics or also rate
constant of a under observation chemical reaction. Color or brightness shift must be
occurred during chemical reaction from reactants to the products for the perfect use of
UV-Vis. Other interesting application of this technique is that we can easily calculate
the band gap of materials or composites. For this purpose we use the following

mathematical formula.

Ey = hc/d
Here E, is the band gap energy, h is the Planck’s constant and A is the wavelength
[46].
1.6. Dielectric Properties.

In order to observe dielectric properties LCR meter was used.

1.6.1. LCR Meter. LCR is a type of electronic device that is used to find the
impedance of a device or a circuit that is created by means of alternating current.
LCR meter is actually a multimeter as it can measure inductance, Capacitance and
Reactance by converting the values of impedance.
1.6.1.2. Types of LCR Meter. Commonly, there are two types of LCR meter.
a. Hand held. As name indicates this type of LCR meter is light in weight so it is
portable .It has ability to measure AC resistance and Inductance providing accuracy
ranging from 0.2% to 0.1% held LCR meter.
b. Bench Top. Bench top LCR meter is large in size that’s why it is fixed at certain
position. It provides several advantages like it can measure DC bias voltage, sweep
and current with higher frequency (0.01 %). Moreover frequency have programmable
settings.
1.6.1.3. Working Principle. By passing the AC voltage through device under test
(DUT) current, voltage and phase angles are measured in LCR meter. These
measured factors are then used to calculate all impedance parameters.
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1.6.1.4. Techniques used in LCR meter. Mostly two techniques are used in LCR
meter.
a. Wheatstone Bridge. This method is used to measure low frequencies upto 100Hz

by placing the DUT in a bridge.

Figure 1.17. Circuit Diagram of Wheat stone Bridge

Impedance of DUT is measured at a point when all the components in wheat stone
bridge are balanced. According to figure 1.16. Zp is an impedance of DUT and Za is
changeable as long as no current flows through Zp while Zg and Zc have known
values of impedance .At balance position of bridge all components obey following
equation [47].

Zp|Zp=Z¢/Zp
So impedance of DUT can be calculated as

Zp=Zc/ZpxZ,
b. Current voltage measurement technique. In this technique impedance of DUT is
measured by measuring the values of current and voltage .Here ammeter and
voltmeter arrangements are used to measure low impedance and high impedance
current respectively and then results are shown in terms of resistance, Capacitance
and inductance [48].

current

measurement

voltage
measurement

. @)/

Figure 1.18. Circuit diagram of current voltage measurement technique

Ro

1.7. Magnetic Properties.

Magnetic properties was determined by Fluxgate DC magnetometer.
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1.7.1. Fluxgate Magnetometer. Magnetometers are instruments that are used to
measure magnetism in magnetic materials. In 1936 Fluxgate magnetometer was
invented. These are used to sense magnetic field in highly precise manner.

Principle. DC current is used to derive core of fluxgate magnetometers by saturating
it. Then by change in current in outer coil facilitates the detection of external
magnetic field by AC offset proportional to magnetic field strength. Finally, magnetic
field signals are extracted by phase demodulation circuitry. Figure 1.18 shows the

schematic diagram of DC magnetometer [49]

sample
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Figure 1.19. Schematic diagram of DC Magnetometer [50]
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Chapter 2

Literature Review

This chapter is about synthesis and properties of spinel ferrites and alkaline earth
metals doped spinel ferrites nanoparticles. Most specifically alkaline earth metals

doped transition metals ferrites nanoparticles.
2.1. Crystal Structure of Spinel Ferrites.

Spinel ferrites are large group of materials having same structure as natural spinel
MgAIl,O,. They have natural tendency of incorporating different charge bearing
cations into their structure so they are present in large variety. But in order to
incorporate cations it must be noted that positive charge should be less than 8 that is
necessary to balance anions and also cation radii should be ranging from 0.4-0.9A
[51].

The general formula of magnetic spinels commonly known as Ferrites is MFe,O,
(M=Divalent metal ion). One of the most significant and abundant is the natural
FesO, (Hematite) [52]. In 1915 Bragg investigated the crystal structure of spinel
ferrites for the first time. The structure of spinel ferrites contains metal ions that are
coordinated to oxygen in two different symmetries and as a result generating two
coordination sites named as A site (Tetrahedral Symmetry) and B site (Octahedral
symmetry) [53]. Spinel Ferrites are existed in form of cubic unit cell with space group
Fd3m. The literature study showed that each unit cell of spinel ferrites contain 8 units
AB,0, and total 56 ions [54].

2.2. Synthesis of Spinel Ferrites.

Up to Now, Lots of spinel Ferrites have been prepared by wet chemical and solid
state synthesis methods. Dong-Hwang Chen et al reported the synthesis of nickel
ferrite nanoparticles via sol gel route in the size range 5-30nm. Beside other
precursors polyacrylic acid was used in reaction that acted as chelating agent and also
help to improve crystallinity of nanoparticles by providing combustion heat [55]. M.
Atif et al in 2006 synthesized zinc ferrite nanoparticles in two different media i.e.

acidic and basic by sol gel method and then studied the effect of medium on magnetic

18


https://www.sciencedirect.com/science/article/pii/S0025540801006201#!
https://www.sciencedirect.com/science/article/pii/S0038109806002730#!
https://www.sciencedirect.com/science/article/pii/S0038109806002730#!

Chapter 2: Literature Review

properties and particle size. The results of different characterization techniques
revealed that samples prepared in basic media had smaller particles size and were
more ferromagnetic in nature [56]. M. Santii prepared the inverse spinel Ni-Ferrite
nanoparticles using egg white and metal nitrates. The advantage of this method was
that there was no need of pH adjustment throughout the reaction. They have reported
that obtained nanoparticles have size 60-600nm [57]. Later on, co precipitation
method was employed by K. Maaz et al to obtain single phase nickel ferrite
nanoparticles using oleic acid as surfactant. The size of nanoparticles was directly
related to annealing temperature while coercivity value of sample were increased upto
particles having size 11nm and then decreased as the particles size were further
increased [58]. In the same year solvothermal method was used to synthesize
nanoparticles of nickel ferrite using ethylene glycol and sodium acetate as solvent and
stabilizing agent respectively. The size of resulting nanoparticles were easily
controlled by varying reaction conditions like time duration of reaction, amount of
stabilizing agent etc. VSM results showed that synthesized ferromagnetic
nanoparticles were ferromagnetic in nature and can be used in biomedical
applications [59]. N. Rezlescu et al in 2012 synthesized Ni, Cd, Cu and Zn ferrite
nanoparticles using auto combustion method. They used polyvinyl alcohol to make
sol of metal precursor’s solution. Ammonium hydroxide was used to maintain
required pH resulting formation of gel followed by drying and sintering as a result
desired nanoparticles were obtained [60]. In the same year copper ferrite
nanoparticles were prepared by S.Singh et al via co-precipitation method using metal
chlorides as precursors of reaction and then study their response as LPG sensing
application after making pallets of product .The results showed that product
containing copper and iron in 1:1 had best gas sensing response [61]. Kamellia Nejati
and Rezvanh Zabihi synthesized nickel ferrite nanoparticles via hydrothermal method
in order to study the effect of Glycerol or Sodium dodecyl (Surfactants) on the size of
nanoparticles. The prepared nanoparticles were then characterized by XRD, TEM,
FT-IR and VSM. It was inferred from the results that surfactant assisted produced
nanoparticles had smaller in size (10-15nm) and were uniform but the crystallinity of
particles were reduced [62]. In the very next year, Sonochemical method was used by
P. Partha and Goswam et al to synthesize cobalt ferrite nanoparticles and in order to
obtain required nanoparticles the overall reaction was completed in 3 steps i.e.

hydrolysis of precursors followed by oxidation and calcination [63].
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2.2.2. Alkaline Earth Metals Doped Ferrites. In 2001 H. M.Widatallah et al.
prepared magnesium substituted lithium ferrite nanoparticles via simple sintering
process. First of all they synthesized magnesium doped alpha-Fe,O3 by hydrothermal
method and then ground them with lithium carbonate in pestle and mortar and finally
ground powder was placed in furnace at 600°C. The lattice parameters and
magnetization of prepared nanoparticles were increased due to larger ionic radii of
magnesium [64]. After few years, A.A.Sattar et al used ceramic method to synthesize
calcium doped lithium zinc ferrite. Metal oxides used as precursors were mixed
together and then placed in muffle furnace at 800 degree centigrade for pre sintering
the product was then ground in pestle and mortar and then pallets were formed by
applying high pressure .These pallets were finally sintered to obtain desired product.
Saturation magnetization (upto x=0.01), lattice parameters, coercivity and remanence
ratio of product increased while permeability decreased with increasing doping
concentration [65]. In 2009 B Bhushan et al reported thermal electrical and magnetic
properties of bismuth ferrite after doping different alkaline earth metals (Ba, Sr &
Ca). The results of different characterization tools showed that doped nanoparticles
have decrease in Neel temperature while they have increased in band gap. Magnetic
studies revealed that nanoparticles were weak ferromagnetic in nature [66].

In 2011 M. K. Shobana successfully synthesized calcium substituted nickel ferrite
nanopowder via sol gel autocombustion route having particle size 70-90nm [67]. In
2012 Refka Andoulsi et al synthesized Calcium doped Lanthanum ferrite
nanopowders by polymerizable complex method. The results of different
characterization techniques like XRD, SEM, FTIR and CIA indicated that no
structural and morphological changes took place by Ca doping. However their
electrical conductivity varied directly to calcium ion concentration [68]. In 2012
B.Bhushan et al reported that how calcium and barium co doping effect the magnetic
and optical properties of bismuth ferrite nanoparticles. Optical studies showed that
band gap was increased upto 0.5ev similarly increase in saturation magnetization and
coercivity were also observed when there were equal concentration of both dopants
[69]. A.Manikandan et al in 2013 synthesized spherical shaped magnesium doped
zinc ferrite nanoparticles via microwave combustion method using metal nitrates as
precursors and urea as fuel. The synthesized nanoparticles have size ranging from 15-
43 nm. They reported that by increasing magnesium concentration crystallite size

decreases due to small radii of metal cation. VSM and PL spectrum showed that
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magnesium doping had direct effect on magnetization while value of band gap
decreased as the magnesium concentration increases [70]. In the same year Sunil
Chauhan et al synthesized barium doped bismuth ferrite nanoparticles by sol gel
method using metal nitrates as precursors and reported morphological and structural
changes occurred by changing concentration of barium. All the synthesized
nanoparticles were ferromagnetic in nature [71].

In 2014 D. Gherca et al investigated the properties of nanopowder of cobalt,
magnesium, manganese and nickel ferrite prepared by ecofriendly coprecipitation
method using canola oil as capping agent in order to avoid agglomeration and metal
chlorides as precursors of reaction. The synthesized nanoparticles were then
investigated by VSM, SEM and XRD and their results showed that nanoparticles
were spherical in shape with their grain size1Onm [72]. A.Chaudhuri and Mandal
prepared barium doped bismuth ferrite nanoparticles via hydrothermal method and
characterized them by XRD and FESEM. The change in various properties took place
after doping like enhancement of magnetization, remnant polarization, energy of
activation and dielectric constant shown by results of characterization techniques.
Moreover the efficiency of prepared sample as dielectric material is directly related to
energy of activation [73]. In the same year K. K. Bamzai et al reported the synthesis
of calcium doped Mg-Ferrite via ceramic method and then analyzed their structural
and magnetic properties by varying chemical composition. Characterization of sample
was done by XRD, EDX and SEM. The results of these techniques showed that
prepared sample have cubic spinel structure and had maximum Curie temperature
when composition was MgFe,O4. The prepared sample can be used in various
applications like sensors, color imaging, microwave absorbents etc [74]. G.D.Poonam
and N.K.Verma synthesized Ba doped Bismuth ferrite nanoparticles (Bi,—xBasFeO3
x=0 & 0.15) by using Sol-gel method and analyzed the effect of prepared
nanoparticles size on the electrical, magnetic & dielectric properties. The particles
size was varied by varying calcination temperature .The prepared nanoparticles was
then characterized by using XRD, TEM, SEM and DSC revealed that prepared
sample has rhombohedral structure and have larger values of saturation magnetization
& dielectric constant after Ba doping & when particle size is small hence by
decreasing particle size multiferroism of Ba-doped BiFeO3 particles had increased
[75]. In 2015 K.Nadeem et al reported the synthesis of magnesium doped zinc ferrite

nanoparticles by co precipitation method and studied the effect of annealing on
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prepared nanoparticles .Annealing had direct effect on structure of particles as
crystallite size and particles both increased by annealing that was confirmed by XRD
and SEM while VSM showed that magnetization as well as coercivity both decreased
by annealing due to rearrangement of cations at coordination sites [76]. H.Moradmard
et al reported the synthesis of Mg- doped Ni-ferrite Nanoparticles having general
formula Ni;xMgxFe,O,4 by co-precipitation method and then analyzed them by XRD,
EDX, FTIR, FESEM and VSM. which confirmed that prepared sample have single
phase inverse structure and have ferromagnetic behavior .By increasing concentration
of Mg?®* crystallite size and lattice constant also changed similarly value of saturation
magnetization decreases while coercivity (Hc) increases was due to replacement of
Fe** by Mg?" as magnesium ion have larger ionic radius .The prepared particles can
be used in ferrofluids, microwave devices, gas sensors and magnetic applications
[77]. In 2016 V. Srinivasl, et al, synthesized Ba doped bismuth ferrite nanopowder
using different concentration of Ba via sol gel method and then analyzed the effect of
Ba ion concentration on various properties of sample .The prepared sample was
characterized by XRD, SEM and VSM and their results showed that increase in Ba
concentration caused increase of magnetization and lattice parameters and also
change in structure of prepared sample [78]. Later on, Hirthna & S.Sendhilnathan
synthesized Mg doped Ni-ferrite nanoparticles via Co-precipitation method with
average particle size 28nm-10nm obtained by Debye-Scherer formula. They used
different analytical techniques like XRD, TEM and FESEM to observe the properties
of prepared sample and their results showed that particles have spinel structure and
super paramagnetic in nature. They reported that values of magnetic saturation and
conductivity varied directly while dielectric loss as well as dielectric constant values
of prepared nanoparticles were inversely related to Mg concentration [79]. In 2017
H.S.Mund and B.L.Ahuja successfully abled to synthesize spinel structured Mg
doped cobalt ferrite nanoparticles via sol-gel combustion method. Spectral analysis
via XRD, FTIR and Raman showed that after doping magnesium parent hard ferrite
converted into soft ferrites which altered its properties .Similarly by changing Mg
concentration various properties like saturation magnetization, frequency bands shift
and magnetic moment also changed [80]. Then in the same year T.Vigneswari and
P.Raji synthesized calcium doped Ni-Ferrite nanoparticles by co-precipitation method
using different concentrations of calcium .and then prepared nanoparticles were
characterized by FESEM, XRD, ICP, VSM, XRD and FTIR analysis indicated that
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nanoparticles have single phase inverse spinel structure with crystallite size in range
of 22-34nm .The magnetic properties of prepared nanoparticles had influenced by
calcium concentration i.e. saturation magnetization increased upto x=0.2 and then
decreased gradually. The calculated squareness ratio for prepared nanoparticles was
0.115-0.435 that indicated that prepared nanoparticles can be used in memory core
devices [81]. Pradeep Chavan and L. R. Naik investigated the optical and structural
properties of magnesium substituted nickel ferrite nanoparticles synthesized by easy
and simple autocombustion method .The average particles size as well porosity of
prepared nanoparticles were increased by increasing doping concentration. The band
gap measured by Tauc plot was also increased but decrease in DC electrical
resistivity w.r.t temperature showed that nanoparticles were of semiconducting in
nature [82].
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CHAPTER 3

Experimental

This chapter comprises of nickel Ferrite nanoparticles, Barium Ferrite nanoparticles
and Barium doped Nickel Ferrite (BaxNii;-xFe,O4) nanoparticles synthesis via
hydrothermal method. Nickel (I1I) Chloride hexahydrate (CI;Ni.6H,O), Barium
Nitrate [Ba(NOgz),;]. and Ferric chloride hexahydrate (FeCls.6H,O) was used as
precursors while NaOH was used as precipitating agent. All the chemicals were of
analytical grade and purchased from Sigma-Aldrich with99% purity.

3.1. Synthesis of Nanoparticles.

Hydrothermal method was adopted to prepare nickel ferrite and barium ferrite
nanoparticles. For that method first of all, 1M solutions of CI;Ni.6H,0, FeCl;.6H,0
and Ba(NOs),were prepared separately in DI water. A mixture was taken by adding
10mL from each solution and then 4N solution of NaOH was added dropwise with
constant magnetic stirring until pH reached at 12 that ensured the complete
precipitation of cations. Afterwards solution mixture was shifted to Teflon lined
autoclave and reaction was carried out at 180°C for 24h. After cooling of autoclave,
the product was washed 3 times by centrifugation with distilled water and 1 time with
ethanol @ 8000rpm for 10min in each case. Finally, the sample was dried in vacuum
oven at 100°C for 24h. In order to obtain finely divided powder the product was
ground in pestle and mortar [83]. For barium doped nickel ferrite nanoparticles
synthesis different molar volume solutions of barium chloride and nickel chloride
were prepared by dissolving stoichiometric amount of barium nitrate and nickel
chloride respectively in DI water. These solutions were then added in 1M solutions of
ferric chloride followed by similar procedure [84]. Figure 3.1 shows the flow chart

for synthesis of Ba doped Ni ferrite nanoparticles:
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Figure 3.1: Flow chart for synthesis of Ba doped Ni-Ferrite nanoparticles.
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3.2. Characterization.

The crystal structure of synthesized samples in solid and annealed states were
analyzed in 80°<26<100° range by X-Ray powder diffraction (D8 ADVANCE)
device having Cuk, (A = 1.5418 A) monochromatic radiation and operating at 40kV.
Then POWDER CELL program was used for qualitative analysis [85] while in order
to perform quantitative analysis Rietveld refinements was done by FULLPROF
program [86].

To verify sample morphologies, qualitative analysis and shape hierarchy, scanning
electron microscopy (SEM) was performed through Electron Probe Micro analysis
(EPMA) on MIRA3 TESCAN Zeiss Supra 55VP coupled with EDX having
magnification power 25kx and working at 10kV over the powder samples coated with
Au.

3.3. UV-Vis Spectroscopy.

Optical properties were done by UV/VIS spectrophotometer (Perkin Elmer) having
spectral range 190-3300cm™ over the sample suspension in DI water. Results were
obtained in form of spectrum that were further used to calculate band gap.

3.4. LCR Meter.

The pellets of dia=12mm and thickness=2.3mm were mechanically prepared by
means of hydraulic press using 10Mpa pressure at room temperature. Then for
measurement of dielectric properties at room temperature pellets were placed one by
one between the electrodes of LCR meter [Wayne Kerr version 6500B] having
frequency ranging 100Hz-5MHz.

In order to measure magnetic properties Fluxgate Magnetometer was used.
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Chapter 4

Results and Discussion

This chapter comprises of results and discussion of synthesis, characterization and
physical properties of nanoferrites under consideration.

4.1. Characterization Techniques.

In order to characterize the samples different characterization techniques like XRPD,
SEM and EDX were employed.

4.1.1. X-Ray Powder Diffraction. In order to determine phase, crystallite size and
crystal structure XRPD has been used. The detailed analysis shows that Barium
doped Nanoparticles have cubic crystal structure with Fd3m (227) space group that
further confirm the formation of spinel cubic structure according to JCPDS Card
No0.10-325. The lattice parameters, cell volume and density obtained by generalized
harmonic description via Rietveld refinement are shown in table 4.1.The number in
brackets provides the deviation from least significant values of parameter [87].
Crystallite size was determined by using Debye-Scherrer formula [88]. The decrease
in crystallite size and shifting of peaks towards lower angle can be described on the
basis of larger ionic radii of dopant which causes internal stress. As nickel ferrites
have inverse cubic spinel structure in which nickel ions are present at octahedral sites
while Ba ions must preferentially be present at tetrahedral sites and it can be
confirmed by increase in intensity of (220), (440) and (511) reflection planes that are
more sensitive to ions present at tetrahedral and octahedral sites [89]. The impurity
peaks (*) is present in NiFe,O4 sample which refers to iron oxide PDF, [Card No. 00-
024-0081] with increase in dopant concentration intensity of impurity peak decreases
and finally disappear after x=0.2, T.Vigneswari also observed same impurity peaks in
calcium doped nickel ferrite nanoparticles synthesized by coprecipitation method [90]
while impurity (+) refers to BaFe,O4 PDF, [Card No. 00-046-0113] and its intensity
increases with increasing Ba concentration.

Table 4.1. Lattice parameters & density of prepared samples

Sample Type | Lattice Parameters(A) Density(g/cm®) Ref.
NiFe,04 a=b=c=8.3499(1) 5.596 [This work]
Bao_zNio_8F8204 a=b=c=8.320(2) 4.365 [ThiS WOI‘k]
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Bao,4Ni0,6FezO4 a=b:c:8.345(2) 5.157 [ThiS WOI’k]
Bap ¢Nig.4Fe204 a=b=c=8.337(3) 5.205 [This work]
Bao sNig2Fe204 A=8.45, h=19.04, 5.345 [This work]
c=5.38
BaFe,04 a=8.441(1), 3.629 [This work]
b=18.556(2),
c=5.450(3)
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Figure 4.1 Refined XRD pattern of NiFe;O4
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Table 4.2. Crystallite size obtained from Debye-Scherrer equation
and strain for prepared Samples

Sample Name Crystallite Strain (1/D%) Ref.
size(hm)

NiFe,0, 71.6 19.5x10° [This
work]

Bag 2Nig sFe204 62.4 25.68x10™ [This
work]

Bao4NigeFe,0, 52 36.9x10” [This
work]

Bag sNig.4Fe204 48.6 42.3x107 [This
work]

BaosNig2Fe,0, 42.8 92.9x10” [This
work]

BaFe,0, 45.2 48.9x10” [This
work]

4.1.2. Scanning Electron Microscopy. SEM was used for qualitative analysis and
morphology of the samples. Figure 4.6 demonstrates the SEM micrographs of nickel
ferrites and barium doped nickel ferrite nanoparticles, confirming the spherical shape.
Moreover, it also indicates the agglomeration between these particles that can be
explained on the basis of interaction between magnetic nanoparticles [91]. The
particle size obtained from SEM is listed in table 4.3 that indicates there is gradual
increase in particle size with increasing Ba contents and it is possibly due to larger
ionic radii of dopant.

Table 4.3. Particles size obtained from SEM analysis for Ba doped Ni-Ferrite
Nanoparticles BaxNi;xFe;04(x=0-0.6)

Sample Name Particles Size(nm)
NiFe;O4 48.71

Bap 2NiggFe,04 61.57

Bay 4NigsFe,04 63.22

Bap sNig4Fe204 66.78
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500nm

Figure 4.6. SEM images for prepared Nanoparticles a) NiFe;O4, b) Bag 2NiggFe,0y4, C)
Bao,4Ni0,6Fe204 and d) BaoleNio.4F9204.

4.1.3. Energy Dispersive X-Ray Spectroscopy. EDX was used for the stoichiometry
confirmation of prepared nanoparticles. Figure 4.7 shows the EDX pattern of sample
while atomic percentage of elements present in sample are listed in table 4.4. The
additional peaks in EDX patterns can be credited to gold coating and sample holder
material. No impurity peak was observed in EDX spectra that revealed the purity of

preprared samples.
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0
[Full Scale 506 cts Cursor: 0.000

4 6 8 10 12 14 16 18 200 2 4 6 8 10 12 14 16 18 20
[Full Scale 199 cts Cursor: 0.000 keVfFull Scale 258 cts Cursor: 0.000 kev

Figure 4.7. EDX Micrographs for prepared Nanoparticles a) NiFe;O4 b)
Bao_zNio_3F9204, C) Ba0_4Ni0_6Fe204 and d) Bao_eNio_4F9204.

Table 4.4. Atomic percentage composition from EDX in Ba doped Ni-Ferrite
Nanoparticles BaxNi;xFe;04(x=0-0.6)

Elements BaxNi; xFe;04
(at %) x=0 x=0.2 x=0.4 x=0.6
0] 76.07 75.95 75.74 80.52
Fe 15.05 15.03 16.08 13.16
Ni 8.88 7.80 5.32 2.91
Ba - 1.22 2.86 3.40
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4.2. Physical Properties.
Different physical properties like band gap, dielectric and magnetic properties has
been determined by UV-Vis spectrophotometer, LCR meter and Flux Gate
magnetometer respectively.
4.2.1 UV-Vis Spectroscopy. Absorbance spectrum was obtained with help of UV-
Vis spectrophotometer. Barium dopant effect on optical band gap was analyzed by
constructing Tauc Plot from absorbance spectrum. In Tauc Plot the optical band gap
is analyzed by plotting graph between (ahv)™ (y-axis) and hv (x-axis) and then
extrapolating tangent on x-axis. The change in values of absorption coefficient w.r.t
hv (Photon energy) is specified as.

(ahv)™ = A(hv — Eg)™
Where, a is absorption coefficient, hv is photon energy, A is edge width parameter,
Eg is Band gap energy and m is 2 for direct band gap [92]. The values of optical band
gap obtained for barium doped nickel Ferrite nanoparticles ranging from 5.2-5.5eV
while 2.1ev and 5.7ev are band gap values of nickel ferrite and barium ferrite
nanoparticles respectively as shown in Figure 4.9. These results show that optical band
gap value is increased by increasing doping concentration. The phenomenon of increasing Eg
values may be due to number of reasons like structural changes, decrease in crystallite size,
change in lattice parameters and pressure induced effect etc. As by increasing doping

concentration crystallite size is reduced leading to increase in band gap. Hence the values of

band gap clearly reflect the theory of quantum size effect in doped nanoparticles [93].
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Figure 4.8. Absorbtion vs wavelength graphs of prepared samples a) NiFe,O,, b)
Bao_zNio_8F6204, C) Ba0_4Ni0_5F6201 d) Bao_sNio_4F6204, 6) Bao_gNio_zFEZOzg f) BaFe204

Table 4.5. Band gap obtained by Tauc plot of prepared samples

Sample Name Band gap (ev)
NiFe,04 2.1

Bag 2Nig gFe,04 5.2

Bag.4NigsFe,04 5.38

Bag sNig4Fe,04 5.45

Bag gNig2Fe,04 5.5
BaFe,O4 5.7

. 1 b

4.0
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Figure 4.9. TaucPlot of prepared samples a) NiFe;O4, b) Bag 2NiggFe;0y4, €)
Ba0.4Nio_6FEZO, d) Bao,sNio,4Fe204, e) BaolgNio,2F6204, f) BaFeZO4

4.2.2. Dielectric Properties. By using the values of dissipation or D-Factor and
parallel equivalent capacitance (Cp) that are obtained by the LCR meter at suitable
range of frequency (f) different parameters like dielectric constant (¢"), dielectric loss
("), (tan 8) and AC conductivity have been investigated. These parameters give
useful information about dielectric behavior of material, i.e. dielectric constant gives

information about capability of material to store electric energy or in other words tell
about polarizability of material.

Charge
+Q

Electric
field E

Plate
area A

Plate separation d
Figure 4.10. Schematic Diagram of Polarized Dielectric Material

Basically, it is the ratio of the material’s permittivity to that of free space. Dielectric
constant can be calculated by using given below expression.

()]
&g°A

g =
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Here C is the capacitance, D is the thickness of pallet, A is surface area of sample and
€° is the Permittivity of free space (8.85%x10™* Fm™) [94]. Figure 4.11 shows that
value of dielectric constant linearly decreases by increasing value of frequency that is
normal behavior of spinal ferrites and have also been reported earlier [95] as well.
This can be described by dipole relaxation phenomenon which is lag in the dielectric
medium response to applied electric field. Generally ferrites have heterogeneous
structure composed of appreciable conducting grains that are separated by almost non
conducting grain boundaries [96]. Polarization is produced as a result of stacking up
the electrons at grain boundaries due to high resistance at grain boundaries. But, at
higher frequency mostly the electrons reverse their direction of motion causing
decrease in the number of electrons at the grain boundary and as a result polarization
decreases [97]. Moreover, at higher frequency the electron exchange Fe**->Fe®*
cannot follow the alternating electric field variations which led to decrease in
dielectric constant. It was observed that sample with x=0.8 show maximum value of
dielectric constant this is due to decrease in crystallite size that led to increase in
number of nonconducting grain boundaries at specific area. The different values of
dielectric constant for samples with different compositions are due to difference in
presence of defects, porosity, metals ions (Fe**, Ni** and Ba**) and oxygen vacancies
etc. [98].
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Figure 4.11. Dielectric Constant vs In F plot for Ba doped Ni-Ferrite nanoparticles
BaXNil_XFeQO4 (OSXZ].)

The imaginary part to determine dissipation of electromagnetic energy during
alignment of particles along electric field due to defects, porosity or dislocation is
known as dielectric loss (¢") and is calculated as [99] mentioned below,

&" = & X Dfactor
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As shown in figure 4.12 the samples with low concentration of barium have less
dielectric loss values may be due to following reasons like samples have high density
with low porosity and are structurally perfect [100]. But as the concentration of
dopant increases dielectric loss going to increase because more dissipation of heat in
order to transfer electrons from one atom to another. The decrease in dielectric loss
with increasing frequency may be due decrease in consumption of energy for

electrons hopping because atom show slow movement of electrons [101].
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Figure 4.12. Dielectric loss vs In F plot for Ba doped Ni-Ferrite nanoparticles
BaXNil.XFe204 (OSXZ].)

The real part for determination of dissipation or loss of energy is known as tangent

loss (tan ). Mathematically it can be expressed as follows [102].

tand =

4

Graph shown in figure 4.13 for tan 6 show a small decrease in the values of tangent
loss at lower frequency because more time is offered for the movement of the
electrons inside the grains at lower frequency. After that tangent loss start increasing
as charge present in grains acts as a conductive medium so by increasing conduction
the losses turned higher. Humps were observed as a result of Debye-type relaxation.
This condition is created when the hopping frequency of ions becomes equal to
applied field frequency. At last there is a sharp decrease in tangent loss values and
then become constant .Decrease in values may be directly relate to decrease in
conduction while constant behavior can be explained by absence of enough energy

for polarization.

37



Chapter 4: Results and Discussion

An increase in Ba concentration causes increase in tangent losses may be due to less
Fe?* >Fe*" conversion. Since conduction is due to Fe?* therefore increase in number

of Fe®* causes more energy losses [103].

4.0+ = Bare,0,
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1.5«
1.0

0.5-

0.0 =

Figure 4.13. tan loss vs In F graph for Ba doped Ni-Ferrite nanoparticles
BayNiy «Fe,04 (0<x>1)

AC conductivity can be defined as the capability of material to allow passage of
alternating current and mathematically it can be expressed as [104].
0, = 2mfele”

Graph in figure 4.14 shows that values of AC conductivity for all samples are almost
constant at start but as the frequency increase AC conductivity also increases. This
constant behavior of values can be described by Maxwell-Wagner model and Koop’s
theory.

According to these theories, Ferrites consists of two layers one is conducting layer
comprising of conducting grains while other is poorly or nonconducting layer
composed of nonconducting grain boundaries. Koop suggested that grain and grain
boundary effect dominates at higher and lower frequencies, respectively. So at higher
frequencies more AC conductivity due to dominating effect of conducting grains. But
overall no periodic trend was observed in the values of AC conductivity. An increase
in conductivity with increase in Ba concentration may be due to presence of more
Fe®* at octahedral sites causing less separation between Fe?** and Fe** and as a result

conduction increases due to increased hopping of charge carriers [105].
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Figure 4.14. AC conductivity vs In F plot for Ba doped Ni-Ferrite nanoparticles
BaXNil.XFe204 (OSXZ].)

4.2.3. Magnetic Properties. The magnetic properties of all the samples were
determined by Fluxgate DC magnetometer. Figure 4.15 represents the hysteresis loop

of all samples observed at room temperature.

0.2
F——NiFe,O,4
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Figure 4.15. Hysteresis loop of samples observed at room temperature: inset shows
the coercivity (Hc) of samples.

According to observed hysteresis loop of all samples it is noted that by increasing the
concentration of barium value of saturation magnetization (Ms) decreases as shown in
figure 4.16(a) and this can be explained on the basis of number of factors like
decrease in crystallite size, redistribution of cations and surface spin disorder.
Moreover, Barium is nonmagnetic and have zero magnetic moment and it can also
leads to decrease in saturation magnetization. Generally, in spinel structures
ferromagnetism is due to super exchange interactions between metal cations at
octahedral (B) and tetrahedral (A) sites. As the barium concentration increases this
causes the decrease in Fe ions at tetrahedral sites resulting strengthen of A-A and B-B

interactions while weakening of A-B interactions [106]. Increase in barium
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concentration leads to increase in coercivity values as shown in figure 4.16(b). This is
due to fact that barium causes increase in magneto crystalline anisotropy and also it
can be related to decrease in crystallite size as decrease in crystallite or grain size
causes more number of grain boundaries hence more field is required for alignment of

magnetic domains [107].
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Figure 4.16. a) Graph of Ms vs Ba Concentration: b) Graph of Hc vs Ba concentration

Table 4.6. Values of Saturation magnetization and coercivity vs
Barium concentration

Ba Concentration Ms(T) Hc(kA/m)
NiFe,;0O4 0.162 4.4
BaolzNi0.8F8204 0.134 49
Bao_4Nio_5F9204 0.127 8.98
Bao_eNio_4F9204 0.066 11.55
BaolgNi0.2F8204 0.027 15.705
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Conclusions and Future Prospects

In order to study the effect of barium doping in nickel ferrite nanoparticles on its
optical, Dielectric and magnetic properties detailed study has been done. Barium
doped nickel ferrites nanoparticles BaxNi;.xFe,O4 have been successfully synthesized
and then characterized by XRD, SEM and EDX. XRD analysis confirmed the
formation of cubic spinel structure. The crystallite size of prepared nanoparticles was
calculated through Scherer’s equation. The particles of samples have sperical in shape
and were determined by SEM. EDX spectra revealed the purity of samples.

An increase in concentration of barium leads to increase in Band gap values from 2.1
to 5.2, 5.38, 5.45 and 5.5ev. Dielectric properties i.e dielectric constant, Dielectric
loss, tan loss and AC were also studied which showed that these properties can easily
controlled by varying particles size and barium concentration. Values of dielectric
constant and dielectric loss have similar trend and both have highest values for
maximum concentration of barium. Higher values of Dielectric constant are mainly
due to interfacial and dipolar polarization. AC conductivity of all samples is almost
constant at lower frequencies while they have maximum values at higher frequencies
Hopping phenomenon was also observed in case of tan loss and AC conductivity. The
investigation of magnetic properties revealed that increment of barium concentration
causes reduction in values of saturation magnetization (Ms) from 0.162T to 0.027T
and increase in coercivity (Hc) values from 4.4kA/m to 15.705kA/m. All these
optical, dielectric and magnetic properties depend on crystallite size of samples.
Depending on observed optical, dielectric and magnetic properties the prepared
samples can be used for energy storage, microwave absorption applications and in
magnetic core devices.
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