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ABSTRACT

Cobalt chromite (CoCr204) nanoparticles dispersed in silica (Si02)x matrix (x = 0, 45, 60
and 80 wt. %) were prepared by using sol-gel method. Influence of Si0O2 matrix on structural and
dielectric properties of CoCr204 nanoparticles have been discussed in detail. Using X-rays
diffraction (XRD) analysis crystallite size turn out to be in the range of 30-67 nm and the crystal
structure of nanoparticles is cubic spinel. Average crystallize size of these nanoparticles was
calculated by using Debye-Scherrer formula. Both average crystallite size and iattice constant were
decreased with increasing SiOz concentration, which indicates that SiO2 (non-magnetic) restricts
the growth of nanoparticle. SiO is used as a spacer to avoid agglomeration of nanoparticles. Ultra-
Violet (U-V) spectroscopy proved the formation of spinel chromite. Transmission electron
microscopy (TEM) images revealed that the nanoparticles are non-agglomerated due to surface
coating of non-magnetic $i02. The magnetization curve of zero field cooled (ZFC) and field cooled
(FC) for CoCr204 were obtained under applied magnetic field of 50 Oe with paramagnetic to
ferromagnetic transition temperature (Tc) =97 K and conical spin transition (Ts) = 30 K. Dielectric
constant and tangent loss were decreased with increasing frequency and becomes constant for
higher frequencies. However conductivity revealed opposite trend and has greater values at higher
frequencies. Dielectric properties have been explained by using Koop’s theory and tangent
resonance phenomena. Dielectric properties also showed dependence on the SiO» concentration.
Hence, these measurements indicated that the structural and dielectric properties of CoCr204
nanoparticles strongly depend on SiO:; concentration.
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CHAPTER 1

Introduction

1.1 Magnetism Overview

The word magnetism comes from the state of “Magnesia”. About 2000 years ago,
Greeks found some stones which have property to atiract iron pieces. The compass was
designed by the magnets and then magnets were used for navigation by the Chinese in the 12
century. With the passage of time people thinking about the nature of magnets and the reason
behind attraction of iron pieces. Afier the developments of atomic model an idea about the
nucleus and electronic shells was found with the concept of electrons having two types of
motion one is the orbital motion other is the spin motion. Then came to this point that the
electronic interaction, spin and orbital motion of electrons is responsible for the origin of
magnetism [1].

1.2 Origin of Magnetism

It’s the fundamental property of an electron that it has 2 magnetic dipole moment. Each
magnetic moment acts as a tiny magnet. Dipole moment is the result of quantum
mechanical spin of electrons. Because of its quantum nature, the spin of the electrons can have
only two states i.e. ‘up’ or ‘down’. The main source of magnetism is the spin of electrons in
atom as well as orbital motion of electrons around the nucleus. If these magnetic dipoles are
aligned in a piece of matter and point in the similar direction, their discrete tiny magnetic fields
add together to create a stronger external magnetic field.

However, those materials whose atoms have completely filled electronic shell carry
zero dipole moment, because magnetic moment of every electron is cancelled by the opposite
moment of the second electron in the pair. Those atoms whose shells are partially filled (i.e.
unpaired spins) can have a definite magnetic moment. Therefore, atoms with partially filled
electronic shells are likely to get ferromagnetic nature [2].

1.3 Types of Magnetic Materials

On the basis of magnetic properties, following are the types of materials
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Diamagnetic materials
Paramagnetic materials

»

>

» Ferromagnetic materials

»> Antiferromagnetic materials
>

Ferrimagnetic materials

1.3.1 Diamagnetic Materials

Diamagnetic materials are those in which there is no net magnetic moments of atoms,
but show a week, negative susceptibility to external magnetic field. However magnetization is
zero in the absence of magnetic field. Diamagnetic properties are actually due to complete
electronic shells of the atoms. When exposed to external magnetic field they oppose that effect.
Few diamagnetic materials are gold, silver and copper [3].

1.3.2 Paramagnetic Materials

In the absence of an external field, the paramagnetic material exhibits no net
magnetization, In this class of materials the magnetic moment is non-zero for each atom, but
their combined average is zero. As soon as we apply external magnetic field magnetic moments
align in the same direction as that of field, which results in a net positive magnetization. These
materials do not show any hysteresis. Paramagnetic materials take account of magnesium,

aluminum, molybdenum, lithium, and tantalum [4].

1.3.3 Ferromagnetic Materials

Ferromagnetism can be said as a special case of paramagnetism where the individual
spins of moments interact individually. The unremunerated spins in individual atoms of a
ferromagnetic material may couple directly known as direct exchange. Parallel alignment of
moments occurs in ferromagnetic materials which results in large net magnetization even when
there is no magnetic field. This spontaneous magnetization is called net moment. The
ferromagnetic materials become paramagnetic above the Curie temperature due to vanishing
of spontanecus magnetization. For example iron becomes paramagnetic at 750°C [5]. Few

examples of ferromagnetic materials are cobalt, iron and nickel.

1.3.4 Ferrimagnetic Materials
In ferrimagnetism, the exchange interaction is negative (antiferromagnetic) but carries
some resultant magnetic moment. Magnetic oxides are the chief sources of ferrimagnetic

matenals also known as ferrites. Naturally occurring chromium is in two states compound

2
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Chromium (IF) ions, Cr?*, and Chromium (III} ions. In CoCr20Q4 there is a negative oxygen ions
in 0% and positive chromium in Cr’* state. The oxygen ions are not magnetic, but both
chromium ions are. In the given crystals, chemically formulated as CriOs, for every four
oxygen ions there are three Cr** ions. Fig 1.1 shows magnetic ordering of ferromagnets,
antiferromagnets and ferrimagnets.

Fig. 1.1: Magnetic ordering (a) Ferromagnet (b) Antiferromagnet (c) Ferrimagnet.

In the present work we will discuss about the ferrimagnetic material CoCryQ4. It has all
the properties of ferromagnetic response such as hysteresis, remanence and Curie temperature.
However ferromagnetisms, antiferromagnets and ferrimagnet have different magnetic
arrangement [6]. Fig 1.1 shows ferromagnet, antiferromagnet and ferrimagnet schematic.

1.3.5 Antiferromagnetic Materials

If magnetic moments of every two neighboring sub lattice are equal but opposite, the
net magnetic moment will be zero. This type of magnetic arrangement is called
antiferromagnetism. These materials too have no hysteresis yet there is small positive
susceptibility [7].

1.3.6 Dielectric Polarization

Dielectrics are bad conductors of electricity. In the presence of external electric field,
its electric lines of force always originate from positive charges and terminate at negative
charges. Charges do not flow through the diclectric. Positive charges means shifting of nucleus
in the direction of electric field and negative charges means electrons are shifted in the opposite
direction (because of the electrostatics effects) and this phenomenon is known as dielectric
polarization as shown in Fig. 1.2
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Fig. 1.2: Polarization of diclectric material [8].
As a result of these displaced charges, an electric field is produced which is opposite in
direction of the external field applied, known as polarization field. Net electric field across the
dielectric is reduced because of the polarization field. While dielectric is placed between the
capacitor plates, charge storage in the dieleciric improves. Dielectric polarization is

summarized as “the dipole moment per unit volume” and can be written as;

Ip

P==
7 (1.1

1.3.7 Susceptibility, Permittivity and Dielectric Constant
For the case of linear dielectric materials, polarization depends on the electric field E,
provided E is weak field i.e.

P=€xE (1.2)

The constant of proportionality y is called the electric susceptibility of a medium. The electric
dielectric vector of the medium is defined as

D=€oE+P=€oE+eoxE=Eo(l‘i'X)E:GE (13)
where
€=€o(1+y) (L4)

€0 = 8.85418782 x 10" F/m.
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The dielectric constant or relative permittivity [9] is defined as,
l+y= = (1.5}
=1+ ’
Er X o

1.4 Nanoscience

Nanoscience involves the study of process and preparation of materials at atomic and
molecular levels. Properties of materials at nanoscale are totally different at bulk scale due to

the high surface to volume ratio at nanoscale.
1.4.1 Nanotechnology

Technology that deals with the particle size in the range of 1 to 100 nm is called
nanotechnology. Nanotechnology involves designing, characterization and preparation by
defining its structure of material and devices, and system by controlling shape and size of

material.

1.4.2 History

Nano is a Greek word which means dwarf. The idea of nanoscience and nanotechnology
was given first time by Richard Feynman in 1959 [10]. Term ‘nanotechnology’ was first used
by a scientist Norio Taniguchi of Tokyo University in 1983 [11]. There is difference of size,
shape and properties between nanomaterials and bulk materials.

1.4.3 Introduction to Nanotechnology

One bitlionth of meter is called nanometer, numerically (10-). Nanomaterials have high
surface to volume ratio which make materials prominent at nanoscale. For example single aiom
in case of metal is non-conducting but bulk metallic materials have conducting nature.
Materials become more significant when its size decreases at nanometer range. Materials have
very promising properties in case of I-dimensional, 2-dimensional and 3- dimensional with
nanometer {nm) range. So properties of these materials are not similar as that of bulk materials
[12]. As size of material decreases to less than 50 nm its surface area to volume ratio increases
significantly. Magnetic memory of nanomaterial depends upon its size [13}. Fig. 1.3 shows

SEM images of some 1dimensional nanomaterials
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Fig. 1.3: Typical SEM images of different types of 1-dimensional nanomaterials [14].

1.4.4 Nanoparticles

These are the particles having a diameter in range of 1-100 nm. Nanoparticles can be

in the form of nanocrystals, clusters and colloids. Nanoparticles have got unique properties
which are different from their bulk states. With the decrease in size of nanoparticles, there
electrical, mechanical, optical and other properties are changed drastically.
Magnetic properties of nanoparticles are also different from their bulk states. When size of
particles decreases to less than 100 nm then ferromagnetism of nanoparticles changes to
superparamagnetic due to larger surface to volume ratio which enhance surface energy of
nanoparticles [15].

1.4.5 Nanomaterials

Material particles with size from 1 to 1000nm are normally termed as nanomaterials.
Here is the list of some nano-sized materials, Two principal factors which causes the
characteristics of nanomaterials to differ from bulk materials are,

+ Increased relative surface area

s Quantum effects
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Conventional material have grain size 100nm to 100um. Here are few examples of nano-sized
materials listed in Table 1.0,

Table 1.0: Small sized material and their actual size in nane scale [16].

Material Size in nanometer
Animatl hair 30,000 nm
Molecules with 20 atoms 1 om diameter
Human cells 1000 100,000 nm
Proteins 2-40 nm
Viruses 5400 nm

1.4.6 Chromites

By definition, chromite is a type of a ceramic compound composed of chromium oxide
(Cr,04) chemically combined with one or more suppiementary metallic elements. Its general
formulae is XCr20s; their character is ferromagnetic.

Chromites with A>*Cr**O4?" formula are binary oxides, where A" and Cr’* occupies
tetrahedral (A) and octahedral (B) sites respectively. There are numbser of potential applications
of chromites ranging from semiconductors, high-temperature ceramics, and catalysts to

electrochemical sensors. In our research we used chromite as CoCr204 [17].

1.4.7 Structure, Bonding and Classification of CoCr204

Spinels have got general formula AB2X4. They have many applications in nanoscience
and technology [18-21]. For example, chromites XCr:Ys; X =Fe, Ni, Mg etc., Y=S, O ions
exhibit many rare magnetic properties such as ferrimagnetism, colossal magnetoresistance, ete.
In CoCr204s, Co?* ions are in tetrahedral (A) sites and Cr** ions are in octahedral (B) sites [22]
(Co*)—(Cr*")o—-Os. It is a ferrimagnetic system. In spinel structure of coilinear ferrimagnetic
system, A-O-B and B-O-B bond angle are 125° and 90°, correspondingly. For other
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configurations, Jxp super exchange interactions are unlikely to appear. Jes C--O—Cr
interactions in chromite control its magnetic properties. Therefore, spiral ferrimagnetic
arrangement might dominate the magnetic order; just because the collinear model finds
incorrect [23-25). The antiferromagnetic arrangement between A and B sites is totally
demolished in CoCrz04, and the system shows a screw ordering. This is known as
“ferrimagnetic spiral” [26-28]. Recently, single crystals of CoCr204 have shown to be a vnique
multiferroic materials i.e. the spiral component induces the observed electric polarization P
and also has a spontaneous magnetization M [29, 30]. However, the studies have been mostly
focused on single and bulk crystals of CoCr:04 except in one report which deal with
polycrystalline samples. Both single crystals as well as polycrystalline samples of CoCrz204
develop ferrimagnetic order having long-range below Tc=94 K, and a sharp phase transition at
Ts=26 K. Reports on dielectric properties of nano-crystalline CoCrxO« are scarce and the
studies are mostly focused on the field dependence of magnetization at low temperature.
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| CHAPTER 2
Synthesis and Literature Review

2.1 Literature Review

Nanoparticles of chromites have got special attention to researchers and scientists due to
their novel properties. Properties of chromite nanoparticles can be tuned easily through
different synthesis techniques and different substitutions. Lots of work has been done on
different substitutions, synthesis techniques, temperature dependence and magnetic properties
etc. As we searched there is not much data found on size effects on dielectric properties so we
worked on that project. This work is novel because nobody else have done this before for these

| samples. Broad study of dielectric and electrical properties on a series of silica substituted
CoFe;04 were made done. The partice size decreases with the increase in concentration of
i SiO, matrix. This decrease of size was due to replacement of silicon ions of smaller radius

instead of larger radius of tron ions.

i 1. The coating of Si0; on potassium ferrite (KFeOz) nanoparticles has been reported in the
given paper [31]. The XRD exposed the formation of orthorhombic structure of uncoaied
potassium ferrite nanoparticles which was also retained afier the $i0z coating. After coating
it was found that Si coated material have got more stability. In VSM analysis, both bare
potassium ferrite exhibits more magnetic saturation value than the coated potassium
ferrite. This decrease in size is due to the creation of magnetically dead layer of 8i02 which
reduces the diameter of the particles as compared to its physical size. The thermal
decomposition of Si0; coated potassium ferrite nanoparticles exhibits a weight loss
accompanied with an exothermic peak, pertaining to the condensation of silanol in the $10:
matrix. The SiO coated potassium ferrite nanoparticles exhibit increased viability as
compared to bare nanoparticles; attributed to the good dispensability and reduced
agglomeration due to S5i0; coating.

2. SiO, coated Co1-;Zn:Fe204 nanoparticles with concentration of x as 0, 20%, 30%, 40%,
- 50%, and 100% were synthesized by using sol-gel method [32]). XRD was used for the
structural studies. SEM and FTIR was used for morphological studies. XRD results showed

cubic spinel structure for all the examined samples. The average size of crystals turned out
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3.

5.

to be in the range of 36—47 nm. The lattice constant increases with the increase of Zn
concentration because of large ionic radii of Zn®** in contrast to Co®* ions. FTIR
spectroscopy showed the presence of SiOz coated ferrite namoparticles. SEM images
revealed that the nanocrystals are in thin size, spherical in shape and non-agglomerated due
to coating of SiO; shell. It was then confirmed that the structural and magnetic properties
of SiO2 coated Coi--ZoxFe204 ferrite nanoparticles intensely depend upon the average
crystallite size and concentration of Zn®" jons.

Nanoparticles of CoFe>04 were synthesized in situ with the addition of SiOz matrix using
sol-gel method [33]. The magnetic properties of the particles were inspected by varying
the weight ratio of CoFexOs. Structural properties depend on variation in annealing
temperature. The samples with 45 wt. % cobalt ferrite sintered at 8375 K and above were
indicated as a single phase spinel structure. Its nature was found to be ‘ferrimagnetic’.
Nevertheless, the samples which were annealed below 775 K showed superparamagnetic
behavior. It was initiated that coercivity (Hc), magnetization (Ms) and maximum remanent
magnetization (M;) increases uniformly with sintering temperature and with the
corresponding saturation of 21.09 emu g™, 5.671 emu g™ and 1.15 kOe, respectively. The
samples sintered at 1073 K were ferromagnetic in nature, excluding one with 10 wt. %
cobalt ferrite, as it is superparamagnetic. The respective maxima was 33.28 emu g,
11.41 emu g™' and 1207 Oe, respectively. The M; and M; increases with content of cobalt
ferrite, except for the value of H..

Sol-gel method was used to synthesize superparamagpetic and ferromagnetic
CoFez04/Si02 nanocomposites by changing the weight percentage or annealing
temperature of cobalt ferrite [34]. From XRD investigations it was evident that 510 plays
a vital role in controlling the average crystallite size. Mossbauer spectra showed the mixed
spinel structure of cobalt ferrite nanocomposites. Size of the maximum spinel particles is
as small as to retain the ferromagnetic properties, same is the reason of super paramagnetic
behavior of particles. The average crystallite size of CoFe>04/SiO; nanoparticles were
about 12 nm.

NiFe;Q4 nanoparticles {533 nm) were synthesized using co-precipitation technique [35].
To prepare core—shell nanocompasite, they were coated with SiO2 following the Stéber
process. X-ray diffraction analysis was used to obtain phase and average particle size.
Scanning electron microscope was employed to study particle size distributions and

transmission electron microscope analyzed morphology of core-shell nanoparticles. FTIR

10
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gave identification about the presence of bonds in the uncoated and coated samples.
Superparamagnetic properties were measured at room temperature when the uncoated
crystallite size was 15nm or less than that. The blocking temperature increases with
increasing particle size and Ty was lesser for coated samples as compared to the
corresponding uncoated samples. FESEM confirmed core diameter size was much larger
than the uncoated ones [35].

. Cobalt ferrite (CoFez04) having a non-magnetic shell of SiO; were prepared using sol-gel

method [36]. The structural properties and magnetic characteristics were then examined.
The results indicated that single phase CoFe204 coated with SiO2 can be partially formed
when the dried gel is sintered at temperature above 400°C. These grains were detected to
intermingle with the matrix through Si—0-Fe bonds. When the temperature is increased up
to 600°C, that interaction reaches its maximum value, particles of Co-ferrite grains
developed into nanocrystals, whereas the interaction between the SiO; matrix and Co-
ferrite clusters vanished with the splintering of the Si—O-Fe bonds. The average particle
size could be checked by the Co-ferrite content and variation of annealing temperature. At
low temperature, remanent magnetization and coercivity decreases with the increase of
measuring temperature, The magnetization saturation values increases by increasing
quantity of S10z in CoFe; 0.

. Gingasua et al. [37] prepared CoCr204 through the precursor method. Raman speciroscopy

were used to classify final oxides. XRD authenticated the cubic CoCr.04 phase only.
Average crystallite sizes lies in a range between 14 and 21 nm. Scanning electron
microscopy revealed cubic structure of CoCrz04 crystals., All the samples exposed
ferrimagnetic nature below the Currie temperature, and a phase tramsition at Ts~27 K
attributed to the outbreak of long range spiral magnetic arrangement. The CoCr;04
nanoparticles synthesized through the giuconate route and calcined at 700°C for | h were
found that they became more catalytic [38].

. Dutta et al. [39] prepared CoCr,O4 nanoparticies by sonochemical technique. CoCr204 is a

multiferroic matertal. X-ray diffraction method, transmission electron microscopy and
scanning electron microscopy were used to find structural properties, morphology and
particle size of the CoCr04 nanoparticles. Whereas superconducting quantum interference
device magnetometer was used to distinguish temperature dependent magnetic transitions.
The bulk CoCr:0s exhibits two magnetic transitions, Tc~98 K and Te~26 K, the
nanoparticles here showed a Te~84 K and Ty~25 K. Magnetic studies on the nanoparticles

indicated the presence of long-range ferromagnetic order below 84 K and also another
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transition temperature 25 K corresponding to the beginning of spiral magnetic order. Since
the onset of ferroelectricity in CoCr204 nanoparticles matches the spiral magnetic ordering
transition, it will be of great interest to study the influence of size of the nanoparticles on
its overall multiferroic nature.

9, Nadeem et al. [40] carried out the effects of SiO; concentration on dielectric properties of
cobalt ferrite nanocomposites with concertation of SiO2 10%, 30%, 50% and 60%. Due to
greater number of nucleation sites generated by S10;, size of particles restricied. With the
increase of frequency, dielectric properties such as dielectric constant, imaginary part, loss
factor and AC conductivity decreases. All diclectric parameter shows that they depend on
concentration of SiO2 Thus Si0: matrix is quite useful in decreasing particle size. The
reason behind reduction of crystallite size is the enlargement of surface arca and shrinkage
of volume, Real dielectric values of bulk samples are much smaller than the experimental
results of coated nano samples which showed that grain size reduces. At higher values of
frequency polarization is small and conductivity is large, and conductivity gets decrease at

lower frequencies where the polarization is maximum.

2.2 Synthesis of CoCr204 nanoparticles embedded in SiO:

Now I shall discuss the synthesis technique used to prepare CoCr20O4 nanoparticles and
their structural characterization via X-ray diffraction (XRD).

2.2.1 Sol-gel Technique

There are various methods for the preparation of nanoparticles. Ameng all of them wet
chemical route is the one which gives better especially to provide low processing temperature,
smaller particle, size etc. The preparation of nanoparticles from a solution of chemical

compounds can be divided into following major categories,

Colloidal methods.

Sol-gel processing.

Water-oil micro emulsion method.
Hydrothermal synthesis.

Polyol method.

A T

Among all the methods listed above sol-gel [41] is a well-known and widely used synthesis

technique for the preparation of nanoparticles. Some of the advantages and disadvantages of
this technique are given below.

12
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2.2.1.1 Advantages

e Control over the molar fraction.

e Materials with various compositions can be prepared.

o Impurity phases can be avoided by controlling various parameters.
e Size distribution of the nanoparticles can be controlled.

o It is relatively simple and cost effective.

2.2.1.2 Disadvantages

« High concentration of raw materials.
¢ Long processing time.

Recently, there has been a great interest for the synthesis and development of diluted
magnetic semiconductor (DMS) nanoparticles from chemical methods; given that direct
chemical approaches are generally compatible with large-scale production and the resulting
colloidal suspensions are ready for application in self-assembly strategies that have become a
foundation of nanotechnology [42).

2.2.2 Types of Sol-gel Technique

Sol-gel technique is divided into two categories

+ Agueous sol-gel process.

¢ Non-aqueous sol-gel process.

2.2.2.1 Aqueous Sol-gel Process

The chemistry of aqueous sol-gel technique is quite complex, on one side there is a high
reactivity of water with precursors, and water behaves as a ligand as well as solvent. On the
other side there are large number of reaction parameters which have to be controlled such as,
temperature, pH, rate of oxidation, nature and concentration of anions etc. Due fo low
temperature during the synthesis, there is a limitation of agueous sol-gel chemistry which yields
particles being amorphous. Hence this method requires a post-annealing to induce
crystallization. Due to this we have to compromise over the crystal size and shape.

13
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2.2.2.2 Non-aqueous Sol-gel Process

This technique takes place in organic solvents. Organic components of solvents play
multiple roles in the reaction. They are solvent, surfactants and also act as provider of oxygen
for the oxide formation. The reaction rate is slow due to the moderate reactivity of the oxygen-
carbon bond and due to this the size and shape of the particles can be controlled. Term non-
aqueous synthesis does not imply that water molecules do not take part in reaction, in some of
the cases hydrated precursors of metal oxide are used and water is produced during the reaction,
therefore a hydrolytic reaction pathway may not be omitted. For example, if the synthests 15
achieved with dehydrated zinc acetate (no water molecules) and anhydrous ethylene glycol, no
zinc oxide is formed. But when zinc acetate dehydrate (two water molecules) and ethylene
glycol are used, zinc oxide is formed [43]. There are two approaches which are used for non-

aqUEOUS Processes.

¢ Surfactant-controlled approaches.

¢ Solvent-controlled approaches.

In surfactant-controlled synthesis, surfactants are used. The surfactants are organic
compounds, these surfactants provide a dynamic organic capping layer which enhances their
growth and stabilizes the nanoparticles in solution. Solvent-controlled synthesis involves the
use of organic solvents. They act as reactants and controlling agent for particle growth. The
solvent-controlled approach is simple and contains components i.e. metal oxide precursor and

an organic solvent, also there are very low number of by-products,

2.2.3 Chemicals Used for CoCr:04 Nanoparticles
Chemicals used for synthesis of CoCr204 nanoparticles are listed below in the table.

14
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Table 2.2: Chemicals used in synthesis of CoCr20,.

Formula Chemicals Purity Molecular
Weight(g/mol)
Cr(NO3)3.9H,0O Chromium 08.1% 400.14
Nitrate
Co(NO3):.6H20 | Cobalt Nitrate 97.9% 291.02
CsHz07.H0 Citric Acid 98.5% 210.13
SiCaH2004 TEOS 99.0% 208.32

I used 8i02 matrix to avoid inter-particle magnetic interactions which can influence their
other properties. I used chemical method which is known as sol-gel method for the preparation
of these nanoparticles using cobalt nitrate (Co(NO3)s.9H;0), chromium nitrate Cr(NO53)3.9H;0
with purity of 98.1%, citric acid (CsHsO07.H20) with purity of 98.5%, tetra ethy] orthosilicate
(TEOS) with purity above 99%, ethanol, ammonia, and distilled water,

< CoCr204 nanoparticles/SiO2 (0%)

% CoCr204 nanoparticles/SiOz (45%)
% CoCrz204 nanoparticles/SiO; (60%)
% CoCr204 nanoparticles/ SiO2 (80%)

Annealing temperature for all these samples was 900°C at 4 hrs.

Fig. 2.1: Powder form of grinded sample after annealing.

15

C e ———




Chapter 2 Synthesis and Literature Review

The general reaction is

2Cr(NO;3)3.9H:20 + Co(NOs)2.6H20 + XCeHs07.H20 A

CoCr204 + YH20 + Na2(gas) + ZCOz (gas)

Forx=045
TEOS = 3.949 ml
H0 =1.27ml
Forx =0.60
TEOS = 5.26 ml
HO =1.6934ml

For x =0.80
TEQOS =7.02 ml

H0 =226 ml
2.2.4 Sample Preparation

I started the process by measurement of weight of required materials using electronic
balance. 1 put 6 g of chromium nitrate (Cr(NQ3)3.9H20) in a beaker and mixed 20 ml of ethanol
in that beaker, then put 2.18 g cobalt nitrate Co(NO;3)2.6H20 in the same beaker and placed this
beaker on magnetic stirrer for continuous stirring, This is called solution 1. In another beaker,
I took citric acid (C¢HsO7.H20) of about 4.3 g; molar ratio of nitrates to citric acid = 1:1. After
mixing 20 ml of distilled water it is placed on another beaker for stirring purpose to obtain
homogenous mixture, this is called solution 2. After few minutes solution 2 is added into
mixture of solution I dropwise to get main combined solution and this main solution is put on
magnetic stirrer to obtain uniform and homogenous mixture. TEOS and water are added after
few minutes later into main solution. For 0% sample no TEOS are added. For 45% sample
3.949 ml of TEOS and 1.27 ml of water are added in main solution. In case of 60% sample
amount of TEOS and water added are 5.26 ml and 1.6934 ml respectively. For 80% solution
TEOS is added with quantity of 7.02 m! and 2.26 ml of water is added in main solution. Fig,
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2.2 represents samples of CoCr204 nanoparticles with different concentrations of Si0; after

annealing.

After mixing of TEOS and water in main solution, pH value is examined, and then
ammonia is added in the same solution until we obtain pH equal to 5. Afier getting pH value
by 5, heating is started using ‘heat iron’ and temperatures is checked after regular interval of
time, and note the temperature all time. Maximum temperature given to sample is 70°C to 80°C
and in some sample close to 80°C. Slowly formation of gel started and after some time gel is
formed. After gel formation, sample is removed from heating, put this sample in microwave
oven at 100°C for 12 hrs. After removing sample from microwave oven, sample is grinded by
mortar and pestle. Sample is kept in furnace at 900°C for sintering purpose for 4 hrs, Sample
is again removed and grinded again, finally transfer this sample in sample bottle. Fig. 2.2 shows
finally prepared samples in bottles.

-~ e AT A& 2k

Fig. 2.2; CoCr204 nanoparticles samples with 40, 60 and 80% SiO» matrix
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2.2.5 Flow Chart

X Flow diagram of the synthesis of cobalt chromite nanoparticles is shown as,

Synthesis of CoCr204 Nanoparticles

—G—[=

Citric Acid +Water +TEOS Ammonia for pH control

Stitring at 70°C until gel formation

18
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CHAPTER 3
Experimental Techniques

3.1 X-ray diffraction (XRD)

X-ray diffractometer is used for the investigation of the identity of crystalline solids based
on the atomic structures of their crystals and angles at which diffraction occurs in powder samples.

3.1.1 Principle of Operation

X-ray diffraction instrament is based on Bragg’s law of diffraction.
nA=2dsiné (3.1)

Using X-ray Diffraction (XRD) technique, the sample is exposed with fixed wave-length
(0.1518 nm) and intensity of X-rays. A detector is used for the detections of the refiected
radiations. In this technique incoming monochromatic X-rays are diffracted from the crystal for
every d-spacing (inter planer spacing) at some specific angles the Bragg’s condition will be
satisfied by the incoming monochromatic X-rays. In the case of constructive interference we get
the XRD peaks otherwise no peak is observed.

3.1.2 Measurements and Verification of the Structure

We used an X-ray diffractometer for the confirmation of the crystal structure (required
phase) and the average crystallite size. This diffractometer is powder type and X-rays are CuKa
with a wavelength of 1.5406 A. A sample ‘S’ in the form of 2 smooth glass to make it easy for
rotation about the axis; this axis being normal to the plane of the glass slide. The X-ray beam with
wavelength 1.54064, is generated at point and a counter is used for detection of the intensities of
the diffracted beams. The X-ray source, specimen, and counter must be coplanar.
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Fig. 3.1: Diffraction and interference of X-rays [44]

The counter is fixed on a moveable carriage; a graduated scale is used for the angular
position in terms of 20. The specimen and the carriage are mechanically attached in such a way
that a rotation of the spectmen with horizontal axis through 0 is supplemented by a rotation of the
counter (29) with horizontal axis, as this declares that the incident and reflected angles are kept

similar to one another.

Fig. 3.2: Schematic representation of X-ray diffractometer [45].
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Fig. 3.3: X-ray diffractorneter [46].

For focused and well-define beam, many collimators are placed within the path of beam.
Then a filter is used to provide an approximate monochromatic beam. As soon as counter moves
at certain angular velocity, a plot of intensities as function of 20 is recorded automatically on the

monitor. Schematic illustration of X-ray diffractometer is shown in Fig. 3.2.

3.1.3 Calculation of Average Crystallite size by Scherrer Formula

Suppose the thickness of some crystal is “t” and it is measured in a direction perpendicular
to plane of reflection (Fig. 3.4). Consider a set of (m+1) plane under investigation. Let the variable
quantity “0” as incident angle and 65 as Bragg’s angle, which satisfies the Bragg’s condition for a
certain values of inter-planner distance (d) and wave length (8), i.c. 8 = 2dsinfg, the maximum

intensity is obtained for m=1.
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Fig. 3.4: Incident and reflected beams of X-ray from the crystallographic planes of erystal. The diffraction

occurs at (Og’s).

Now all the incident rays having Bragg’s angle 8, reflecting at crystallographic planes with path
difference nA i.e (integral multiple of wavelength) creates inference. Thus we get a constructive
interference of all the reflected rays which are in same period and phase with each other. Those

e which are not in phase will interfere destructively and due to their low intensity will not be spotted

at the exact Bragg angle ‘0p’.
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at the detector. The plot for the recorded intensity verses 20 will then has the form as shown in the
Fig. 3.5(a) as compared to Fig. 3.5(b), which shows the theoretical case of diffraction only occurs
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6. 29 28,
26 ——> 28 ——>
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Fig. 3.5: Schematic representation of effect of particle size on diffraction curves,

Width of diffraction curve increases with the decrease of thickness of the crystal, as shown in the
Fig. 3.5(a), this is because when value of m decreases, the range ‘261-28,° increases. The width ()
is typically measured in radians at FWHM i.e. full width at half maximum. Note 3 is the angular
width in double angle (20) and not in 8. As a rough estimate of f,

p-(F=2y =g g, 32)

Now take down the path-difference equation for the two angles such as 9; and 6,
Asin®, =(m+1)A (3.3)
2usinG, = (m+1)4 (3.4)

Using the formula from Trigonometry and further solving the equation using small angle
approximation,

-4 5)
Peos 6, .
A better representation is,
_ k2 3.6)
Peos O, ’
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Where k is 0.89 in our case, equation above is known as the Scherrer formuta. It is used to calculate
particle size of extremely small nanocrystals from the calculated values of XRD peaks [47].

3.2 Transmission Electron Microscope (TEM)

It is @ technique, in which an electronic beam is transmitted through a very thin sample.
This electronic beam intermingles with the specimen as it pass through it. Due to transmission of
electrons, an image is formed, this image is then focused and modified on a fluorescent screen or

it is to be spotted by sensor like a CCD camera.

TEM:s resolution capability is significantly higher than light microscopes, because it uses
electrons instead of light; also wavelength (de-Broglie wavelength) associated with electrons is
very small. Due to this it is possible to observe the fine details even as small as a molecule of
atoms, which is hundred times smaller than the object in a light microscope. Since the objects of
the order of a few angstroms (10712 m) can be viewed by TEM, so the details about the cell or
different materials down to atomic level can be studied. Due to its high resolution and high
magnification, TEM has become a valuable tool in the field of biological, medical, and materials

research.

3.2.1 Principle of Operation

The werking principle of the transmission electron microscope (TEM) is same as that of
light microscope with only a difference that electrons are used instead of light. With an ordinary
light microscope there is a limitation of wavelength of light and anything which is smaller than the
wavelength of light cannot be seen in it. In transmission electron microscope the use of electron
beam instead of light causes a resolution thousands times better than the light microscope (Fig.
3.6).
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Fig, 3.6: Transmission electron microscope [48].

An “electron gun” emits the electrons which then travel though chamber of microscope.
Electromagnetic lenses are used to direct the elecirons into a beam. The electron beam then moves
though the specimen which is under study. Some of the electrons will scatter after striking with
the specimen but some of them transmit though it. At the bottom of the microscope un-scattered
electrons hit the fluorescent screen which results in creation of “shadow image” of sample. Dark
and bright areas are formed depending on density of a specimen. The image then can be
photographed by camera or studied directly by the worker.

3.3 SQUID magnetometer

The detection coils shown in Fig. 3.7 consist of single piece of superconducting wire coiled
in a set of three coils arranged such that upper coil is wound clockwise, middle anti-clockwise and
the bottom as clockwise. Gradiometer arrangement is used to reduce noise in the detection circuit
caused by fluctuations in the enormous magnetic field of the superconducting magnet. MPMS
system works as superconducting magnet wound in a solenoidal arrangement. It’s designed as to
become a closed loop allowing to charge up to specific value and behave in persistent mode
without the need of external power.
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In order to take measurements, sample is moved cross the superconducting detection coils. These
coils are situated at the center of magnet, outside the sample chamber. When the sample moves
through the coils, magnetic moment of the sample changes, which induces an electric current in
the detection coils. As the SQUID is designed fo convert current- to-voltage, slight variation of
current in detection coils causes variation in SQUID output voltage which is proportional to the
magnetic moment of sample. Voltage variation from the detection coils of SQUID gives the
information of magnetic moment of sample [49].

There are 3 different modes in which MPMS operates: hysteresis, oscillate, and no-
overshoot. Firstly, in the no-overshoot mode, there is a monotonic change in magnetic field from
initial to required field. In the oscillate mode the magnetic field value interchangeably overshoots
and undershoots the required ficld with decreasing amplitude in every cycle. Finally, in the
hysteresis mode the magnet is not in persistent mode and the current supply is constantly part of

the magnet circuit.
MAGNETOMETER
&IAGNEI’(C FIELD SAUID e, fpi 3 \ -
(

3

TV

Fig. 3.7: Configuration of SQUID detection coils [49].
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3.4 Measurements of Dielectric Properties

3.4.1 Sample preparation to measure dielectric properties

To measure the dielectric constant values of CoCrzQ04 as 2 function of frequency, CoCr:04
was used as a medium between plates of a parallel plate capacitor. For fabrication of the pallets 1g
mass of the nanoparticles sample was pressed in a die under a pressure of Ston/inch?. Pallets

formed have got following diameter and thickness, as in Table 3.4

Table 3.4: Diameter and thickness of paliets used for dielectric properties.

Si0; Concentration Diameter Thickness
0% 13.28 mm 2.12 mm
45% 13.78 mm 4,00 mm
60% 13,90 mm 324 mm
&0% 13.80 mm 3.33 mm

These pallets were then inserted in an electric furnace. Silver paste was applied in all sides. After
this, pallets were placed in oven at 28°C for several hours in order to dry the silver paste
completely. Copper wire leading from LCR meter was attached on the layer of silver paste for

measurements.

3.4.2 Dielectric Properties Measurement

The dielectric properties of the all samples were measured by using IET 7600 LCR meter
bridge. This was achieved by pressing the powder in disk shaped paliets under pressure. Silver
paste was applied on both sides of the pallet which were then connected to the LCR meter through
copper wire as shown in the Fig. 3.8. The experimental setup of the dielectric measurement were
recorded at different frequency range 10 Hz-2 MHz i.e. capacitance and dissipation factor. The
dielectric properties can be measured at different SiO; concentration with varying frequency. In
the experimental setup first of all we set some specific frequency and then increased the voltage
continuously and then recorded the reading on the LCR Meter.
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Fig. 3.8: Photograph of IET 7600 LCR Meter used for dielectric properties measurement,

3.4.3 Dielectric Constant

Dielectric constant is defined as “ratio of electric displacement D to the electric field

intensity E”, and a degree of a material to offer resistance to store a charge.
€=D/E (3.7

Physics behind the measurements of capacitance and dielectric constant of our sample is very
simple, to understand the basic formalism, let us consider a parallel plate capacitor as shown in the
Fig. 3.9.
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Fig. 3.9; Electric field in parallel plate capacitor,

Let A be the area of a plate of capacitor and d be the distance between the plates. Plates are
connected to positive and negative terminals of the battery, as a result positive and negative charges
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will accumulate on the plates respectively. Now these plates are just like two charged conducting

sheets which generate electric fields. The electric field lines originate from positive plate and

terminate at negative plate. So capacitance in the absence of dielectric is,
o=t

Capacitance in the presence of dielectric will be,
C'= A€oE, /d

In other words,
C=¢C

Where, €r is the relative permittivity of the material is given below,

€-=Cd [ A€o
€r can be calculated from LCR meter.

3.4.4 Dielectric Loss

The general expression of the capacitance in terms of dielectric is
C =A€co/d
the loss tangent is defined as
tand =€"/€'=1/wRC
where

w=2rf

R is equivalent resistance whereas C is capacitance and tané is a dielectric loss.
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CHAPTER 4

Results and Discussion

4.1 X- Ray Diffraction Analysis

Fig. 4.1 shows the X-ray diffraction (XRD) pattem of the uncoated CoCrz04
nanoparticles. All the indexed peaks correspond to spinel structure with no impurities. There are
no diffraction peaks of SiO2 matrix present due to its amorphouss nature.

' :
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Fig. 4.1: XRD pattern of uncoated CoCr20; nanoparticles.

Fig, 4.2 shows the XRD patterns of the CoCr204 nanoparticles dispersed in (Si03)x matrix
with x = 0%, 45%, 60% and 80%. The prominent Bragg peaks at scattering angle 26 of 30.31,
35.70,43.45, 57.40, and 63.04 degrees correspond to Miller indices (220), (311), (400), (511), and
(440), respectively, of the cubic CoCr204 phase; JCPDS file no: 780711. The patterns could be
indexed on the face-centered cubic cell with the Fd3m space group. The lattice parameter of the
CoCr204 nanoparticles was found to be 8.348 A, which is in agreement with the reported lattice
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parameter in a literature i.c. CoCr204 (8.334 A) [50). It is worth stating here that no Bragg peaks
corresponding to Cr203, Co304 or metallic cobalt were observed in the XRD pattern. '

CoCr,0,/Si0, (x)

Intensity (a.u)
%
:

1
10 20 30 40 50 60 70 80 90
20°

Fig. 4.2: XRD patterns of CoCr204 nanoparticles dispersed in ($i0a2), matrix with x = 0%, 45%, 60% and §0%.

4.1.1 Effect of Silica on Average Crystallite size

Average crystallite size for CoCr204 was calculated for (111), (220), (311), (400), (422),
(511) and (440) peaks respectively using Scherrer formula,

D= ﬂ’f "-9 (4.1)
COs

where

#=0.91, Shape Factor
A=1.5406 A (Wavelength of X-Rays for Cu Ka)
f= Line broadening at half the maximum intensity (FWHM) in radians
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6= Bragg’s angle
D= Mean size of particles
The average particle sizes for CoCr204 given below in the table 4.1

Table 4.1: Size calculation of cobalt chromite nanoparticles from XRD data.

Sample with SiOz Crystallite size of peak Crystallite size of peak (311)
Concentration (220)
0% 65.23 nm 62.99 nm
45% 48.40 om 41.81 nm
60% 47.62 nm 45.88 nm
80% 46.13 nm 37.68 nm

By knowing the broadening or reduction of a peak we can indicate the decrease or increase
in size of a particle. Let’s distinguish peak (311), here it’s clearly shown that width of the peak is
broad. It sharpens with the decrease in SiO2 concentration. Similar thing happens with the peaks
(400), (422), (511) and 50 on. The average crystallite size of the nanoparticles coated with 0, 45,
60, and 80% was 64.11, 45.10, 46,75 and 41.90nm respectively. Therefore average crystallite size
of CoCr204 decreases with increase in Si0; matrix [51, 52].

4.1.2 XRD Assessment of Crystallite size vs Silica

To measure lattice parameter, crystallite size and phase formation, we used X-ray
diffraction (XRD) having CuKe (0.154 nm) source at average temperature and pressure. Fig.
4.3(a) shows the XRD patterns of all SiO; coated CoCr,Os nanoparticle samples with different
values of SiOz concentration (x) =0, 0.45, 0.6 and 0.8. It has been perceived by using JCPDS
reference card of XRD 780711 for CoCr;04 and that all four samples have cubic spinel structure
and don’t have supplementary impurity of phase. Average crystallite size can be measured via
Debye-Scherrer formula.
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Fig. 4.3(a): Average crystallite size vs SiO; concentration,
Fig. 4.3(a) shows the variation of average crystallite size with SiOz concentration that falls in the
range 4664 nm.

4.1.3 Lattice Parameter and Crystal Structure
For the case of cubic crystal structure CoCr,O4 nanoparticles, the lattice parameters (a, b
and c) can be calculated by using the relation, d%uq

L _ B P
di, a

“.2)

Where, “dni’ is the inter planer spacing given by the Bragg’s law d=)/ (2sin6) and b, k and 1 are
the miller indices of the crystal planes. The reported values of the lattice parameters of CoCr204
are a=8.371 A. Our calculated values are a=8.315 A, 8.285 A, 8.3135 A and 8.2958 A using (220)
plane for 0, 45%, 60% and 80% concentrations, respectively and have a good agreement with
reported values. Fig. 4.3(b) shows variation of calculated values of lattice parameter of CoCr2Os
for different concentration of SiQO», These latiice parameters show 2 cubic structure of CoCr204.
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Fig. 4.3(b): Variation of lattice parameter of CoCrz04 with different 8i0» matrix.
4.2 Transmission Electron Microscopy

To observe the shape and structural properties of nanoparticles, transmission electron
microscopy (TEM) was also used. Fig. 4.4 shows TEM for CoCr204 (0% Si0:) nanoparticles at
110 nm scale. Well-developed edges of nanoparticles are formed. It is observed that crystallites
have weak tendency to aggregate and quite well dispersed.
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Fig. 4.4: TEM images of uncoated CoCry04 nanoparticles.

4.3 Temperature-dependent Magnetization

In Fig. 4.5, temperature-dependent magnetic properties of uncoated CoCr2Q4 nanoparticles
were measured using SQUID magnetometer. The magnetization curve of zero field cooled (ZFC)
and field cooled (FC) for CoCr204 were observed under magnetic field of 50 Qe. The ZFC and FC
data of CoCr20s4 reveal a ferrimagnetic transition at T. = 97 K and conical spin transition at T =
30 K, which is good agreement with the values in literature for single and bulk crystals of CoCrz04
[55, 56]. A clear kink at 30 K in FC curve which is associated with spiral magnetic order (Ts), is
also called multiferroic phase (magnetic and electric dipoles at same phase) due to conical spin
[57]. Above 100 K, the magnetization curves overlap and all samples show paramagnetic behavior.
The magnetic behavior is significantly different below this temperature and the magnetization
value is extremely dependent on the cooling regime used. Negative magnetization in ZFC data is

also observed which is due to uncompensated spin at grain boundaries [58].
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Fig, 4.5: ZFC/FC curves of uncoated CoCr>0; nanoparticles.

4.4 Dielectric Properties

4.4.1 Real Part of Dielectric Constant (&' )

Measurements were done by using LCR meter in the frequency range of 10 Hz to 2 MHz
at room temperature. Fig. 4.6 represents real part of dielectric constant of uncoated CoCrz04
nanoparticles. It indicates that at low frequencies, dielectric constant is high while dielectric
constant shows a decreasing trend with increasing frequency and becomes smooth at higher

frequencies,
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Fig. 4.6: Real part of dielectric constant of uncoated CoCr20; nanoparticles.

This behavior is common in chromites and ferrites [59], To explain this lets get an example
of Koop’s model which consists of two layer model with grain and grain boundaries as conducing
and restive layer, respectively, Electrons reach to non-conducting layer of grain boundary by
hooping process in presence of electric field and due to high resistance electron piles up producing
polarizations [60]. Dielectric constant decreases at higher frequency due to lagging of electrons
and have difficulty to reach in required region (grain boundary).

Fig 4.7 shows real part of dielectric constant of CoCr204 samples with $iO2 matrix (x=0%,
45%, 60%and 80%). At frequency f =100 Hz, real part of dielectric constant shows a non-
monotonous behavior with a peak for x = 45% SiO; concentrated sample. At low frequency, 45%
coated CoCrz04 has maximum value of real part of dielectric constant. It decreases with the

increase of frequency.
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Fig 4.7: Real part of dielectric constant of CoCr;O4 nanoparticles with different SiQ; concentrations
(x=0%, 45%, 60%, and 80%).

Fig. 4.8 shows the variation of real part of dielectric constant of CoCr;04 samples with SO,
matrtix (x=0%, 45%, 60% and 80%). In the literature, it is reported that the dielectric constant
usually decreases with increasing SiO> concentration but in our case, the dielectric constant shows
non-monotonous behavior with maximum at 45% SiO» concentration. This might be due to
crystallinity of the nanoparticles and change of polarization at 45% SiO; matrix concentration.
Beyond 45%, dielectric constant decreases with increasing frequency,
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Fig. 4.8: Variation of real part of dielectric constant with $i0; concentration.

4.4.2 Imaginary Part of Dielectric Constant (¢" )

Fig. 4.9 shows the imaginary part of dielectric constant for uncoated CoCrOs
nanoparticles. It indicates the typical behavior of chromites as we got for real part of dielectric
constant for all the samples; large dielectric constant at low frequencies and vice versa.
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Fig. 4.9: Imaginary part of dielectric constant of uncoated CoCr,O, nanoparticles,

Fig. 4.10 shows imaginary part of dielectric constant of CoCr;Os samples with SiO» matrix
(x=0%, 45%, 60%and 80%). It is also reported that imaginary part decrease with the increase of
frequency. After certain frequency all the peaks come to same level and the behavior becomes
smooth. Imaginary part depends on two factors that are real part and dissipation factor. Thus
samples have greater values of imaginary part as compared to real part of dielectric constant.
Polarization decreases with increase of frequency and dipoles do not depend on electric field at
higher frequency [61].

Variation of imaginary part of dielectric constant (¢" ) with frequency is shown in Fig. 4.10
This variation of dielectric constant with frequency can be explained by the fact that chromites are

formed by agglomeration of newly born grains which are separated by thin poorly conducting
transitional grain boundaries [62].
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Fig. 4.10: Imaginary part of dielectric constant of CoCr,0, samples with different SiO; concentrations.
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Fig. 4.11: Variation of Imaginary part of dielectric constant with SiO; matrix.
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Fig. 4.11 represents the variation of imaginary part of dielectric constant (&" ) with SiOz
concentration. Imaginary part of dielectric constant shows a non-monotonous behavior with
increasing Si0; concentration for x = 45% SiOz concentrated sample. This is also attributed to
phase and change of crystallinity of the nanoparticles as discussed for real part of dielectric
constant. Furthermore, imaginary part decreases for 60% concentration and finally rises for 80%
concentrated Si0;.

4.4.3 Dielectric Loss Tangent
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Fig. 4.12: Dielectric loss tangent (tan8) of uncoated CoCr2O4 nanoparticles,

Fig. 4.12 shows dielectric loss tangent as function of frequency for uncoated CoCrz0s4
nanoparticles. Fig. 4.13 shows dielectric loss tangent as function of frequency for CoCr:04
nanoparticle samples with different concentrations of $iQ; matrix (x = 0%, 45%, 60% and 80%).
All the samples show nearly the same trend i.e. decrease of dielectric loss tangent at high
frequencies. Although it demonstrate that the dielectric loss decreases with increasing SiO:
concentration yet when dipoles are aligned in direction of electric fields, they get in such a way

that they resist each other which results in dissipation of energy. Thus, by increasing concentration

42




Chapter 4 Resuits and Discussion

of 810y, particle size decreases and hence dipole is reduced which result in decrease of dielectric
loss tangents.
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Fig. 4.13: Dielectric loss tangent of CoCr,;0,4 samples with different SiO: concentrations (x=0%, 45%, 60%, 80%)

With the increase in frequency the loss factor decreases from 2.0 to 0, then it fluctuate at
0.5 and finally increases till 4.0. The values of tan § 1ely upon many factors for instance, Cr2*
content, stoichiometry and structural homogeneity, that further depend on the sintering
temperature and composition of the samples. [63] At lower frequency all the sample shows the
dispersion in tan 3. The maximum loss peak occurs for the sample 60%, lowest of all is 45%
sample. Except 0% sample, all the peaks become constant at higher frequencies. The reason behind
constant value of tan & is that, when frequency is increased further than a point reach where electric

field reverses its direction and space charge do not contribute in polarization [64].

At frequency above 100 Hz there occurs resonance, this behavior can be explained as: when
the frequency of external applied electric field is equal to hoping frequency of electrons, a peak is
abtained in the loss tangent and it is called as the tangent resonance. Same behavior was observed
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in many ferrites [65, 66]. Variation of loss tangent in contrast to 8iO; percentage increases with
the increase in SiO> concentration, visible in Fig. 4.14. The increasing trend of dielectric loss
tangent is similar to the behavior reported previously in case of ferrites [67-68].

--8-- CoCra04 nanoparticles/Silica
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Fig. 4.14: Variation of dielectric loss tangent with SiO2 concentration, dashed line just shows the trend.

4.4.4 AC Conductivity Measurements

The AC conductivity ce: measurements of all samples were carried out on the basis of
dielectric data, it was obtained by using the dielectric constant {¢' } and dielectric loss (tan 8) in
the equation given below [69].

Cac =€ € tan §,

Where w is the angular frequency and €, the vacuum permittivity.
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4.4.4.1 AC Conductivity Measurements for CoCr:04

The AC conductivity measurements as a function of frequency was taken with the help of
home-made two probe system and LCR meter. The plots of different samples are shown in Fig
4.15.
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Fig. 4.15: AC conductivity of uncoated CoCrz04 nanoparticles.
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Fig. 4.16 shows AC conductivity as a function of frequency (Log f) for CoCr:04
nanoparticles with different SiQ2 concentration (x= 0, 45%, 60% and 80%). It can be seen that
plots show very consistent behavior at high and low frequencies, there is a slow initial increase
followed by a rapid; exponential like increase. However in the case of high frequency data, that
increasing frend is very swift. We also noticed that the value of conductivity in case of high

frequency data is in general almost twice as that of the low frequency data.

Comparatively uncoated CoCr04 retain most AC conductivity as compared to other
concentrations 45%, 60% and 80%. Moreover, SiO; coated CoCrsQO4 nanoparticles have lower AC
conductivity and it farther decreases with increasing concentration as shown in Fig, 4.17. Lowest

conductivity among all the samples is of $0%.
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Fig. 4.16: AC conductivity of CoCr:04 samples with different SiO concentrations (x=0%, 45%, 60% and 80%).

Fig. 4.17 shows variation of AC conductivity in contrast to SiO2 percentage, it decreases with
increasing Si0O2 concentration. This decreasing behavior of ac-conductivity is due to decrease in
mobility of charge carriers.
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Fig. 4.17: Variation of AC conductivity with Si0, concentration.

4.5 Summary and Conclusion

To conclude, core shell nanoparticles consisting of a shell of Si0O; and meagnetic core of
cobalt chromite (CoCr204) is synthesized by sol—gel process using tetraethyl ortho silicate (TEOS).
The structure of core shell is confirmed by TEM. The dielectric properties of these nanocomposites
are measured by LCR meter in ordinary temperature and in different SiQO» matrix content (CoCr2O4
/(810z)x : x =0, 0.45, 0.6 and 0.80). Room temperature structural studies revealed that all the
compositions exhibit single phase cubic structure. We optimized the annealing temperature to
obtain samples with large dielectric constant comparable with literature. In the present work,
optimization was carried out by studying effects of sintering temperature, electronic structure and
dielectric properties for CoCrz0s —8i0;. Increase in SiOz concentration decreases the size of
nanoparticles. Optimization reveals that pallets synthesized at 900°C have identical crystal and
electronic structure, However change in temperature may change the crystal structure. The inter-
planer distance calculated from TEM and XRD studies were found to be highly correlated with
each other. XRD reveals the spinel structure of the nanoparticles. It is observed that crystallite size

decreases with increasing concentration of SiO: matrix. Lattice parameter of the CoCr:O4

47




-

Chapter 4 Results and Discussion

nanoparticles is also affected by SiO; concentration. It shows a decreasing trend with increasing
Si0» matrix or with decreasing particle size. TEM micrographs indicates that the nanoparticles are
nearly spherical in shape and non-agglomerated. Dielectric properties of CoCr204 attribute to
diminishing of the particie size with increasing SiO2 concentration, Smaller nanoparticles exhibit
low dielectric constant values as compared to bulk due to the presence of the disordered and
frustrated surface spins. The thickness of the surface spin layer increases with decreasing particle
size because of large surface to volume ratio in smaller nanoparticles. In conclusion, SiO2 matrix

has dominant effects on structural and dielectric properties of CoCrz0s nanoparticles.
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