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Abstract

We have synthesized Mg doped nickel chromite (NijxMg:«Cr204) nanoparticles
with doping of different concentration of Mg (x=0, 0.2, 0.4, 0.6, 0.8 and 1) and studied
the effect of doping on the structural, optical, magnetic and diclectric properties. The
average crystallite size was obtained by using Debye-Scherrer’s formula and was in the
range 26-42 nm for different concentration of Mg, X-ray diffraction (XRD) confirmed
the cubic structure of NiCr2O4 and showed no impurity phases, which signifies the
formation of single-phase nanoparticles. The average particle size showed an increasing
trend with Mg concentration. Transmission electron microscopy (TEM) results confirmed
that particles are less agglomerated and non-spherical in shape. Fourier transform infrared
spectroscopy (FTIR) analysis showed two frequency bands in the range 0f 495 to 530 cm”
I (Ni-O & Mg-0) and 617 to 651 cm! (Cr-O) which were the characteristic peaks of Nij.
MgxCr204. M-H loop of NiCr204 showed that the value of saturation magnetization (Ms
= 4.65 emu/g) was less than that of bulk value due to finite size effects and the value of
coercivity was19407 Oe which proved that they are act as tiny hard magnets. ZFC curve
exhibits negative magnetization form 5 K to 87 K, which is due to compensating spins at
grain boundaries. Dielectric parameters showed a non-monotonous behavior with Mg
concentration and this behavior of dielectric parameters has been explained by using
Koop’s theory and Wagner’s model. Dielectric properties were improved for x = 0.2 and

also average particle size is larger for this concentration.
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Chapter 1

Introduction

1.1 History of material

Stone Age, followed by Bronze Age and then the Iron Age, so what should we call
the next?? Some people named the present period as atomic or space age. However, in our
daily lives, nuclear reactor and space exploration haven’t set too much impact. In its place,
the electrical and electronic devices (telephone, television, radio, electric light, computer,
refrigerator, electrometer, CD player, etc.) have too much saturated our daily life.
Nowadays, it is unthinkable to spent life in this advance world without presence of
electronic devices. Hence, the present era could be named as “Electricity Age”. Since,
earlier eras were named on that material which played a vital role in the lives of humans,
so it may be best to stamp the name of “Electronic Age” to the present period of time,

Therefore, researchers are always in contact to more effective electronic materials,
such as insulators, semiconductors, conductors, optically transparent materials, opaque
substances and ferromagnetic materials. All the effective properties of these electronic
materials are described and ruled by electrons. In fact, if we want broad sense of
understanding about the term electronic materials and their relevant properties, then we
will have to comprise all those phenomena in which electrons have an active role.
Definitely, this is the case for other phenomena such as electrical, magnetic and even
several thermal phenomena.

Hence, electronic materials have a significant role in information related technologies
and advancement of all devices due to their versatile structural and major physical
properties including optical, thermal and magnetic properties. Electronic materials are
classified on the basis of their electrical properties i.e. insulators, conductors,
semiconductors and superconductors as shown in Figure 1.1. The main objectives of this
chapter are to discuss electronic materials in the presence of applied field and specially

focused on their magnetic and dielectric features because of their increasing importance in
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1.3.2 Diamagnetism

Almost all materials show a diamagnetic response simply we can define these
materials as “Materials in which orbital and spin motion of an electron are oriented in such
a way that they cancel their effects and as a result these materials have zero net
magnetization are known as diamagnetic materials”. The noble gases argon, helium, neon
is good example of the diamagnetic material because there outer most shell is completely
filled [9]. Also, some diatomic gases show the diamagnetic behavior because they have
paired electron in molecular orbitals which vanishes the magnetic moments. The
diamagnetic material does not have large number of applications as compared to other type
of magnetic materials because they have no permanent magnetic moments. The
susceptibility of diamagnetic material is negative. Recently another application of
diamagnetic material is placement of liquid crystals by magnetic-field-induced [10].
Diamagnetism is easy to guess and superconductor are also diamagnets because of the
Meissner effect [11] there are some metal’s which shows diamagnetic behavior.
Diamagnetic material response in presence and absence of applied field is shown in Fig.

1.3.

000
00O
000
(;\
9

H=0 H>0
Zero moment Opposing Induced
—tnoment

Fig. 1.3: Diamagnetic material response in presence and absence of applied field [12].

1.3.3 Paramagnetism

Those material’s in which orbital and spin motion of electrons support each other
and as a result some magnetization is observed are known as paramagnetic materials and
the phenomenon is known as paramagnetism. The magnetic moments in paramagnetic

materials are very feebly coupled and by thermal agitation these are aligned in random
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antiferromagnetism as well as other compound such as selenides and sulphides [17].

r M A A
v Vv ¥
(A N |
v Vv V¥

rre—— =] T—— - e =

Fig. 1.6: Antiferromagnetic spin order [18].

1.3.6 Ferrimagnetism

The behavior of ferrimagnets is microscopically almost same as of ferromagnets
because they show a spontaneous magnetization below a temperature known as Tk (critical
temperature) even without any field. But these two types of materials have a distinctly
different magnetization curve because ferrimagnet materials are also linked to
antiferromagnets materials and antiparallel alignment of magnetic ions due to exchange
coupling between magnetic ions. The net magnetization is produced because these two
lattice has different magnitude of magnetic moments. In the macroscopic scale
ferrimagnets materials are same like ferromagnetic materials having large susceptibility.
Mixed oxides of iron such as Fe;O; (maghemite) and FesO4 (lodestone or magnetite) are
good example of the ferrimagnetic materials [19]. Ferrimagnetic spin order is shown in Fig.
1.7.









Chapter 1 Introduction

availability as raw materials they play an important role in the magnetic industry [24].
These magnets have large magnetic anisotropy and magnetic domain rotations are not easy

in such materials. Barium, Strontium and Cobalt are the examples of hard ferrites.

Fig. 1.9: Hysteresis loop of hard ferrites

1.4.2.1 Application of hard ferrites
Hard ferrites are very important in daily life applications, especially in cases
where the temperature of device is raised than that of room temperature. Due to
raise in temperature of these ferrite magnets, their chemical stability and coercivity

increases instead of decreasing [25].

¢ Door-catches and decorative magnets
¢ Automobiles

e DC motors

o Windscreen wiper motors

» Household appliances

» Magnetic strips, etc.

e Loudspeakers.

There are generally three main types of ferrites i.¢. spinel, Hexagonal and garnet. Here we

discuss only spinel ferrites.

10
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1.6.2 Inverse spinel

In inverse crommite , all the A%* ions occupy the octahedral and half of the B** ions
move to the tetrahedral position. The divalent metallic cations play an important role in the
magnetic moment and this type of spinal magnetic moments are mutually compensated

Cr**[Me**Cr**] 04%~. Inverse spinel cationic distribution is shown in Fig. 1.13.

A [ B ] o0
cr*[Me** Cr3*] 0%

P

Fig. 1.13: Inverse spinel cationic distribution.

1.6.3 Mixed spinel
In mixed spinel, the cations Ni’'and Cr’" occupies both A and B sites; this
chromites have structural formula of Me;—s>"Crs** [Mes? Crp-7*1 04> where the degree of

inversion is given by 8. Fig. 1.14 shows the arrangement in mixed spinel chromites.

A[ B ]oO
Cr}'"[ Mez+ cr3+ ] 0:.

Fig. 1.14: Mixed spinel cationic arrangement.

1.7 Spinel group

The spinel group is basically the class of minerals having general formula of AB20s,

which belongs to isomeric cubic crystal structure, where ‘A’ and ‘B’ are the metal cations

13
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which usually occupy the tetrahedral and octahedral lattice sites [27]. Some important

spinel compounds are listed below in Table 1.1.

Table 1.1: Some important spinel compounds.

Aluminum Spinels Iron Spinels Other Spinels
MgAl:O4: Spinels FeMn;0; : Frankilite FeCr;Qq : Chromite
BeAlO : Chrysoberyl MnFez0; : Jacobsite ZnCr;04 : Zinc chromite
ZnAl;O4 ; Gahnite Fe;0s : Magnitie Feva0s : Coulsinite

MnAl Oy : Galaxite ZnFey04 : Zinc ferrite (Mg,Fe):S104Ringwoodnite
(Mg,Fe)Al,0,4 : Trerorite NiFe,0;, : Pleastate ZnAlQ, : Zinc Aluminate

1.8 Material of choice

Ferrites have been among attractive materials because of their numerous
technological applications, for example in electrical devices, sensors, transformers,
microwave devices and information storage media[28)]. In particular, ferrites with general
formula AFe;Q4, where A is a divalent cation (Co**, Mg**, Ni*", Mn**, etc.), having face
centered cubic {(FCC) structure, is an important class of compounds due to their interesting
electrical and magnetic properties, like high electrical resistivity and high magnetic
permeability, respectively [29]. Low dielectric and magnetic losses make these materials
feasible to be used in electrical devices such as transformers [30].In order to meet the
demand for the progress of the miniaturization in electronic devices with more capacity
and higher speed, it requires new techniques and new materials. In this research work,
nickel chromite (NiCrz04) has been selected due to its unique and application oriented
novel properties. The effects of magnesium (Mg®*) ions incorporated at Ni-site on the
structural parameters and thermally assisted electro-active regions in Nij.xMgxCr0s (x =
0.0,0.2,0.4, 0.6, 0.8 & 1.0) compositions has been studied.
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Chapter 1 Introduction

Its unit is C m™, means charge per unit area. In the most simplistic way, when all the dipoles
are aligned in a single direction, then p can be written as N-m (N is the number of dipoles
per unit volume). It should be noted that P = 0 doesn’t mean that there are no dipole
moments. It means that the vector sum of all the dipole moments is zero, which is the case

where dipoles are randomly distributed [34].

@ P 7T T

No Applied Field

o—=0 00

With Applied Fleld

- — - =

Fig. 1.16: Electric polarization [35]

1.9.1 Mechanisms of electric polarization

In the absence of an external field, ultimately all the materials comprise of charged
particles (negative and positive) at atomic level, which cancel out each other’s effect
macroscopically and give rise to charge neutrality. With the application of an external
electric field, the charge neutrality is disturbed by following polarization mechanisms as
described below in detail [36].

1.9.2 Electronic and atomic polarization

When an atom (neutral atom) is subjected to an external electric field, its nucleus
displaces in the field direction with respect to electron cloud surrounding it as denoted in
Fig. 1.17. Such phenomenon is known as electronic polarization. However, atomic
polarization take place when an applied field stretches the adjacent negative and positive
ions. These polarizations dominate at microwave frequency range for several dry solids.
By definition, these polarizations are present in almost all materials and the presence of

any other polarization mechanism would be counted an addition [37].
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We see that the distance between ions increased in one direction by 4 and decreased by 4
in the reverse direction. Let F; be the force experienced by charges in increasing distance
direction and is given by:

Fi=qkE SV (B §
Similarly, F3 is the force experienced by ions in reverse direction which works to restore
the initial equilibrium state (dipoles are assumed to act like springs having spring constant

k) is expressed as

E=kE S o B 3
This constant & could be related to elastic modulus ¥, and can be wnitten as
k=Y.d, cee e ve e ree ree vve see wveere enwee (1D

In case of equilibrium, we have F; = F and by relating equations, we find the estimated

value of 4 as given below

d= lf-.i. e (1.6)
So, the induced dipole moment for these ionic solids will be
g% E
p=g.d= v.d, = GE it e v v e e e (L7

Where a;is polarizability constant known as ionic polarizability. Hence the total
polarization P can be expressed as

N.g%.E
P=N.p==57
=0

Where N is the density of dipoles per unit volume. It should be noted that the electric field

e e e e (1.8)

E is considered parallel to the crystallographic axis and if this is not so, then we will take
component of dipole moment in the field direction before adding them.

These calculations of ionic polarization are very rough and might be more complex for
many ionic solids particularly in case of ions that haven’t same charges i.e. CaF,. Some
ionic materials with their corresponding values of dielectric constant are listed in Table 1.2
[40].
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u
p>=z (19)
Hence, the relation for average polarization P will be
P =N HE 1.10
T creeee e e e {1.10)

At very low temperature and high applied field, all the dipoles will align parallel to the
field direction and hence the total dipole moment will become equal to the theoretically

calculated dipole moments [42].
1.9.5 Interfacial/space charge polarization

In diclectric materials, interfacial/space charge polarization exist due to the
existence of charge carriers which could drift through a distance within the bulk of material
by ionic conduction, hopping or diffusion, etc. This produces a macroscopic field
alteration, observed in the form of an increase in sample capacitance to the observer and
could be identical to the real increase of permittivity. Generally, this sort of polarization
can he classified into two types i.e. interfacial polarization and hopping polarization. The
localized charges (1.e. holes and electrons or ions and vacancies) in dielectric materials can
produce hopping polarization by stepping from one site to another site. Similarly, with the
application of an electric field, the separation of negative and positive charges creates an
interfacial polarization. Usually, this happens at the grain boundaries or any other interface

such as electrode material interface. This phenomenon is shown in Fig. 1.20.

(2) without field (b) with field
Ajif

Fig. 1.20: Space charge/interfacial polarization [43].

By definition, atomic polarization is always there and any other mechanism would

be counted as an addition. The mathematical analysis of the first three mechanisms is
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electric field and depolarize on the removal of external field. On the basis of their nature
of polarization, these materials are grouped as follows:
1.10.1.1 Non-polar dielectrics

In this class of materials, an external electric field causes the ¢lastic displacement

of electron clouds {mainly that of valence ¢lectrons) and produces only the electronic

polarization. Generally, such materials are referred to as elemental matenals.
1.10.1.2 Polar dielectrics

In this class of materials, an external electric field not only induces the elastic
displacement of electron clouds but also cases the displacement of their relative positions.
Such type of materials possesses both the ionic and e¢lectronic polarizations. These
materials may be composed of molecules and each molecule is made of more than one kind
of atoms without permanent dipole moment. Ionic crystals are the examples of these
materials and the net polarizability is the algebraic sum of both the electronic and ionic
polarizabilities.

a= a,+ a; SRRSO (o 0 |
1.10.1.3 Dipolar dielectrics

These materials have all three fundamental polarizations i.e. ionic, electronic and
orientation. So, the net polarizability is the sum of all the three kinds of polarizabilities.

A= Ao+ QT Az e e e e e e e e (112)
Those materials, where the molecules possess permanent dipole moments are consider to

this class of materials [46]. Its examples are water, methyl alcohol etc.
1.10.2 Non-linear dielectric materials

Those materials which are spontaneously polarized even by the absence of an
external ¢lectric field are counted into non-linear dielectric materials. The crystal structure
of these materials is responsible for the spontaneous polarization. The absence of center of
symmetry is the necessary condition for non-linear dielectrics. Qut of 32 crystal classes,
only 11 have center of symmetry and don’t possesses spontaneous polarization. In the

remaining crystal classes, 20 are piezoelectric (i.e. they become polarized when subjected
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to an external stress). Ten out of 20 piezoelectric crystals possess pyroelectric effect and

their polarization is temperature dependent.
1.11 Research objectives

o To use simple and cost-effective synthesis technique i.e. sol-gel for the
preparation of Ni).-Mg:Cr204 (x = 0.0, 0.2, 0.4, 0.6,0.8 & 1.0)
nanoparticles samples.

o Structural analysis by using XRD and TEM.

o Optical properties by using FTIR.

o Frequency dependent dielectric analysis.

o Magnetic properties by using (SQUID) magnetometer.
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Chapter 2

Literature Review

2.1 Literature review

The general formula of spinel’s structures is AB2Oq where A and B are divalent and
trivalent cations, respectively and has a space group Fd3m[32]. This types of structure attracted
much attraction due to there tremendous application in the different field of study. The properties
of spinels structure are effected by the arrangements and the nature of ions in spinel structure.
NiCr204 can be used as an important catalyst for a number of industrial applications [47]. Due to
a number of potential applications and magnetic properties chromium based spinel compound
ACr204 pull a lot of attraction in this type of spinel compound A=Cu?*, Fe?*, Ni**, Co?* and Mn?*.
In normal spinel nickel chromite (NiCrz04), Ni** occupy A-sites and Cr’* live on the B sites. Also
various studies are carried out to study the thermodynamic properties of chromium based spinal
structures both in materials science and also in earth. NiCr,QOq1s also used in the gas sensors. Nickel
chromite also used as a catalyst, pigment, magnetic material, semiconductor, sensors [48].
Numbers of the method are reported for the synthesis of nickel chromite involves combustion
reaction, spray-drying , sol-gel combustion, co-precipitation thermal treatment and hydro thermal
[49]. The sol-gel method has the benefit including fine crystalline with small size distribution,
shape, and size control, economical and easy route, consistent and high efficiency[50]. NiCr2O4
and CoCr;04, have the normal spinel structure (AB204), in which the A%* cations, (Ni** (3d8) or
Co?* (3d7)) are in tetrahedral oxygen coordination and the Cr’* cations reside on the octahedral
(B) site [51].

Enhessari ef al [52] successfully synthesized NiCr204 nanoparticles via a sol-gel method.
The X-ray diffraction analysis confirmed the formation of spinel structure without any minor phase
and by using Debye scherrer’s formula, obtained average crystallite size was 24 nm. In the FTIR
study, two absorption bands observed below 1000 cm™! at 616 and 495 cm™ confirm the formation
of metal oxygen (Cr-O and Ni-O) bonds. Moreover, a sharp absorption at about 883cm™ indicates
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the (Ni-Cr) vibrational frequencies. The value of magnetization obtamed ~0.2emu/g m 8 kOe
applied magnetic field at 25°C. This showed that the paramagnetic behavior of NiCrO4
nanoparticles; however, the NiCr204 in bulk is ferromagnetic materials. Magnetic, optical band
gap properties showed that the ultimate nanoparticles are magnetically and optically active. The
optical band gap of 1.7eV confirmed the semiconductor nature of the material. This showed that

this material could be used in modern electronic devices.

Ahu Bakar et al. [53] synthesized the nickel chromite nanoparticles and study the
calcination temperatures effect on obtained materials. The final Nano particles were carefully
characterized by different techniques. The FTIR study revealed two metals—oxygen bonds for Cr—
O around 470 cm™ and Ni—O at 600 cm™. The Nano particle obtained have average particle size
of 7-64nm calculated from TEM (transmission electron micrographs) at calcination temperatures
range from 550-850°C. The samples showed a paramagnetic nature at calcination temperatures of
750°C and 850°C with field value of 342.04 and 306.49 Oe with g factor of 1.92 and 2.15,
respectively. The variation in these properties attributed to super exchange and dipole—dipole
interaction. Only few papers reported magnetic studies of NiCr204 in detailed.

Barman et al. [54] synthesized nickel chromite nanoparticles from a solution constitute of
chromium nitrate, polyvinyl pyrrolidone, nickel nitrate, and distilled water followed by grinding,
haked and oxidation at different temperatures. They studied turning effect and exchange
interaction of NiCr204 nanoparticles which were studied by using sol-gel synthesis method. They
studied that at Tc=73 K the sample gave ferrimagnetic transition. The sample displayed exchange
bias phenomenon which were explained on the basis of anisotropic interactions among the
antiferromagnetic and ferrimagnetic component. As temperature increases exchange hias field

decay, exponentially and also showed the existence of training effect.

Patk et al. [55] synthesized the NiCr204 nanoparticle by co-precipitation method and
found that these particles showed both tetragonal and cubic phases at temperature of about
1000°C and 800°C, respectively. John—Teller distortion at 800°C is also much lowered and about
243 K in the temperature dependent X-ray diffraction studies. The magnetic study of NiCr204
nanoparticles which were synthesized at 800°C is totally different from the magnetic properties of
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the bulk NiCr204. They also observed the existence of Cr0s impurity in the sample in the form
of additional band at 638 and 665 cm'.

Liu et al. [56] synthesized nitrogen doped NiCr2Os by solid state reaction method by rising the
temperature of high purity NiO and Cr2O mixture in air and also studied the effect of anion doping
on magnetic and structural properties. The phase transition of NiCr204 is caused by the Jahn—Teller
effect of the Ni** cations on the tetrahedral site. The structural and magnetic transition is also
observed in magnetic measurements of nitrogen (N) doped NiCr20s. Atomic force microscopy
showed that transitions are detected at 75= 22 K and 23 K at temperature for 873 K and 773 K
respectively. They also studied that doping lower the transition values as compared to the bulk
value. Their material also showed a permanent magnet behavior in a temperature range of T ~ 80 -350
K which is proved by M-H loop. They reported that doping had increased the frustration and decreased
the correlation length of NiCr204. They also investigated that for the synthesis of metal oxides thermal

method had many advantages such as economical, environmentally friendly and easy to control.

Mantlikova et al. [57] recently studied NiCr;04/8i02 nanocomposites and NiCr204 fine
powder and observed that there is no change in magnetic phase transition Tc and Ts even the
crystallite goes to 10.6 nm. They studied that the surface spin effects reduced the magnetization.
The temperature-dependent studies of phonon are very useful to study the spin field phonon and
spin-phonon interaction in ferroelectric and multiferroic materials. In CoCr204 no phase transition
is observed but NiCr;0s go through a tetragonal phase transition because of the john-teller
distortion. They studied that Below 320 K, the symmetry of NiCr>O4 lowers to tetragonal, whereas
CoCr204 remains cubic down to 11 K. They alse studied that both CoCr204 and NiCrzO4
compounds undergo ferrimagnetic ordering at T 95 K and 70 K, respectively. A structural phase
transition was also found at a lower temperature about 65 K, which is somewhat different from the

magnetic transition temperature.

Rudolf et al.[ 58] studied the spin phonon properties of antiferromagnetic spinel chromium
structure very profoundly. The spin phonon coupling showed splitting of phonon mode when it go
through magnetically phases transition. They studied that pressure studies of spinels structures
showed two sorts of high-pressure behavior one goes through a transformation from spinel

arraignment to single poly-morph another split up to a substance of organic oxides.
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Terada et al. [59] reported the polycrystalline infrared spectruin in which they observed
only two IR bands. They studied IR spectra of some spinel chromite’s NiCr204 and FeCr204 in the
region from 265 to 4000 cm™ with the help of spectrometer and observed two strong and one weak
absorption bond in this region. They studied that v, band for chromite and ferrites are almost same
but v2 band of chromite is much higher than that of ferrites. They also studied that the difference
arise in v2 band is due to the formation of a new band in chromites and its frequency is higher than

the metal ions band in isotropic field.

Honeyboumne ef al. [60] studied the sensing properties of synthesized NiCr204 , CuCr204 and
ZnCr204 nanoparticles. X-ray diffraction confirmed their structures. They also doped Mg and Li and
studied that doping of Mg and Li altered the spinel property of gas sensing. They studied that NiCr204
is useful as a catalytic material. They also investigated that the chromium is mostly found in

interior of the earth in mineral state has basic application in applied physics and material science.

Mufti et al. [61] synthesized the NiCr204 by using solid-state reaction method and studied
the magneto coupling in frustrated spin system of spinel NiCr2Os. They studied the dielectric
anomalies on the canted structure of NiCrz0s. Due to uses in material science and geology
chromite are considered as important spinels. They investigated that at lower temperature some
chromite showed ferrimagnets behavior and CoCrz04 showed multiferroic arrangement below the

temperature of 26 K.

Crottaz et al. [62] synthesized the NiCr2O4 by flux decomposition method and used the X-
ray powder diffraction to measure the cell parameters. The crystal is undergoing through phase
transition at 320 K. The transitions are reported at the temperature of 320 K (tetragonal phase
transition) has been generally studied and is normally explicate as caused by a John teller distortion

of ions and other magnetic transition at temperature ranging from 60 to 80 K.
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Chapter 3

Synthesis and Characterization Techniques

In this chapter, I will discuss about the preparation and characterization of the material under test
which is Mg doped NiCr204 (x=0, 0.2, 0.4, 0.6 ,0.8 and1) nanoparticles.

3.1 Synthesis of nanoparticles
For the synthesis of nanoparticles, we mostly use two approaches
e Top down technique
« Bottom up technique

3.1.1 Bottom up technique

The synthesis method in which large numbers of atoms or molecules combine at the nano-
scale to form nanoparticles is known as bottom up technique. The most common bottom up
synthesis approaches are as under: -

e Chemical vapor deposition

e Co-precipitation

e Physical vapor depostition

e Sol-gel method

e Hydrothermal technique

e Electrochemical deposition

e Precursor method
3.1.2 Top down technique

In this technique, a bulk material is divided up to the atomic scale to form nanoparticles

is known as top down technique. Top down synthesis approaches include

® Ball milling

s Lithography
28






Chapter 3 Synthesis and Characterization Techniques

s Materials can be shaped easily into complex geometries.

To prepare Mg doped Mg«Ni.xCr204 (x=0, 0.2, 0.4, 0.6, (.8 and 1) nanoparticle correct quantity
of materials were weighted through the analytical electronic balance. We mostly used the

materials in nitrates form which were gained from Sigma Aldrich.

All nitrates were ACS reagent with purity level of higher than 99%. First, we took the
stoichiometric ratios of the Mg, Ni and Cr nitrates and made a solution with the help of ethanol.
Made another solution of citric acid dissolved in distilled water. Then mixed these both solutions
with the help of magnetic stirrer without heating and continuously stir it until both are dissolved
completely. Then I added the ammonia in it to set the value of pH at 5. After adjusting the pH
value, start heating the desired solution at 70°C. After 45-50 minutes, a gel like material is formed.
When gel is completely formed at this point, stirring process is stopped. Then placed this gel for
drying in an electric oven for overnight and obtained a glossy blackish material. The precursor was
obtained in the form of powder with the help of mortar. Afier this, annealed the sainple in a furnace
at 900°C for 2h to get the desired MgxNi;,.xCr204 nanoparticles of different Mg concentration of x
(x=0, 0.2, 0.4, 0.6, 0.8, and 1). Flow chart of synthesis of Mg,NiixCr204 nanoparticles is shown
in Fig. 3.2.
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e X-ray diffraction (XRD})

e Transmission electron microscopy(TEM)

o Fourier transform infrared (FTIR) spectroscopy

e SQUID (superconducting quantum interference device) measurement

» Dielectric measurements (6500B Wayne-Kerr Impedance Analyzer).
3.4.1 X-ray diffraction

X-ray diffraction is a non-destructive and versatile experimental technique for
identification of the different phases of material (crystalline). This technique also provides the
information about the crystallite size, unit cell dimensions and locate different dislocation or

imperfection in the material and we can also find the interatomic remoteness up to 107 m [64].

X-rays were discovered by Wilhelm Conrad Rontgen in 1895 also called Rontgen
radiations. X-rays are electromagnetic radiations with high penetrating power than light rays,
having high frequencies and smaller wavelength in the range of 3x10'¢ to 3x10'" Hz and 0.01 to
10 nm, respectively. The comresponding energies of X-rays ranges from 100 eV to 100 keV. Based
on penetration power, X-rays are classified into two categories. X-rays having wavelength of the
order of 10 to 0.10 nm or energy from 0.10 keV to 10 keV are known as soft X-rays while those
having wavelength of the order of 0.10 to 0.01 nm or energy from 10 keV to 100 keV are known
as hard X-rays [65]. Fig. 3.3 shows the schematic diagram of production of X-rays.
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Fig. 3.3: XRD instrumentation [66]

34.1.1 Bragg’s law
The fundamental of the X-rays diffraction is Bragg’s law which was given by W.H Braggs
in 1913. Bragg’s law explains that when X-rays are falls on a crystal then crystals atoms reflects

it’s at a certain angle(®) while acting as a mirror as shown in Fig. 3.4.

The diffraction phenomena arise only when the scattered X-rays have a path difference of
integral multiple of the wavelength of the incident X-ray which we called a constructive
interference. If the path difference of the scattered X-ray is half of integral multiple of the
wavelength of the incident X-rays then its said to be the destructive interference. Formula of

Bragg’s law is given below:
2dsing = ni cen e e e e e e e e e e ee eee ee (32 1)

Here ‘n’ is reflection order have an integral value. The diffraction occurs only at definite angle and

if the ratio of nA to 2d is less then unity then only Bragg’s satisfy.
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Fig. 3.4: Brags law [67].
3.4.2 Methods of X-ray diffraction

Different methods of diffraction are given below.

e [ aue method
¢ Powder method
e Rotating crystal method

3.4.2.1 Laue method

For determination of symmetry and orientation of the single crystal a method or simply to
observed the crystallographic axes and structural analysis of a single crystal we use Laue method is used
known as Laue's diffraction method. In this method X-ray beam to be fall on a single crystal which
only select some wave lengths and satisfies Bragg’s law. The beam is observed on photographic
film as a spot. Depending on the position of crystal, source and photographic film two distinction
in Laue’s method are observed. If the film is located behind the crystal and diffracted beam is

recorded in the forward direction, this case in known as transmission Laue method. If the film is
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but not measure the magnetic field value directly. The output voltage and squid have a

proportionality.
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Fig, 3.11: Pick up coil of SQUID [76].

Pick up coil of SQUID is shown in Fig. 3.11. A superconducting coil placed at magnet’s
center move the sample up and down between these coils and for accurate measurements, we place
the sample up to 3 cm, which is the center of the upper and bottom coil. SQUID changes current

into voltage and it is related to magnetic moment.
3.8 Dielectric measurements

The frequency dependent dielectric mneasurements of MgxNii xCr204 (x = 0.0, 0.2, 0.4, 0.8 &
1) nanoparticles samples, in frequency range of 100 Hz to 5 MHz, were carried out by using
Wayer-Kerr 6500B impedance analyzer. Dielectric measurements are done for the analysis of

electrical properties. Dielectric materials are very important for technological applications because



Chapter 3 Synthesis and Characterization Techniques

they possess electrical polarization. Dielectric constant can be calculated by using following
formula:

Cd

£ =
E,A

e eee e e e (3.2)

In above formula, the free space permittivity is denoted by &,, C is the capacitance of pellet in
parallel arrangement (unit of capacitance used is farad, pellet area is donated by A and d is the

thickness of pellet. The formula used to calculate Dielectric loss is given bellow:

1
In above formula, fis the frequency, Rp is the resistance in parallel and Cp is the capacitance in

parallel. Formula of loss factor is given below.

E” = E'tané cec con ean eae we nen con e ven nee cee oenvene s (3:2)
3.8.1 LCR meter or impedance analyzer

Impedance analyzer 6500B was used for the measurement of dielectric properties during
experimental work as shown in Fig. 3.12. This provides very accurate dielectric measurements in
different frequency ranges up to 5 M Hz. It shows accuracy of £ (.05% which makes it very
suitable for this purpose. Sample is placed between two metal plates in the form of pellets and
frequency of desired range ts applied. The properties are analyzed in that range of frequency and
results are displayed on the screen in the form of parameters. Temperature dependent properties
are also measured through this instrument. In that case, heater is used in which required
temperature can be adjusted. The parameters which can be measured by this analyzer are
Capacitance (C), Admittance (¥), Reactance (R), Inductance (J), Resistance (R), Impedance (Z),
Susceptance (B), Quality factor (), Conductance (), Dissipation factor (D) and phase angle (6).
Any two parameters can be measured simultaneously. Measured parameter’s data can easily be

stored in USB flash memory.

41






Chapter 4 Results and Discussion

Chapter 4

Results and Discussion

A series of chromite samples having general formula Mg, Ni;..Cr204 (x=0, 0.2, 0.4, 0.6, 0.8 and1)
was prepared via sol-gel method and were subjected to different characterization techniques to
investigate their structural, dielectric, and magnetic properties. The structure of MgxNi;xCr204
(x=0, 0.2, 0.4, 0.6, 0.8, and 1) samples were inspected from XRD. The magnetic measurements
were done by SQUID magnetometer. FTIR spectroscopy was also done to study the different
vibrational modes. The frequency dependent dielectric study was done by using Wayne-Kerr 6500
B Series Precision Impedance Analtyzer in the range of 10 kHz to 10 MHz. The results obtained

are discussed here in detail.
4.1 X-Ray diffraction

X-ray diffraction (XRD) technique was used for the structural anatysis of all the prepared
MgxNi1xCr204 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) samples. X-ray diffraction analysis provides
information about the phase formation, crystallite size, lattice parameter and crystalline nature of
matenals. Figure 4.1 shows the XRD patterns of MgyNi1;xCr204 (x=0, 0.2, 0.4, 0.6, 0.8 and 1)
nanoparticles prepared by sol-gel method. All the samples exhibit spinel structure. In any
diffraction pattern, the diffracted peaks describe the crystal structure, the lines positions provide
information about the unit cell and the line intensities can be described the atomic positions. Higher
peaks in XRD pattern descrihe that the diffraction takes place from those planes having greater
concentration of lattice atoms. For sample when x = 0.0, the highest peak is found at 2& value of
35.42° of miller indices (311). XRD pattern confirms the single phase, purity and crystalline nature
of our prepared samples. It is clearly shown in Fig. 4.1 that Mg?* doping did not affect pattern of
XRD therefore no impurity peaks associated to any secondary phase were observed in these

pattemns.
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For the sample x= 0, all the peaks are well matched with JCPD card # 23-432, which shows the
formation of cubic spinel structure of NiCr2Os. The average particle size is calculated by using
Debye-Scherrer’s formula.

Dpjy = k A/ Costy cee ee e on see one wre nen cor e wee e (A1)

Where,

4 = wavelength of Cu K, used in X-ray diffraction

/3 = Full width at half maxima (FWHM)}) which is taken in radians

k = a dimensionless quantity called shape factor and is equal to 0.9

65 = Bragg’s angle of diffraction

The average crystallite size is calculated in the range of 26 nm [53] for x=0.0. The average
crystallite size of the particles shows an overall increasing trend with Mg concentration because

Mg(0.72°A) which has larger ionic radius then Ni(0.69°A). The non-uniform trend of crystallite

size depends upon the synthesis process.
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Fig. 4.1: XRD patterns of Ni;Mg.CrO4 (x =0, 0.2, 0.4, 0.6, 0.8 & 1) nanoparticles.
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To calculate the lattice parameter we use Bragg’s law,
2dsin8 =nd (4.2)

The relationship between d-spacing and Akl values for a cubic system is also given as,

R Y N (N I ) Y ¢ %: )
Where ‘@’ is the lattice parameter. By putting Eq. 4.3 in Eq. 4.2 and re-arranging, we get,
B AJ(R2 + k2 + 12)
a= 2sinf
Lattice parameter can be found by using the above relation 4.4. By putting values of A, Akl,

(4.4)

and their corresponding 8 values, we can calculate the lattice constant of each individual peak. By
taking average of all the calculated values of lattice constants, we obtained the actual value of
lattice constant of FCC structure for all the samples.
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Fig. 4.2: Variation of lattice parameter with Mg concentration (x} of Ni;xMg.Cr»04 nanoparticles.
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Figure 4.2 shows the variation in lattice parameter ‘a’ with Mg concentration for MgxNij-
Cr04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticles. This increasing trend is due to larger ionic
radius of Mg(0.72°A) ion as compared to Ni(0.69°A) ion but the subsequent increase may be
attributed to various uncontrolled parameters (pH value, dopant’s lattice preference and
accumulation to an interstitial site etc.

Figure 4.3 shows the variation in average crystallite size with Mg concentration for
MgxNi1xCr204 (=0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticles. The average particle size shows overall
increasing trend with Mg concentration because the ionic radius of dopant Mg is larger than that
of Ni on A site. As we replace a smaller ionic radius (Ni) with larger ionic radius Mg so as a result
the average particle size increases with Mg doping on NiCr204 nanoparticles.

For both lattice parameter and average crystallite size, nanoparticles with x = 0.2 show

maximum values.
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Fig. 4.3: Variation of average crystallite size with Mg concentration (x} of Ni;..Mg,Cr,04 nanoparticles.
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Fig. 4.5: FTIR of pure and Mg doped NiCr,O, nanoparticles.

Fig. 4.5 shows the FTIR spectra of the different compositions of Mg in NiCr204 nanoparticles. It
confirms the metal oxide bands. The vibration bands lies in the range 495 cm™ to 530 cm™! and
617 cm™ to 651 cm™! which confirm the formation of spinel ferrites [52]. In this spectrum, the
absorption at 615 cm™! and 496 cm™! are the characteristic peak of the NiCr204 and confirm the
formation of Cr-O and Ni-O vibrational bonds. There is a shift towards higher wavenumber with
the increase in Mg concentration (as indicated by an arrow in Fig. 4.5). Keny et al. [78] reported
a shift of a tetrahedral band of Mg ferrite toward higher wavenumber as compared to the Zn fernte.
The shift of the O—-Mtet.—O vibration band with increasing Mg concentration signifies the
preference of Mg ions in tetrahedral lattice sites in addition to octahedral sites. Pradeep ef al.[79]
reported that the Mg?* ions prefer both tetrahedral and octahedral sites in Mg ferrite nanoparticles.

Table 4.3: Absorption bands at different concentration of Mg in CoCr;O4 nanoparticles.
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x= x=0.2 x=0.4 x=0.6 | x=0.8 =] Vibrational
bonds

495 501 504 517 521 529 Ni-O & Mg-O

617 623 626 640 643 651 Cr-O

4.4 Magnetic properties

SQUID magnetometer was used to measure the magnetic properties of NiCrO4
nanoparticles. We have done basic magnetic characterization such as M-H loop and ZFC/FC

curves for only CoCr204 nanoparticles to study the magnetic nature of the nanoparticles.

4.4.1 M-H loop

Fig. 4.6 shows the M-H loop of pure NiCr204 nanoparticles at temperature T=5 K. The
value of saturation magnetization (Ms) is 4.65 emu/g and the value of coercivity (Hc) is observed
19407 Oe. The large value of Hc shows that nanoparticles of NiCr,O4 are hard magnetic nature

[54].
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Fig. 4.6: M-H loop of NiCr;04 nanoparticles at 5K.

4.4.2 Zero field cooled and Field cooled magnetization

For zero field cooled (ZFC) magnetic measurements, first the sample is cooled from 150
to 5 K under the absence of applied field. At 5 K, we applied 50 Oe field and measured the
magnetization with increasing temperature. Fig. 4.7 shows the ZFC/FC curves of NiCr204
nanoparticles. The ZFC curve exhibits negative magnetization form 5 K to 18 K. The presence of
negative magnetization value in the M (T) curves is related to the uncompensated spins in the
nanoparticles. The nanoparticles exhibit a magnetic transition at 98 K which is referred as
paramagnetic to ferrimagnetic transition for these kinds of nanoparticles. For FC measurements,

we have applied the same 50 Oe field which was in the case of ZFC and then recorded the
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magnetization while decreasing the temperature from 150 K to 5 K. Magnetization of FC curve

has been increased with applied field due to the alignment of magnetic moments in the direction

of applied field.
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Fig. 4.7: Temperature dependent ZFC/FC of NiCr,04 nanoparticles.

4.5 Dielectric properties
Materials that have capability to store energy when an electric field is applied are called
dielectric materials. The dielectric material can increase the charge storage capability of a capacitor

and thus capacitance is strongly depending upon the dielectric constant. The formula to measure

dielectric constant is given below
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cd

E=8a

(4.5)
Here d is thickness of the pellet, £, is permittivity, C is capacitance, A is the area of crossection.

The imaginary part of dielectric constant is calculated by the given relation.

E" = £'tand (4.6)
The dielectric properties of materials depend on frequency of applied field, temperature, crystal

structure, cation distribution, grain size etc. Frequency dependent dielectric properties of MgxNi;-
xCr204 nanoparticles with x = 0, 0.2, 0.4, 0.6, 0.8 and 1 were measured in the frequency range
from 100 Hz to 5 MHz at room temperature. Fig. 4.8 (a) and Fig. 4.8 (b) shows real (£} and
imaginary (£') part of dielectric constant, respectively. Both £’ and £" exhibit maximum values at
lower frequencies and decrease at higher frequencies. This is due to contribution of different types
of polarization in different frequency regimes. In frequency range of 20 Hz to 3 M Hz, dipolar and
interfacial polarizations play an important role in dielectric properties of chromites. The
polarization mechanism in chromite spinel structure can be explained by electrical conduction
process. Heikes and Johnston explained electrical conduction process with electron hopping model
in material with spinel structure [80]. This model describes transferring of electrons in spinel
structure within adjacent sites. Our sample is termed as a heterogeneous material, which have a
granular nature, and contains pores. Grains and pores inside the material makes interfacial
polarization effect prominent. This interfacial polarization effect is also called as Maxwell-Wagner
effect or M-W Effect. According to this model, dielectric material is composed of grains and their
grain boundaries. The grains are well conducting with poorly conducting grain boundaries. The
electrons approach to the grain boundaries by hopping. Due to the highly resistive nature of the

grain boundaries, electrons are stacked and produced polarization [81]. The decreasing trend of
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dielectric constant (real and imaginary) with increasing frequency is due to lagging behind of space
charge carriers and they do not contribute in polarization. Therefore, the value of dielectric
constant decreases gradually with increasing frequency [82]. Values of € and £ at lower
frequencies sbow non-monotonous behavior with increasing Mg concentration and peaked at x =
0.2 as shown in insets of Fig. 4.8 (a) and (b), respectively. For nanoparticles with x = 0.2, resistive
grain boundaries exhibit more polarizability due to their larger average crystallite size as
compared to other Mg compositions, which results in a peak value of dielectric constant [83].
Interestingly, the variation of £’ and £” with x {(as shown in inset of Fig. 4.8 (a)) nearly follows the
trend of average crystallite size with x (see Fig. 4.3), which employs that the dielectric properties
ar¢ more influenced by average crystallite size as compared to Mg concentration (x) in these
nanoparticles. At lower frequencies, the polarization effect is due to the interfacial and dipolar

polarization while at bigher frequencies electronic polarization play its role is polarization.
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Fig. 4.8(a): Real and (b) imaginary part of dielectric constant of Mg.Nii.xCr20O4 nanoparticles with x =0,
0.2,0.4,0.6, 0.8 and 1. Insets shows the variation of real and imaginary parts with Mg concentration (x}.

The tangent loss can be written as the ratio between the imaginary and real part of the dielectnc
constant. Tangent loss and loss factor are also known as the representation for energy absorption

in a dielectric material. The power loss is defined as the Loss Tangent or tan § and written as

1
t =— .
and 27fCoR, (4.7)

Here R;, and C; are the parallel resistance and parallel capacitance respectively.

The loss factor determines the loss in the material due to the damping of the dipoles moments
vibrating inside a material. Fig. 4.9 sbows the variation of tan & as function of frequency for
Mg«Ni;xCrz04 nanoparticles with x =0, 0.2, 0.4, 0.6, 0.8, and 1 at room temperature. Tangent loss
is maximum at lower frequency where the ability of storing charge i1s minimum. The variation of
tangent loss with frequency can be also explained by Maxwell Wagner model [84-86]. The tangent
loss also shows non-monotonous behaviour with Mg doping and the maximum loss factor is found
for nanoparticles with x = 0.2 as shown in inset of Fig. 4.9. Other than this, there exists a

conductivity loss. The collection of these two losses 1s called as loss tangent which depends on
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frequency and determines that how much a material could be loss effective. The decrease in the
tan & at higher frequencies can be attributed to the losses accompanied by the vibrating and the

conduction mechanism.
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Fig. 4.9: Frequency dependence of tangent loss for Mg:Ni1«Cr204 (x = 0.0, 0.2, 0.4, 0.6,0.8 & 1.0} nanoparticles.

The tangent loss and loss factor are very important in determining the properties of the materials
used in engineering. Electronics industry requires materials which show good electrical
performance and are cost effective. Examples include desk-top computers, testing instruments and

oscilloscopes which require fast signal processing systems.
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Fig. 4.10: Frequency dependent ac conductivity for MgNi | .CryO4 (x = 0.0, 0.2, 0.4, 0.6,0.8 & 1.0) nanoparticles.

A perfect dielectric material has neutral atoms and does not contain any free charge which
could result in conduction of the current. The presence of free charge effects on the storage
capability of the dielectric medium because a leakage current starts flowing. Every dielectric
material contains some amount of free charge carriers and the resultant conductivity is explained

by two factors which are de conduction and ac conduction.
0 =0gc+ Oac (4.8)

The 64. is measured from the bulk properties and defines the excitation of free electrons. This

conduction can be ineasured by the Eq. 4.9:

Oac = (4.9)

d
RpA
The 4 and A are the thickness and area of the pellets of our samples and R» is the bulk reststance.

The bulk resistance can be measured from the two probe method which is an application of Ohm’s

Law. Finally, the a.c conductivity can be measured from following Eq. 4.10:
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Opc = E'€ywtand (4.10)

Here £’ is dielectric constant, £, is vacuum permittivity, o is angular frequency (2af) and finally
tan & is tangent loss. Fig. 4.9 shows the variation of ac conductivity as function of frequency for
MguNii xCr204 nanoparticles with x = 0, 0.2, 0.4, 0.6, 0.8, and 1. At low frequencies, it is nearly
frequency independent while its value increases sharply at high frequencies. It is clear that
conductivity increases as the frequency increases for each sample. The increase in trend with
respect to increase in sintering temperature is also visible. This increasing trend can be explained
by considering the sample as of grain nature with thin resistive layers of grain boundaries as
predicted by Maxwell and Wagner model and also revealed by Koop’s phenomenological theory.
The grain boundaries have high resistance at low frequency region and as the frequency increases
the grain effect becomes dominant and thus conductivity increases. Maximum ac conductivity is
observed for largest grain size of nanoparticles with Mg concentration x = 0.2 as shown in inset of
Fig. 4.9. From the dielectric study, it is concluded that the diclectric properties are enhanced for
nanoparticles with x = 0.2 Mg concentration, however this effect is not due to Mg concentration
but is related to average crystallite size (as the variation of dielectric parameters with x nearly
follow the trend of average crystallite size with x as evident in Fig. 4.3). Therefore the dielectric
properties are more influenced by average crystallite size than the Mg concentration in these Mg
doped NiCr;O4 nanoparticles.
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4.6 Conclusions

Single phase nano-crystalline MgNi; xCr204 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticles
have been successfully synthesized via sol-gel method. The average crystallite size was obtained
by using Debye- Scherrer’s formula lies in the range 26-42 nm for different concentration of Mg
doped NiCr204 nanoparticles. X-ray diffraction (XRD) confirmed the cubic structure of NiCr,04
and showed no impurity phases, which signifies the formation of single-phase Nii-xMgxCr,04
nanoparticles. The average crystallite size showed an increasing trend with Mg concentration.
Transmission electron microscopy (TEM) results confirmed that particles are less agglomerated
and non-spherical in shape. Fourier transform infrared spectroscopy (FTIR) analysis showed two
frequency bands as observed in the range of 495 to 530 cm'™! and 617 to 651 cm’, which are the
characteristic peaks of NiCr204, M-H loop shows the value of saturation magnetization M; is 4.65
emu/g which is less than the bulk value due to finite size effect and the value of coercivity is 19407
Oe proved that they are act as a hard magnet. ZFC curve exhibits negative magnetization form 35
K to 18 K which is due to uncompensated spins at grain boundaries. The frequency dependent
dielectric studies were performed in a wide frequency range using an impedance analyzer.
Diclectric parameters showed a non-monotonous behavior with Mg concentration and this
behavior of dielectric parameters has been explained by using Koop’s theory and Wagner’s model.
Dielectric measurements were enhanced with Mg doping and optimum value was found for x =

0.2 concentration which may be due to crystallite size and/or lattice constant.
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