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Abstract

A great need for developing new multi-functional materials operating at high frequency (radio
frequency) applications is demanding a better understanding of ferrimagnetic materials. In the
present study, cobalt ferrite materials were synthesized in nanoparticles, bulk and thin film form
by co-precipitation method and RF magnetron sputtering, respectively. The materials of choice,
Cobalt ferrite (CoFe204), copper doped cobalt ferrites, Co1-xCuxFe204 (x =0, 0.2, 0.25, and 0.4)
and cobalt-copper ferrites, Co1-xCuxFe204 (x =0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) nanoparticles were
synthesized using co-precipitation method. The synthesized samples were heat treated at various
temperatures to understand its effect on structure and properties of materials. The magnetization
and dielectric measurements on the samples heat treated at various temperatures were carried
out to optimize these properties of the materials. The crystal structure was verified by X-ray
diffraction and Rietveld refined XRD patterns show single phase spinel structure with Fd-3m
space group. Surface morphology and microstructure was studied by employing FE-Scanning
Microscopy (FESEM) and Transmission Electron Microscopy (TEM). Unusual features in
magnetic hysteresis loops of nanoparticles and bulk materials were observed. The dielectric
constant and the loss tangent decreases rapidly with increasing frequency, and then reaches
almost constant value at high frequencies. CoFe2O4 nanoparticles of size 18 nm heated at 600
°C for 3 hours gives high saturation magnetization (Ms) of 137 emu/g and coercivity ( Hc) of
582 G. CoFe204 pellets heated at 1200 °C for 4 h show very high Ms of 175 emu/g. The
nanoparticles of (Coo.sCuo2Fe204) annealed at 600 °C exhibit high Hc of 1217 G and Ms of 119
emu/g. CuFe2O4 pellets heated at 1200 °C exhibit high dielectric constant of 1015 at 40 MHz
with low loss tangent of 0.112. This can be used as a filling material in capacitors. As-prepared
CoFe204 nanoparticles of size 17 nm show a high H¢ of 2875 G at RT which can be used in data
storage applications. At 100 K, cobalt ferrite pellet heated at 600 °C show a very high Hc=11.4
kG. CoFe204 pellet annealed at 1200 °C has dielectric constant of 19 between 1MHz to 40 MHz
and very low tangent loss (0.021-0.028). This material can be used for insulating material for

practical applications in high—frequency electrical circuits.

Cobalt ferrite (CoFe204) thin films were deposited on glass substrates under different sputtering
conditions i.e. RF power variation, deposition time (film thickness) and argon gas pressure. As-
deposited films were amorphous and were post-annealed at 500°C for 3 h. The 164 nm (CFF-
80) thick cobalt ferrite film exhibit Ms of 274 emu/cc which is equal to the Ms of bulk CoFe204

X



target. The 410-nm-thick annealed cobalt ferrite film deposited at 8 mTorr can be used for

temperature sensor applications in the temperature range of 5-350 K.

The Coo.75CuUo.25F€204 target show low He of 57 G and Ms of 293 emu/cm?®. Coo.75Cuo.25F€204
thin films were deposited onto quartz substrates at room temperature. The effect of sputtering
conditions and post-annealing on structural, microstructural, magnetic and optical properties
were investigated to understand the structure-property relation. Transmission electron
microscopy (TEM) was used to correlate the nanostructure to the magnetic properties of
nanoparticles and thin films. The surface morphology and elemental composition was
investigated using field emission scanning electron microscopy (FESEM). The grazing
incidence X-ray diffractometer was used to investigate structure. Magnetic properties were
determined using vibrating sample magnetometer (VSM) and physical property measurement
system (PPMS). Thin films of Coo.75Cuo.25Fe204 show high Ms of 250 emu/cm?® when annealed
at 1000 °C with Hc of 1500 G. The Hc of 2670 G is obtained when annealing of the film is done
at 800 °C. The M;s of thin films of Coo.75Cuo.25Fe204 increases with increase in RF power (i.e.
with increase in film thickness) from 30 to 60 W. The annealed film deposited at 50 W exhibit
high Hc of 3866 Oe and Ms of 243 emu/cc. The films grown at 40 W show H of 3449 Oe and
M;s of 174 emu/cc. These films can be used for data storage applications.

The thin films of doped and undoped cobalt ferrite have 60- 85% optical transmittance. The
optical band gap values of the doped and undoped cobalt ferrite films is between 1.90- 2.37 eV.
The highest band gap value of 2.37 eV is obtained for Coo.75Cuo.2sFe204 film deposited on quartz
substrate using 40 W RF power at 12 mTorr argon gas pressure and annealed post-deposition at
600°C for 3 hrs.
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Chapter 1

Introduction

The crystal structure and physical properties of cobalt ferrite (CoFe20a) are discussed in this
chapter. The superexchange interaction in ferrites and the dielectric properties are discussed.
The literature on nanoparticles and thin films of cobalt ferrite is discussed. The objectives of the
present work and thesis organization is presented.

1.1 Structure and properties of CoFe204

Ferrites are important class of magnetic materials due to their specific magnetic and electric
properties. The magnetic parameters of the magnetic materials namely saturation magnetization
(Ms), coercivity (Hc), and remanence (Mr) which are important can be measured from the
magnetization hysteresis (M vs. H) loop, as depicted in Fig. 1.1.

1.1.1 Structure of CoFe204

CoFe;04 is a member in the family of spinel ferrites. The spinel structure is an interesting one
and has been widely studied because of the interesting physical properties exhibited by a number
of compounds with this structure. Spinels commonly contain divalent and trivalent cations in a
1:2 ratio in a lattice structure built of divalent anions. An example is the mineral spinel itself,
MgAl,O4. The compounds of spinel family have a general molecular formula MFe2O4 where
the divalent M?* and trivalent Fe* cations occupying tetrahedral (A) and octahedral (B) sites of
the fcc lattice formed by O% ions. In this unit cell, the 32 O% anions are packed as already
described and the 8 A and the 16 B cations fill a total of 24 of the 32 octahedral and 64
tetrahedral sites. The filling is systematic and there are two primary ways in which it occurs. In
a normal spinel all the 8 divalent metal cations (A) fill tetrahedral holes and all the 16 trivalent
metal cations (B) fill octahedral holes. On the other hand, if 8 of 16 trivalent metal cations (B)
fill 8 tetrahedral holes, and remaining half trivalent cations fill 8 octahedral holes, and all the
divalent metal cations (A) fill the remaining 8 spinel octahedral holes, the structure is called an
inverse spinel. Many compounds are a hybrid of the normal and inverse spinel structures.

1.1.2 Magnetism of CoFe204

In ferrites the novel properties result from the distribution of different cations among the
tetrahedral and octahedral sites [1-2]. CoFe2O4 is important because of its high magnetic

anisotropy, high coercivity, high electrical resistivity and high thermal and chemical stability

[3].
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Fig. 1.1. Typical magnetization hysteresis loop of CoFe20a.

The composition and microstructure of ferrite materials greatly influence their physical
properties. Altering composition by doping of metal ions into cobalt ferrite is the best technique
to change its physical as well as the chemical properties. The substitution of Co?* in cobalt
ferrite by other transition metals can alter its properties which can be tuned for a specific
application. One of the important spinel ferrites is CuFe.Os because it shows electrical
switching and varying semiconducting properties (Sawant & Patil 1982). Copper ferrite is a
complete inverse spinel with tetragonal phase at low temperature and exhibits a transition from
tetragonal to cubic symmetry at high temperature. The hard and soft magnetic properties based
on hysteresis loop are promising for recording technologies and for a variety of applications in
biomedical and electronic devices (Ross 2001, Wood et al 2002, Tartaj et al 2003, Bader 2006).
Therefore, copper substitution produces great potential for enhancing the magnetic and
dielectric properties of cobalt-copper ferrites. Many studies [4-7] have reported on high amounts
of substitution, where an increase in Cu content has resulted in a decrease of magnetization.
Samavati et al. [7] made attempt to improve and optimize the antibacterial activities of cobalt
ferrite nanoparticles by substitution of Co?* with Cu?*.

Since ferrimagnetic materials are described as interpenetration of two sub lattices with unequal
magnetic moments in direct opposition, the net magnetic moment, u, of CoFe>O4 is equal to the
vector sum of spin moments of cations in the A and B sub-lattices. Because the Fe;} (5us)
cations are in direct opposition in the antiferromagnetic A-O-B coupling, the net spin magnetic

moment x is equal the moment of Co?". Therefore, for CoFe;O4 is ucoreos = 3us. The



magnetization of the copper doped CoFe,O4 decreases when Co?* ions are substituted by less-
magnetic Cu®" ions. When all of Co?" cations occupy tetrahedral holes and all Fe3* occupy
octahedral holes as in case of a normal spinel, x increases dramatically to 7 g [8].

1.2 Superexchange interaction

In case of ferromagnets, the atoms had to be very close for atomic orbital overlap, allowing
application of the Pauli principle. In ferrimagnetic materials the material is so structured that all
the elementary dipoles (magnetic ions) are separated by an intermediate ion (too far for direct
overlap), a process called superexchange can occur. Superexchange is a mechanism by which
coupling of spins occurs between nearest neighbor magnetic ions mediated by a non-magnetic
ion. Even when the wave functions of the two magnetic ions do not overlap, such materials
show appreciable spontaneous magnetization. Two magnetic ions interact with the mediation
of non-magnetic ion.

1.3 Dielectric properties

All dielectric materials are insulators. The distinction between dielectric material and insulator
lies in the applications of these materials and on the polarizing capacity of electrical charges.
These materials are used to store electrical energy with minimum dissipation of power. In spite
of being poor conductor of electricity or perhaps because of it, the dielectrics are most
interesting and useful electrical engineering materials. The dielectric materials are characterized
by dielectric constant, dielectric loss, dielectric strength and resistivity. Ferrites are considered
as good dielectricmaterials which have many applications in high—frequency electrical devices
that employ at microwave and radio-wave frequency-range [9] since they show very small
conductivity [10]. Therefore, ferrites are used in many electromagnetic devices that employ at
microwave frequencies. Modification in the microwave performance can be remarkably brought
by varying the applied bias field [11].

1.3.1 Dielectric permittivity and loss tangent

Dielectric properties such as polarization, dielectric constant and loss tangent depends on
frequency of the applied field and temperature. Under dc fields, the electric flux density D is
proportional to the applied electric field E. Dielectric properties may be defined by the behavior
of the material inserted between two plates a parallel plate capacitor. When a dielectric is
subjected to an alternating field the polarization P and displacement D varies periodically with

time. The time varying electric field E can be represented by



E(r,t) = E,cos wt (1.2
The polarization and displacement might lag behind the driving field E(r,t) by introducing a
phase angle 0; we have
D = Dy cos(wt — &) = Dy cosé - coswt + Dy sind - sinwt = D; coswt + D, sinwt  (1.2)
As we know that

D =€ E(r,t) =(e'+i€")E(r1t) (1.3)

Introduction of phase angle is a perfectly satisfactory way of describing the phase lag. Electric
field can be represented as the real part of a complex field.

E(r,t) = Ege™it (1.4)

Therefore, the two frequency dependent dielectric constants can be given as

’ Dy _ Dy

€ =E—0—E—0cos6 (1.5)
e =2=2oging (1.6)

The dielectric loss tangent is defined as

E”

Tané = — .7
Since €' and €" are frequency dependent, the phase angle § is also frequency dependent.
1.4 Optical properties
When light is incident on matter, it interacts with the electronic structure of the material. If the
frequency of the incident light matches with the band gap of the material, the incident EM
radiation of wavelength equivalent to the band gap is absorbed. This occurs because the valence
electrons of the material absorb the photon energy and move to higher energy states. Hence
absorption occurs at various frequencies. The minimum photon energy required to excite and/or
ionize a solids valence electrons is called absorption edge or absorption threshold. Reflection
or Transmission occurs when the energy of the incident electromagnetic radiation does not
match with the band gap energy of the material.
1.4.1 Direct and indirect band gap materials
The fundamental absorption is of two types. One is direct absorption without involving phonons
and indirect absorption which involves phonons. If the minimum of the conduction band and
the maximum of the valence band occur at the same value of k, the material is called direct band
gap material. Absorption of light in these materials excites the electrons from the valence band

to the conduction band directly without change in k (and, the momentum). In an indirect band
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gap material the minimum of the conduction band and the maximum of the valence band do not
occur at the same value of k. The change in momentum of electron generates electron
transitions. For example in direct band gap semiconductors energy is released in the form of
light during electron transition from conduction band to the valence band. In indirect band gap
semiconductor non-radiative transitions occur through the defect states which lie inside the band
gap and results in heating of the lattice.
The band gap values of direct band gap material can be estimated by using the well-known
Tauc’s formula [12],

ahv = A(hv — E,)"* (1.8)
where A is constant, « is the optical absorption coefficient, and hv is the energy of the incident
photon. The plots of (ahv)? versus (hv) would be a straight line over a range of photon energies
indicating the direct band gap transitions. The extrapolation of the straight-line graphs to (ahv)?
= 0 gives the value of the optical gap.
1.5 Literature survey of cobalt ferrite nanoparticles:
The nanocrystalline magnetic particles having a high surface to volume ratio show unique
physical properties together with magnetic properties different from their bulk materials of the
same chemical formula. Such properties would be affected highly by the particle size
distribution and agglomeration of particles. The magnetic nature of the nanoparticles relies
mainly on their size, structure, freshness, homogeneity and stability. The advantages of nano-
ferrites are due to their higher efficiency and lower cost and ease of manufacturing than other
materials [13-14]. Magnetic nanoparticles research has increased over recent times because of
their use in wide range of diagnosis and treatment such as genetic defect screening, biochemical
field to enhanced delivery, and toxicity cleansing [15-18], targeted vectors for gene therapy,
contrast agents for MR imaging and drug delivery [16,19], magnetic cell sorting schemes in
electrochemical cell and spintronic devices [20]. Nanoparticles of cobalt ferrite can be used for
purification of RNA and DNA, cell separation, targeted drug delivery, MRI [21], magnetic
hyperthermia therapy for treatment of cancer [22] and biosensors [23].
Nanoparticles of cobalt ferrite (CoFe.O4) have also attracted great interest because their
dielectric properties exhibit size dependence and change with frequency and measuring
temperature [24]. Dielectric constant [25] and loss tangent (tan 0) [26] are the fundamental
variables used to find the dielectric properties of CoFe2O4 nanoparticles. The above parameters

5



depend on three fundamental issues: (i) the phenomenon of ionic and dipolar relaxation, (ii)
atomic (or ionic) polarization resulting due to displacement of atoms under vibration, and (iii)
electronic resonance at high frequencies. lonic and dipolar relaxation dominate over other two
factors [27].

1.6 Literature survey of CoFe204 and Cuo.25C00.75 Fe204 thin films

Thin films of Cobalt ferrite possess potential in many applications including magnetic recording
media with high density magneto—optical recording and micro-electromechanical system
devices [28]. Cobalt ferrite film had been fabricated by different fabrication method. Cobalt
ferrite thin film fabricated by sol-gel method on thermally oxidized Si wafer showed no
preferred growth direction [29]. Also Cobalt ferrite film deposited by RF sputtering method on
Si wafer and post— annealing at different temperature [30] and in situ annealing [31] showed no
preferred direction. However CoxFe>-xOs film prepared by RF sputtering on quartz substrate and
post-annealed showed different preferred direction [32]. Epitaxial CoFe204 thin film were
deposited on (0 0 0 1) sapphire substrate by Pulsed laser deposition (PLD) technique by Yin et
al. [33]. In this paper, structural property of CoFe.O4 thin film prepared by PLD on silicon
substrate is reported.

The CFO has been used to fabricate active tunnel barriers (heterostructures) for spin filtering
[34], resistive switching [35], and as coupling ferromagnetic and ferroelectric thin film layers
[36]. The magnetic and optical studies on ferrites are reported in the literature [37-38]. The band
gap of 2.55 eV for CoFe20s ferrite films deposited on (001)- oriented LaAlOs is reported by
Ravindra et al. [39]. Whereas, band gap of Zinc ferrite is reported to be around 2.2 eV by Sultan
et al. [40].

Because of their large magnetostriction epitaxial CoFe>Os films have great potential
applications for multiferroic devices [41-42]. For all the applications mentioned above magnetic
anisotropy and coercivity are basic parameters which need to be studied. Different techniques
were used to fabricate cobalt ferrite thin films. Cobalt ferrite films were fabricated by Sol-gel
chemical method [43]. The maximal coercivity obtained by this method is 2720 Oe, when films
were annealed at 950 °C. But after heating at such high temperature (950 °C), the grain size is
extremely large to be used for high density magnetic recording. Kitamoto et al. [44] fabricated
CoxFes 04 films at 90 °C by spin spray ferrite plating method. The coercivity obtained by this
method reached 3 kOe for the Coo43Fe25704 film of thickness 60 nm. Cobalt ferrite films



prepared using chemical methods exhibit low values of coercivity. Therefore, physical vapour
deposition methods were used by many research groups in order to achieve high coercivity of
cobalt ferrite thin films. Ding et al. deposited 90nm-thick-film on a silicon wafer by rf-sputtering
using a 5 wt % SiO,/CoFe.O4 target and post-annealed at 1000 °C. The annealed film exhibit
very high perpendicular coercivity of 7.4 kOe and low in-plane coercivity of 4.4 kOe and has
no magnetic texture and preferential crystallographic texture [30]. But the films deposited using
the pure Co—ferrite target exhibited low coercivity. Jae-Gwang Lee et al. fabricated CoFe2O4
thin films at different substrate temperatures and post-annealing temperatures by RF magnetron
sputtering [31]. The measured values of coercivity in perpendicular and in-plane directions were
3.873 and 2.70 kOe. Y.C. Wang et al. [28] reported the effect of film thickness, grain size and
annealing temperature on magnetic properties of RF sputtered cobalt ferrite films deposited on
a (100)-SiO2 substrate showed high coercivity of 9.3 kOe for a 50nm-thick-film post-annealed
at 900 °C. They explained the reason for large coercivity due to the presence of large lattice
strain in the films. Gu et al. [32] reported coercivity of as-sputtered cobalt ferrite films is about
2 kOe and a maximal coercivity of 2.8 kOe and Ms of 455 emu/cm® was obtained for
CoosFe2504 films annealed at 400 °C. Finally, Chambers et al. [45] deposited single-crystal
CoFe204 films on MgO (0 0 1) substrates by oxygen-plasma-assisted molecular beam epitaxy
(OPA-MBE). The measured moment per unit volume is 250 emu/cm?®, and the saturation
magnetization for films in the 1000 A film thickness range is ~ 60% of that of bulk cobalt ferrite.
1.7 Objectives of the present work
The primary objectives of this research are:

1. To synthesize nanoparticles of cobalt ferrite by co-precipitation method.

2. To obtain bulk ferrite material by sintering CoFe>Os nanopowder at different

temperatures for densification.
3. To deposit thin film of ferrite by RF-magnetron sputtering.

Specific objectives

1. To synthesize bulk, nanoparticles of CoFe204, Co1.xCuxFe204 (x =0, 0.2, 0.25 and 0.4)
and Co1-xCuxFe>04 (x =0, 0.2, 0.25, 04, 0.9 and 1.0) and thin films of CoFe>04 and

Cuo.25C00.75F€20a.



2. To characterize bulk, nanoparticles and thin films of ferrites for their structure,

composition and morphology.

3. To study the magnetic and dielectric properties of the bulk and nanoparticles of the

synthesized ferrites.

4. To study the structural, magnetic and optical properties of the synthesized ferrite thin

films.

1.8 Thesis organization

The thesis is organized in five chapters as follows:

Chapter 1 includes literature survey and general information on ferrites, description of the spinel
structure, and dielectric properties. The objectives of the present work are also included in this
chapter.

Chapter 2 consists of a detailed description of material synthesis methods and experimental
techniques used in the present work.

Chapter 3 presents results obtained on CoFe204, CuxCo1.xFe204 (x=0, 0.2, 0.25 and 0.4) and
CuxCo1.xFe204 (x=0, 0.2, 0.25, 0.4, 0.9 and 1.0) nanoparticles and bulk ferrites prepared by co-
precipitation technique.

Chapter 4 contains a detailed study of structural, magnetic and optical properties of CoFe204
and Cuo25C00.75Fe204 thin films synthesized by rf-magnetron sputtering.

Chapter 5 gives summary and conclusions of the research work.
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Chapter 2

Synthesis of Nanoparticles, Bulk and Thin Films and Characterization Techniques

The experimental details including preparation of bulk, nanoparticles using co-precipitation
technique and thin film deposition by using RF magnetron sputtering and characterization of
structure, microstructure, magnetic and optical properties are given in this chapter.

2.1 RF-sputtering

Radio frequency magnetron sputtering is a useful technique as the properties of the films can
be controlled by changing the sputtering conditions such as substrate temperature, deposition
time, pressure, and RF power. In sputtering the target of the material to be deposited will act as
a cathode. The substrate is placed opposite to the target. The high energy ions formed from the
plasma of an inert gas strikes the target. The material will be ejected from the target because of
the momentum transfer from the impinging ions to the target surface. Atoms ejected from the
target will be deposited on the substrate. The chamber is evacuated to ~ 10" Torr vacuum using
a turbo molecular pump and gas is loaded into the vacuum chamber between the two electrodes.
The sputter gas is typically an inert gas such as argon, nitrogen. For reactive sputtering it can
be oxygen. Plasma is formed by the application of RF power. The high energy inert gas ions are
accelerated towards the target due to coulomb attraction and make collisions onto the target and
eject target atoms. A magnetic field is applied perpendicular to the target surface to sustain
plasma near the target surface.

The details of sputtering system and film preparation are described in our earlier report [1]. Fig.
2.1 shows the photograph of the RF magnetron sputtering system. The target was mounted to
the target holder of the magnetron gun (electron gun). The electron gun consists of a target
backing plate, target holder, grounding shield, magnet pole pieces and cooling water inlet and
the target is isolated from the grounding shield. The system is equipped with two sputter guns
as shown in figure 2.1 (b)). The main chamber was pumped down to a high vacuum with a
turbo-pump. The gas flow rate is maintained by mass flow controller.

2.1.1 RF-magnetron sputtering system

Rf-magnetron sputtering deposition techniques are used widely both in industrial processes and

in advanced material fabrication or treatment [2]. We have synthesized thin films of cobalt
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ferrite and Coo.75Cuo.2sFe204 using radio frequency magnetron sputtering under various

sputtering conditions.

(a)

TORR INTERNATIONAL, INC.

Figure 2.1: (a) The photograph of sputtering system used in this work, (b) view of the deposition chamber having two electron

guns and (c) Plasma created during deposition process of ferrite thin films in Ar gas.

2.2 Bulk and nanoparticles synthesis

2.2.1 Synthesis of copper doped cobalt ferrite, Co1-xCuxFe204 nanoparticles
Copper-substituted cobalt ferrites nanoparticles, Co1-xCuxFe20O4 with x = 0.0, 0.2, 0.25 and 0.4,
were prepared by co-precipitation method [3]. Stoichiometric amounts of cobalt (1) nitrate
hexahydrate Co(NOz3).-6H20, copper (Il) nitrate trihydrate Cu(NO3)2-3H20 and Iron (111)
nitrate nonahydrate Fe(NO3)3-9H.O were dissolved separately in de-ionized water. Sodium
hydroxide (NaOH) solution was used for neutralization. The reaction temperature was
maintained at 60 °C under stirring for 2 hours. The pH of the solution was around 12-13. The
precipitate was washed with double distilled water many times until the pH of the product
becomes 7 and dried at 90 °C overnight. The dried product was cooled to room temperature and
grinded with mortar and pestle for half an hour. This powder was further annealed at 600 °C for
3 h with 3°C/min both heating and cooling rate to decompose into well-crystalline nanopowders.
The prepared Co1-xCuxFe>O4 samples were characterized by standard techniques, such as X-ray
diffraction (XRD), scanning electron microscope (SEM), energy dispersive spectroscopy

(EDS), Transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM).
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2.2.2 Preparation of copper doped cobalt ferrite, Co1-xCuxFe204 bulk ferrites
The Co1-xCuxFe20snanopowder samples with x =0, 0.2, 0.25, and 0.4, were prepared by using
Fe3*, Co?*" and Cu?* nitrates as precursors and sodium hydroxide as a precipitating agent by co-
precipitation technique, as given in the above subsection 2.2.1, were pressed into pellets using
mechanical press at a pressure of 3 tons after mixing with polyvinyl alcohol (PVA) as a binder
(except pellets heated at 100 °C). Typical diameter and thickness of the pellets are 13 mm and
1-2 mm, respectively. The pellets were heat treated at100, 600 and 1200 °C for 4 hours and also
at 600 °C for 3 h with 3°C/min both heating and cooling rate, to get the grains of Co1-xCuxFe20a
(x=0.0—-0.4) of different grain sizes. The samples were coded as CoFe;O4 as (i) for x=0,
Co00.8Cuo2Fe204 as (ii) for Cu doping of x=0.2, Coo.75Cuo.25Fe204 as (iii) for Cu doping of
x=0.25, C0o.6Cuo.4Fe204 as (iv) for Cu doping of x=0.4. The prepared Co1-xCuxFe204 samples
were characterized by standard techniques, such as X-ray diffraction (XRD), scanning electron
microscope (SEM), vibrating sample magnetometer (VSM) and dielectric spectrometer.
2.2.3 Synthesis of cobalt-copper ferrite, Co1xCuxFe204 nanoparticles and bulk materials
The synthesis of Co1-xCuxFe204, (x =0, 0.2, 0.25, 0.4, 0.9 and 1.0)nanopowders was carried out
by the co-precipitation method [3] using high-purity cobalt (I1) nitrate hexahydrate cobalt (1)
nitrate hexahydrate Co(NOs3).-6H20, copper (II) nitrate trihydrate Cu(NO3)2-3H20 and Iron
(1) nitrate nonahydrate Fe(NOz)3-9H20 and sodium hydroxide, NaOH. The Fe/Co precursors
ratio has been chosen in order to obtain Co1—xCuxFe204, (x = 0.0 — 1.0) stoichiometry. Aqueous
solutions of precursors were prepared separately under proper stirring at 60 °C for half an hour.
We have increased concentration of precursor solutions as well as that of NaOH solution
compared to concentration of solutions used in section 2.2.1. These solutions were mixed and
NaOH solution was added until pH becomes 13.5. The beaker was covered during synthesis to
avoid evaporation. Reaction mixture was continued at 60 °C with proper stirring for 2 hrs.
Precipitates were washed several times with double distilled water to get rid of the impurities.
The precipitated powders were dried overnight using hot air oven at 90 °C; the substance was
collected and grinded for 20 min using agate mortar and pestle.

The synthesized powders were pressed into pellets using a mechanical press at a pressure of
3 tons after mixing with polyvinyl alcohol (PVA) as a binder (except pellets heated at 100 °C).
These pellets were heat treated at100, 600 and 1200 °C for 4 hours, to get the nano grains of

Co1-xCuxFe204 (x=0.0—1.0) of different grain sizes. The prepared Co1-xCuxFe2O4 samples were
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characterized by standard techniques, such as X-ray diffraction (XRD), scanning electron
microscope (SEM), vibrating sample magnetometer (VSM) and dielectric spectrometer. The
samples were coded CoFe204 as (i) for x=0, C0o.sCuo.2Fe204 as (ii) for Cu doping of x=0.2,
Co00.8CuUo.25Fe204 as (iii) for Cu doping of x=0.25, CoosCuo4Fe204 as (iv) for Cu doping of
x=0.4, C00.1Cuo.9Fe204 as (v) for x=0.9 and CuFe;04 as (vi) for x=1.0.

2.2.4 Synthesis of CoFe204 nanoparticles and bulk ferrites

Cobalt ferrites nanoparticles with the general formula CoFe>Os were synthesized by co-
precipitation technique [3] using anhydrous FeClz and CoCl,-6H20 as precursors and NaOH as
a precipitating agent. In the co-precipitation method, stoichiometric quantities of ferric chloride,
FeClz and cobalt chloride, CoCl,-6H,O were dissolved in de-ionized water to get aqueous
solutions of precursors separately with Fe/Co molar ratio of 2:1. To a mixed solution of Co?*
and Fe** chlorides, aqueous solution of NaOH was added within 10 seconds with stirring at
60°C. The precipitate formed was maintained at 60°C with constant stirring using hot plate for
one and half an hour and the pH of the precipitate was 13. The precipitate obtained was washed
many (15) times and dried at 90°C overnight. The acquired substance was uniformly grinded
for 20 min using agate mortar and pestle. The powder is subjected to a pressure of 3000 PSI to
obtain compact and dense pellets with a diameter of 13.6 cm and thickness of 1 mm. The pellets
were then heated at 100°C, 400°C, 600°C and 1200°C for 4 hours with 3°C/min heating and
cooling rate in air muffle furnace in order to carry out structural and magnetic and dielectric
characterization.

2.3 Target preparation

2.3.1 CoFe204 and Cuo.25Co0.75Fe204 target preparation

The CoFe 04 target material was prepared by co-precipitation method [3]. Stoichiometric
quantities of ferric chloride, FeCls and cobalt chloride, CoCl2-6H20 were used as the precursors
and de-ionized water as solvent. To a mixed solution of Co?" and Fe®" chlorides, aqueous
solution of NaOH was added within 10 seconds with stirring at 60 °C until a pH of 11-12 was
attained and precipitation of the mixed material occurred. The precipitate obtained was washed
many (15) times and dried at 80 °C overnight. The acquired substance was uniformly grinded
for about 20 minutes. The powder was pressed into a disc of 3-in diameter and 5 mm thickness
at a pressure of 3 tons after mixing with polyvinyl alcohol (PVA) as a binder. Calcination and
final sintering of the target (resultant disk) was done at 1200 °C for 6 h and 1300 °C for 2 h
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respectively. Finally the target was sintered at 1300°C for 4 hours to obtain a dense hard 2-in
target disc.
The Coo.75Cuo.2sFe204 nanoparticles were prepared by using Fe®*, Co?* and Cu?* nitrates as
precursors and sodium hydroxide as a precipitating agent by co-precipitation technique, as given
in the above subsection 2.2.1. The precipitate was dried at 90°C overnight. The acquired
substance was grinded for 20 minutes uniformly using mortar and pestle. To this powder poly
vinyl alcohol (PVA) binder is added and pressed into a circular disc. The resultant disc was
heated at 1200 °C for 5 h. Final sintering of the target was done at 1300 °C for 6 h.
2.4 CoFe204 and Cuo.25C00.75F€204 thin film preparation
Thin films of CoFe204 and Cuo.25C00.75Fe204 were deposited by using various RF power at 13.6
MHz on unheated glass and quartz substrates, respectively, at room temperature. Prior to each
deposition the vacuum chamber was pumped down to a base pressure of 4 x 10 and 4 x 10
Torr, respectively. The sputtering was done in Ar atmosphere with a target-to-substrate distance
of 6 cm. The effect of RF power, thickness, gas pressure and post deposition heat treatment on
the microstructure and properties of the deposited thin films was studied.
2.5 Structural Characterization techniques
The X-ray diffraction patterns of powders were recorded at room temperature in the 26 range
of 10° to 80° using PANalytical X'Pert® Powder diffractometer equipped with Cu-Ka source (A
= 1.5405A) operating at 45 kV and 40 mA and were refined using Rietveld method with
HighScore Plus software. The structure of the films was characterized by grazing incidence X-
ray diffractometer (Bruker D8 DISCOVER) with Cu-Ka source operating at 40 kV and 30 mA.
The X-ray diffraction patterns of films were recorded at room temperature in 260 range of 20° to
70°.
2.5.1 X-ray diffraction
When incident X-ray wave strikes on the sample, the diffracted beams interfere and produce
maximum intensity. If 6 is the incident angle of X-rays with respect to the plane of the crystal,
intensity of the diffracted beam will be maximum when [4]:

2dpy; Sin Opy = nA (2.1)
where n is order of diffraction, 4 is the wavelength of X-rays, dna is interplanar distance. Eq.
(2.1) 1s known as Bragg’s law. The crystallite size of the sample is estimated using the Debye-

Scherrer equation [5] given by
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092
b= B cos6 (2.:2)

where, D is crystallite size in A, /1 is the wavelength of X-rays, f is the full width of the
diffraction line at half the maximum intensity and 6w is the diffraction angle.

Powder X-ray diffraction is used to identify phase of the unknown crystalline powder sample,
by comparing its diffraction pattern with standard pattern given by the ICDD data. Grazing
incident angle X-ray diffraction is used to identify the phase of the thin films and estimate their
crystallite size, lattice constant, interplanar spacing, etc.

2.5.2 Field emission scanning electron microscopy (FESEM)

FESEM employs a beam of electrons to produce magnified and high resolution images of the
samples. In FESEM, focused beam of electrons is scanned systematically over the sample.
When high energy electron beam hits the sample surface placed in the microscope, the desired
image of the surface of the sample will be built up by the secondary electrons emitted by the
sample. The X-rays generated by the specimen are used for elemental analysis of the sample
composition in energy dispersive X-ray spectroscopy.

The surface morphology of cobalt ferrite, copper doped cobalt ferrite nanoparticles, thin films
and bulk ferrite samples were studied using CARL ZEISS Gemini ULTRA 55 Field Emission
Scanning Electron Microscope. FESEM images were taken at different accelerating voltages of
5 kV, 10 kV, 20 kV at different magnifications of between 1KX and 500 KX under different
working distances between 4 to 8 mm.

2.5.3 Transmission electron microscopy

In transmission electron microscope, a tungsten filament produce electrons which are
accelerated by applying a high voltage of 200 kV. The wavelength of electrons is related to the

accelerating voltage, V by

1=

(2.3)

2mevV

where m and e are the mass and charge of the electron. Since the wavelengths of electrons are
much smaller than wavelength of the X-rays, the Bragg angles for electron diffraction are small.
Therefore electron diffraction pattern seems as a narrow cone centered on the undiffracted or
direct beam. Diffraction pattern of the polycrystalline sample can be taken by changing the
relative position of the viewing screen, which is called selected area diffraction pattern. To
increase the quality of photographs where the particles of interest are difficult to find out from
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the background, dark field imaging is employed. With HRTEM, it is possible to look at the
atomic structure of our sample. The microstructure of cobalt ferrite, copper doped cobalt ferrite
nanoparticles and thin films were studied using FEI Tecnai G? S-Twin 200 kV Transmission
Electron Microscope.

2.6 Vibration sample magnetometer (VSM)

The VSM used for measuring magnetization of magnetic samples works on Faraday’s law. If a
magnetic sample is suspended in a uniform magnetic field from a vibrator which vibrates the
sample in the magnetic field up and down, the sample is magnetized which also acts as a magnet
and creates changing magnetic flux. This changing magnetic flux will induce a current in the
pick-up coils. This current will induce a magnetic moment which is equal to the magnetic
moment of the sample.

The induced emf across the coil is given by [6]

—_c%
£= " (2.4)

where ¢ represents the changing flux in the coils. The output measurement displays the magnetic
moment, m (or magnetization, M) as a function of the applied filed, H.

Magnetic properties of the samples in the present studies were measured by using LakeShore-
7400 vibrating sample magnetometer and Physical Property Measurement System (Quantum
Design).

2.7 Spectrophotometer

By studying a fraction of light energy transmitted through a sample of known thickness, one
can determine a, the absorption coefficient, refractive index (n) and band gap energy (Eg).
Spectrophotometer is an instrument used to measure the transmittance, absorbance and
reflectance of a material. The instrument consists of a source of light, a sample holder and a
detector. As light passes through the sample, the energy of the photon is partially transferred to
the atoms in the material. The absorbed photons help in exciting the electrons from the valence
band to conduction band. The unabsorbed photons which pass through the sample are detected
by the detectors. Figure 2.2 represents a block diagram showing the working of a
spectrophotometer. Single beam ones lost their popularity due to their unstable light source,
detectors and the inbuilt electronics. Tungsten and deuterium lamps are used to generate EM

waves corresponding to UV and visible-NIR region respectively.
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Mirror

” ﬂ Detector
[ ) )

Reference T
Spectrophotometer lens

Ligh T
source / IJ U
Beam splitter Sample

Fig. 2.2. An experimental arrangement used to measure direct transmittance spectra.

The deuterium lamp is used to produce EM radiation in the wavelength range 190-240 nm and
the tungsten lamp is used to produce EM waves of wavelength in the range 240-2500 nm. The
sample compartment contains two holders: (1) to contain the sample in the measurement-side
and (2) to contain the reference on the reference-side. The detectors receive the light transmitted
through the sample and the reference simultaneously. The difference in the energy of the
incident photons is converted into electronic signals by a photomultiplier tube connected to the
detector. Unlike the transmittance and absorbance the reflectance of the material is measure by
measuring the difference in the intensity of the reflected by the sample and the reference
surfaces. The optical transmission spectra of the films were measured in the wavelength range
of 200-2500 nm by using JASCO V670 spectrophotometer and Agilent Cary 5000
spectrophotometer.

2.8 Profilometry

The general operating technique of surface stylus profilometer is shown in figure 2.3. A
mechanical diamond tip stylus is scanned over the film across the step and height is recorded.
The step height generated by the probe is equal to the film thickness. For this study the films
(substrates on which films were deposited) were partially masked with a tape (to obtain a step)

before deposition. After film deposition the tape is removed.

Stylus

Scan direction o

Thin film

Glass substrate |

Fig. 2.3 Operating concept for a stylus profilometer.
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Thickness of thin films of CoFe204 and Cuo.25C00.75Fe204 were measured using AMBIOS Tech
Model XP-1 surface stylus profilometer. Film thickness measurements were done at three
different positions to average over the variations in the film thickness.
2.9 Dielectric spectrometer
In addition to the magnetic properties, ferrites also exhibit good dielectric properties. The
dielectric properties determine the response of a material when placed in an electric field. Spinel
ferrite nanoparticles have high electrical resistivity and low eddy current and dielectric losses.
The dielectric properties (permittivity, ¢ and dielectric loss, tan 8) of ferrites rely on their
preparation method and material processing conditions sintering temperature, substitution used,
the ratio of Fe**/Fe?*ions and AC conductivity. Dielectric properties are always presented
relative to the dielectric constant of the vacuum (&o). The electric permittivity is given by

, Ct

e = (2.5)

So'A
where C is measured capacity, t is sample thickness, A is surface area of the pellet and o

=8.85x101% F/m.

r_ 4Ct
- E()TL'DZ

(2.6)

Here A = (nD?)/4, where D is diameter of capacitor electrodes.

The loss of energy is generally characterized by dielectric loss tangent tan & = £"/¢’, where 9 is
phase lag between induced polarization and applied electric field.

2.9.1 Method of dielectric measurement

The sample cells used in our dielectric spectrometers are shown below. Dielectric properties
were measured using Novocontrol Technologies (Germany) dielectric spectrometer with an ac
voltage of ‘1volt’ at frequencies ranging from 100 Hz—40 MHz (and at RT) for copper doped
cobalt ferrites Co1-xCuxFe204 with x = 0.0, 0.2, 0.25 and 0.4. For these measurements, pellets
of Co1-xCuxFe204 powders were made using mechanical press. These pellets were sintered in a
furnace at different temperatures 100°C for 4 h, 600°C for 3 h, 600°C and 1200 °C for 4 h. The
pellets obtained by sintering were then polished and painted with silver paste on both the faces.
The sample material is prepared by placing the silver coated pellets between additional gold
plated parallel plate external electrodes in order to form a sandwich capacitor as shown below
(Fig.2.4). Finally for the measurements, the sandwich capacitor is mounted between upper and

lower electrodes of Alpha active sample cell BDS 1200 as shown in figure 2.5. This procedure
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simplifies the sample preparation, protects the electrodes from contamination and allows
removing the sample easily. A signal of 1 V is applied to the samples and dielectric

measurements were carried out using Novocontrol Alpha active cell interfaced to a PC.

Sample material
I D I

External electrodes

Fig. 2.4. Sample capacitor prepared with two round disposable plate electrodes.

Electrode

Critical [
Electrical “
Connections

(a)

Fig. 2.5. Lower sample cell part with sample mounted between disposable electrodes; (a) block diagram and (b) photograph.

_____ Sample
Mounting Screw

Isolation

_Housing Screw

Upper Cell Electrode

_—~Disposable Electrodes

[—Sample Material
~Lower Cell Electrode

Measurements on the samples were done at room temperature as a function of frequency and

composition in the frequency range 100 Hz to 40 MHz at room temperature.
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Chapter 3

Structure and properties of cobalt ferrite (CoFe204) and copper doped cobalt ferrite Coa-
xCuxFe204 nanoparticles and bulk ferrite synthesized by co-precipitation technique

This chapter is divided into four major sections. Section 3.1 describes structure and magnetic
properties of CoFe>O4 and copper doped cobalt ferrite Co1xCuxFe204 (x=0.0, 0.2, 0.25, 0.4)
nanoparticles. Section 3.2 describes the structure, magnetic and dielectric properties of bulk
CoFe>04 and Co1xCuxFe204 (x=0.0, 0.2, 0.25, 0.4) ferrites annealed at different temperatures.
Section 3.3 describes the structure, magnetic and dielectric properties of cobalt-copper ferrites
Co1xCuxFe204 (x=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) annealed at different temperatures. Section
3.4 describes the influence of sintering temperature on structure, magnetic and dielectric

properties of cobalt ferrite.

3.1 Structural and magnetic properties of CoFe204 and copper doped cobalt ferrite Coa-
xCuxFe204 (x=0.0, 0.2, 0.25 and 0.4) nanoparticles.

3.1.1 Introduction

The aim of the present work is to investigate the effect of Cu doping on crystal structure and
magnetic properties of cobalt ferrite nanoparticles. We succeeded in synthesizing Cu-
substituted cobalt ferrite nanoparticles of size 10-22 nm with stoichiometry exhibiting high
saturation magnetization, high coercivity and remanence.

3.1.2 Structural analysis

The XRD patterns of Co1-xCuxFe204 (x = 0.0, 0.2, 0.25 and 0.4) nanoparticles heated at 90 °C
(as-synthesized) and 600 °C are shown in Fig. 3.1. The X-ray diffraction pattern reveals that
samples are crystallized in single-phase spinel structure with Fd-3m space group and all the
diffraction peaks matches with JCPDS file No. 98-016-0059. There is no second phase such as
a-Fe203, CuO, and so on detected. It has been noticed that, none of the peaks undergo a shift in
26.

Furthermore, the intensity of (311) peak was found to decrease with Cu-doping up to x=0.25
followed by a small increase. The addition of Cu at Co-site is broadening the peaks which

indicate a decrease in crystallite size, in the case of as-synthesized samples heated at 90 °C. On
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heating the samples at 600°C, large increase in peak intensity is observed. This indicates the

enhanced crystallinity of nanoparticles.
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Fig. 3.1 RT-XRD spectra of as-synthesized Coi1-xCuxFe20s (x=0.0—0.4) nanoparticles heated at 90 °C overnight, (A) and
nanoparticles heated at 600 °C for 3 h, (B) for (i) CoFe204 (ii) Coo.sCuo.2Fe204 (iii) Coo.75Cu0.25F€204 (iv) Coo.6Cuo.4Fe20a4.
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The XRD patterns were Rietveld refined using Xpert HighScore Plus software to determine the
lattice parameter of Cu doped nanoparticles as shown in Figs. 3.2 and 3.3. The lattice parameters
obtained from Rietveld method agree well with those reported by Stein et al. [1]. The crystallite

size of nanoparticles was evaluated by Scherrer formula [2]
_ 091 3.1)

- Bhkl cos @
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where D is crystallite size, A is the wavelength of X-rays, f is the full width of the diffraction
line at half the maximum intensity and @ is the diffraction angle. The average crystallite size is
evaluated from g values of all diffraction peaks. The average crystallite size for CoFe2Qg,
Co0.8Cug.2Fe204, Coo.75CU0.25Fe204 and Coo.6Cuo.sFe204 nanoparticles heated at 90 °C and 600
°C are 14, 11, 11 and 10 nm, respectively and 20, 19, 18 and 22 nm, respectively. Annealing
induces structural distortion by increasing the crystallite size. Lattice parameter is found to
increase on annealing (Table 3.1). The average crystallite size evaluated by employing the
Debye—Scherer formula are listed in table 3.1. Various R factors and goodness of fit values are
also presented in table 3.1. G.O.F. are around 1.16-1.78 and 1.98—2.34 for nanoparticles heated
at 90 °C and 600 °C (for 3 h), respectively. The average crystallite size is in agreement with the
particle size estimated from TEM micrographs. X-rays (px) density decreases slightly on
annealing sample at 600 °C (Table 3.1).

Table 3.1 Rietveld parameters and calculated values of Lattice parameter, average crystallite size
(XRD), average particle size (TEM) and average grain size (FESEM) for Co1xCuxFe;O4 (x=0.0—0.4)

nanoparticles.

C01-xCuxFe204 (x=0.0-0.4 ) x=0 x=0.2 x=0.25 x=0.4
Co1-xCuxFe204 (Nanoparticles heated at 90 °C overnight )

Lattice parameter (+0.001 A) 8.3685 8.3733 8.3622 8.3699
Dxrp 14 11 11 10
Drem 14 15 13 13
Gresem (21 nm) 38 35 39 34

R (expected)/ % 0.4928 0.5073 0.5583 0.5212
R (profile)/ % 0.4715 0.7083 0.5149 0.6045
R (weighted profile)/ % 0.6135 0.9021 0.6482 0.7872
G.O.F 1.2448 1.7782 1.1611 1.5104
Density (calculated)/ g/cm? 5.3174 5.3083 5.3295 5.3148
Unit cell volume V (A3) 586.0738 587.0764 584.7416 586.3556

Co1-xCuxFe204 (Nanoparticles heated at 600 °C for 3 h)

Lattice parameter (+0.001 A) 8.3784 8.3807 8.3791 8.3807
Dxrp 20 19 18 22
D1em 15 17 - 20
Gresem (£1 nm) 33 31 35 38

R (expected)/ % 0.4960 0.5454 0.7401 0.5506
R (profile)/ % 0.8929 0.9228 1.2863 0.8929
R (weighted profile)/ % 1.1634 1.1420 1.6748 1.0906
G.O.F 2.3455 2.0940 2.2630 1.9809
Density (calculated)/ g/cm3 5.2987 5.2942 5.2972 5.2942
Unit cell volume V (A3) 588.1438 588.637 588.3091 588.6441

23



3 —=lobs 3 -—— lobs

leal
~— Difference
| Bragg position

iii)

leal
—— Difference
| Bragg position

(311)

311
—
-

(533)1(622)

(444)

w

)

(440)
(531)/(442) ~

(620)

(440)
2)

(533)(622
)

(444)

(531)(44
(620)

(1)

—

P o, ~~

2 2

g o g

T e e o i

o S Ofsreee - sone
Q \ , X X X , Q
© 3'0 20 30 40 S0 60 70 80 "o 10 20 30 40 50 60 70 80
Not :::.b: = G) | X 3 ___:::f (iv)
B [0 wemrcius § B |0 peeecsuns =

22 g §| 2 2 _
3 87
= s 5 I E

[a—

Ok e e por OA—A- Ty S

g v

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26 (degrees) 20 (degrees)

Fig. 3.2 Rietveld refined XRD patterns of as-synthesized Co1-xCuxFe204 (x=0.0—0.4) nanoparticles heated at 90 °C overnight:

(i) CoFe204 (ii) Coo.sCuo.2Fe204 (iii) Coo.75CuU0.25Fe204 (iv) Coo.6CuUo.4Fe20a.
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3.1.3 Surface morphology

Figs. 3.4 and 3.5 show the FESEM micrographs and histograms for Co1-xCuxFe204 (x= 0.0 to
0.4) nanoparticles heated at 90 °C and 600 °C, respectively. The FSEM images reveal that the
sample comprises homogeneous grains that do not connect with each other tightly and larger
grains seem to be well separated by smaller grains. The grains have excellent crystallinity and

show agglomeration. After heat treatment at 600 °C for 3 h grains with nearly spherical shape
became apparent.

i)

Grain size (nm)

w

Counts (%)
s

(i)

20 40 60 80 100 - s i 20 40 60 S0
e - v

— KN
S W

Grain size (nm)

(i)

Counts (%)
033

20 40 60 80
Grain size (nm)

Sis
2
E1
=
Gl
@]
20 40 60 80 100 % b 20 40 60 80
Grain size (nm) S an OF . Grain size (nm)
- 5
30 .
(iv)
25 ‘ 0
— 2
=20 S
Do 20
v
£ 15 Zs
210 210
o O
[ 4 0
20 40 60 80 100 N ™ . 20 40 60 80
Grain size (nm) _ AN Grain size (nm)

Fig. 3.4 FESEM images of as-synthesized Co1—«CuxFe204 (x=0.0—0.4) nanoparticles heated at 90 °C overnight: (i) CoFe20x4 (ii)
C00.8CuU0.2Fe204 (iii) Coo.75CU0.25Fe204 (iv) Coo.6CuU0.4Fe204 and grain size distributions.

Fig. 3.5 (right) FESEM images of Co1-xCuxFe204 (x = 0.0—0.4) nanoparticles heated at 600 °C for 3 h:

The average grain size was determined using the ImageJ software by measuring the size of 100—
200 individual grains. The average grain size of nanoparticles of CoFe204, C00.8Cuo.2Fe204,
C00.75CUo.25Fe204 and Coo.sCuo.4Fe204 are 38, 35, 39, and 34 nm, and 33, 31, 35 and 38 nm for
as-synthesized samples heated at 90 °C and 600 °C, respectively. For samples annealed at 600
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°C, the histogram of CoFe204, C00.8Cuo.2Fe204, C0o.75CU0.25Fe204 sample show maximum size
distribution in the range of 20-30 nm. For Coo.6Cuo4Fe2O4 sample it is in the range of 30-40
nm. The average values of grain size are listed in Table 3.1.

EDAX spectrum (Fig. 3.6) shows that there is no new element in samples under study. This
means that the compositional stoichiometry of the compound is confirmed within the
experimental limits. For powders sintered at 600 °C for 3 h, the ratio of Fe/Co is 2.22 in
CoFe204, close to the expected value of 2. The Cu/Co ratio is 0.301 for Coo.sCuo.2Fe204, which
is slightly higher than the expected value of 0.25. For C0o.75Cuo.2sFe204 the Cu/Co ratio is 0.255,
which is slightly lower than the expected value 0.333. The value of Cu/Co is 0.66 for

Co00.6Cup4Fe204, which is same as its theoretical value of 0.666.
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Fig. 3.6 EDAX spectrum of copper-substituted cobalt ferrite nanoparticles Co1-xCuxFe20s (x = 0.0-0.4); (i) CoFe204 (ii)
Co00.8Cuo.2Fe204 (iii) Coo.7sCuo.25F€204 (iv) Coo.sCuoaFe204 (a) as-synthesized nanoparticles heated at 90 °C, and (b)
nanoparticles heated at 600 °C for 3 h.
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For as-synthesized powders, the ratio of Fe/Co is 1.97 in CoFe20a, and the ratio of Cu/Co is
0.24 in Coo.8Cuo.2Fe204, which is very close to the expected value 0.25. The ratio Cu/Co is 0.452
and 0.729 for Coo.75Cuo.2sFe204 and CoosCuo.aFe204 which are higher than the theoretical
values of 0.333 and 0.666, respectively.

3.1.4 Transmission Electron Microscopy
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Fig. 3.7 TEM micrograph and particle size distribution of as-synthesized nanoparticles heated at 90 °C: (i) CoFe204 (ii)
C00.8Cuo.2Fe204 (iii) C0o.75CU0.25F€204 (iv) C00.6Cuo.4F€204.
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TEM micrographs of as-synthesized Co1-xCuxFe204 nanoparticles heated at 90 °C and 600 °C
and the corresponding histograms are presented in Figs. 3.7 and 3.10, respectively. The results
indicate that the samples are uniform in both morphology and particle size distribution. TEM
images of nanoparticles heated at 90 °C exhibit spherical shape whereas the nanoparticles
sintered at 600 °C showed hexagonal, cubic and spherical shape. The average size is in the range
of 13-15 nm and 15-20 nm for as-synthesized nanoparticles heated at 90 °C and 600 °C,
respectively. The particle sizes increase slightly on heat treatment.

Fig. 3.8 Selected area diffraction (SAD) patterns of as-synthesized nanoparticles heated at 90 °C overnight: (i) CoFe204 (ii)
C00.8Cuo.2Fe204 (iii) C0o.75CU0.25F€204 (iv) C00.6Cuo.4F€204.
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The selected area electron diffraction (SAED) patterns of the as-synthesized nanoparticles
heated at 90 °C and 600 °C shown in Figs. 3.8 and 3.11, respectively, confirm their crystalline
nature. Each diffraction ring corresponds to a set of parallel planes. The lattice plane is identified
by measuring the radius of each circle, which is equal to d-spacing, and compared them with
JCPDS (card no # 98-016-0059). The images in Fig. 3.8 show distinct diffraction circles in the
(220), (311) (400) (511) and (440) crystal planes of CoFe20a.
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Fig. 3.9 HRTEM lattice fringes of nanoparticles heated at 90 ‘C overnight: (i) CoFe20s (ii) Co00.sCuo.2Fe204 (iii)
C00.75CU0.25F€204 (iv) C00.6CU0.4F€204.

The high resolution TEM (HRTEM) images of as-synthesized nanoparticles heated at 90 °C and
600 °C in Figs. 3.9 and 3.11 show the lattice fringes of the nanocrystallites. The interplanar
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spacing calculated from the lattice fringes reveal formation of (22 0), (31 1) and (4 0 0) planes
of cobalt ferrite. The HRTEM analysis reveals that CoFe;Os nanoparticles have
spherical/squares shape. The histograms of as-synthesized nanoparticles heated at 90 °C show
that the maximum size distribution is in the range of 10-15 nm for all the samples. For
nanoparticles heated at 600 °C, except for Coo.sCuo.sFe204, maximum size distribution is in the

range of 20-25 nm.
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Fig. 3.10 TEM micrograph and particle size distribution of nanoparticles heated at 600 °C for 3 h: (i) CoFe204 (ii)
C00.8Cuo.2Fe204 and (iv) Coo.6Cuo.4Fe204.
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Fig. 3.11 Selected area diffraction (SAD) patterns [Left Panel] and HRTEM images [Right Panel] of nanoparticles heated at
600 °C for 3 h: (i) CoFe20a (ii) CoosCuo.2Fe204 and (iv) Coo.6Cuo.sFe204.

31



3.1.5 Magnetic properties

The M-H loops of Co1-xCuxFe204 (x= 0.0 to 0.4) samples as-synthesized (heated at 90 °C) and
annealed at 600 °C are shown in Fig. 3.12. An expanded view is shown in the inset of the figure.
The magnetization at 1.5 T (Ms), remanent magnetization (Mg), and coercivity (Hc) of the
samples are tabulated in Table 3.2. For as-synthesized CoFe2O4 nanoparticles heated at 90 °C
the maximum H¢ and Ms are 636 G and 134 emu/g. Ms value of nanoparticles is higher than the
bulk CoFe>04. The Ms value is much larger than previously reported for CoFe2O4 nanoparticles
heated at 95 °C by Stein et al. [1].

For samples heated at 90 °C the M(H) loops clearly indicate that Ms, M, and Hc decreases
gradually as the doping concentration of Cu increases from 0 to 40% (x=0.0 to 0.4). The
magnetic measurements of the CoFe.O4 nanoparticles indicate an H.= 636G, M= 43 emul/qg,
and Ms=134 emu/g. The high Ms value CoFe2O4 can be explained on the basis of random
distribution of cations. In an ideal inverse spinel cobalt ferrite, the O% anions pack in the fcc
positions of the unit cell, and half of Fe3* cations (5us) occupy 8 (of 64) tetrahedral holes and
the remaining half occupy 8 (of 32) octahedral holes, and all the Co?* cations fill the remaining
8 octahedral (B) sites. As the spin magnetic moments of the cations in the tetrahedral (A) sites
and octahedral (B) sites are oriented antiparallel because of the superexchange interaction across
oxygen involving the cations (Fe* and Co?*), the magnetic moments of Fe3* ions gets cancelled.
The net moment of ideal inverse spinel CoFe,Ox arises only from the magnetic moment of Co?*
ions. Sometimes, CoFe>O4 can be a partial normal spinel, while the tetrahedral (A) sites are
partially occupied by Co?*. If a fraction of Co?* ions occupy tetrahedral holes then the octahedral
holes which are not filled by Co?* ions are filled by Fe3* cations, leading to a mixed spinel
structure, and consequently, a large increase in the saturation magnetization (Ms). The Ms
decreases systematically as the Cu doping increases from x= 0.2 to 0.4, acopanied by decrease
in crystallite size (Table 3.1).

The Ms decreases from 134 to 107 emu/g as x increases from 0 to 0.2, which is a decrease of
about 20%. There is a decrease of Ms (104 emu/g) about 22.4% for the sample with x = 0.25,
whereas the 40% Cu doped sample show a decrease of about 36.57% of Ms (85 emu/g). The
decrease in Ms with increase in Cu?* is because of substitution of Co?* by Cu?* at octahedral
sites. Noting that the directions of magnetization for the A and B sublattices in ferromagnetic

materials are antiparallel, the net magnetization (in pg) can be written as M (us) = Mg - Ma,
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where Ma and Mg are magnetic moments of A and B sublattices. Substitution of Cu might
displace cations of Co and Fe to A-sites from B-sites leading to a decrease in saturation
magnetization (Ms). At higher Cu content (x= 0.25 and 0.4) fraction of Co?* might be substituted
at tetrahedral sites also leading to decrease in magnetization (Ms) which is not linear at x=0.25
to 0.4. The decrease in Hc value with the Cu doping is due to decrease in crystallite size (Tables
3.1and 3.2).
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Fig. 3.12 M(H) hysteresis loops of copper-substituted cobalt ferrite nanoparticles Co1-xCuxFe204 (x = 0.0—0.4); (i) x = 0 (ii) X
=0.2 (iii) x=0.25 (iv) x=0.4 (A) as-synthesized nanoparticles heated at 90 °C, and (B) nanoparticles heated at 600 °C.

After heating the nanopowders at 600 °C for 3 h, a slight increase in Ms, significant increase in
M, and a large increase in Hc (except pure CoFe20s) is observed for all compositions. The Ms
obtained for (x = 0) sample is 137 emu/g which is smaller than reported by Jeppson et al. [3].
They reported Ms of 144 emu/g for CoFe2O4 annealed in nitrogen at 600 °C [3]. We attribute
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this increase in M;s due to the presence of Co3* (4 ug) ion in the octahedral site leading to an
increase in Mg, magnetic moment of B site. The Ms reduced from 137 to 98 emu g%, as x changes
from 0 to 0.4. The decrease in Ms might be due to the migration of more Fe®** and smaller fraction
of Fe?* (4 ug) to A site from B site so that net magnetic moment decreases. Also when both Cu?*
and Co?* occupy octahedral site, Ms decrease due to decrease in Ms. However, the reduction in
Ms is small with increasing copper content as compared to the samples heated at 90 °C. This
could be due to the formation of a fraction of non-magnetic Cu* (0 ug) ion in tetrahedral site [4]
which will lead to an increase in the net magnetic moment so that the decrease in Ms is only
13%, 16.8% and 28.5% as Cu content increases between x=0.2—0.25-0.4, respectively (Table
3.2). The Ms value for CoFe>O4 nanoparticles annealed at 600 °C is greater than that of cobalt

ferrite nanoparticle reported earlier [5-12] and that of bulk CoFe>O4 (90 emu/g) [13].

Table 3.2 Magnetic properties of Co1-xCuxFe204 (x=0.0, 0.2, 0.25 and 0.4)

nanoparticles

Co1xCuxFe204 Mr Ms Hc
(x) (emu/g) (emu/g) (G)
Co1-xCuxFe204 (Nanoparticles heated at 90 °Covernight )
0 43 134 636
0.2 16 107 137
0.25 13 104 131
0.4 5 85 58
Co1-xCuxFe204 (Nanoparticles heated at 600 °C for 3 h)
0 60 137 582
0.2 52 119 1217
0.25 47 114 1102
0.4 42 98 1081

For CoFe204, Hc is found to be reduced to lower value of 582 G, whereas for samples with x =
0.2,0.25 and 0.4, a large increase in Hc is observed. The value of coercivity, Hc decreases from
1217 to 1081G as Cu concentration increase from x=0.2—0.4. This might be due to reduction in
anisotropy and grain size with increase in Cu?* doping [14-15]. As the orbital moment of Co?*
occupied at B-sites of the spinel structure is relatively large, the magnetocrystalline anisotropy
is not negligible even though the crystal structure of CoFe2Qs is face-centered cubic [16]. The
spin-orbit coupling would increase anisotropy energy resulting increase in Hc and decrease of
Ms.

The remanence (M) values exhibit a large increase on heat treating samples at 600 °C and

decreases with increase in Cu doping level. The change in M, value is due to the change in
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magneto crystalline anisotropy resulting from cation distribution. Bulk cobalt ferrite is inverse
spinel but in nano dimension the occupation tendency of Co?* among tetrahedral and octahedral
sites is arbitrary so that fraction of smaller Fe** (0.645 A) [17] can migrate to octahedral site
and replace the heavier Co?* (0.745 A) cations [18-20]. The substitution of bigger Cu?* (3d°)
ion (0.87 A) at B-site by replacing smaller Co?* (3d") ion (0.74 A) distorts octahedral symmetry
and hence the substitution of Cu reduces the magneto-crystalline anisotropy. Therefore, this
might be the reason for a decrease in remanence (My).

3.1.6 Conclusions

Nanoparticles of cobalt ferrite and copper doped cobalt ferrite Co1-xCuxFe20a4, (x =0, 0.2, 0.25,
and 0.4) were synthesized successfully using co-precipitation method. Rietveld refined XRD
patterns confirm single phase spinel structure with Fd-3m space group. As-synthesized
nanoparticles (heated at 90 °C) size is in the range of 10-14 nm. After annealing particle size
increases to 18-22 nm. Particle size estimated from TEM are in agreement with crystallite sizes.
Grain size estimated from FESEM show that grain is made up of few crystallites. The Ms values
increases slightly on heat treatment. Highest magnetization (137 emu/g) is observed for
CoFe;04 NPs which were heated at 600 °C for 3 hours. The nanoparticle of composition with
x = 0.2, annealed at 600 °C exhibit high coercivity of 1217 G and saturation magnetization of

119 emu/g.

3.2 Structural, magnetic and dielectric properties of bulk CoFe204 and copper doped
cobalt ferrites Co1-xCuxFe204 (x=0.0, 0.2, 0.25 and 0.4)

3.2.1 Introduction

Studies on the influence of particle interactions of increasing strength on nanoparticles (y-
Fe>O3) with different particles sizes and particle interactions show a change from the
superparamagnetic to ferrimagnetic state [21-22]. In addition to the magnetic properties iron
ferrite nanoparticles can be used in developing supercapacitors with stable cycling performance
[23], for absorption of electromagnetic radiation [24], metal-oxide-semiconductor capacitors
[25], and chemical sensors [26]. Jonker [27] explained two regions of low and high conductivity
due to the different ionic structures Co?* and Co** and Fe?* and Fe®*in cobalt ferrite, causes the
mechanism of hole and electron hopping, respectively. For cobalt ferrite, the dielectric constant

is found to increase with increase of particle size while dielectric loss (tan o) decreases as of
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particle size increases and may have no clear correlation with particle size [28-30].Several
reports on electrical conductivity and dielectric properties of bulk CoFe204 are available in the
literature [31-33].
In this study the Co1-xCuxFe20a4, (x = 0, 0.2, 0.25, and 0.4) nanopowders fabricated by co-
precipitation technique (as given in Section 2.2.1) are pressed into pellets to study their magnetic
and dielectric properties by heating them at different annealing temperatures. Substitution of Co
with Cu ions improved the magnetic properties, and dielectric properties. The effects of copper
substitution on structural, magnetic and dielectric properties of Coi1-xCuxFe204 bulk ferrites are
reported.
3.2.2 Structural characterization
The X-ray diffraction patterns of Co1-xCuxFe204 (x = 0.0, 0.2, 0.25 and 0.4) nano-particles
sintered at 100, 600 (and 600 °C for 3 h) and 1200 °C for 4 h, are shown in Fig. 3.13. The
indexed peaks of the crystal planes (11 1),(220),(311),(222),(400),(422),(511),(44
0),(531)(620),(533),(622)and (4 4 4) corresponds to spinel structure consistent with
JCPDS # 98-016-0059 and confirms highly pure crystalline Co1-xCuxFe2O4 bulk and nano-
particles. XRD pattern of the samples matches to spinel structure with space group Fd-3m.
Rietveld refinement method using Xpert HighScore plus software program (Figs. 3.14, 3.15,
3.16 and 3.17) was used to estimate structural parameter of Co1-xCuxFe204 bulk materials.
Rietveld refinement was done without background correction. The Rietveld refined X-ray
diffraction patterns are shown in Figures 3.14, 3.15, 3.16 and 3.17. The various R factors and
“goodness of fit” values are listed in Table 3.3. Low values of %> (goodness of fit) establish the
goodness of refinement. Each panel (i, ii, iii, and iv) in the figures represent the samples
CoFe204, Coo.8Cup.2Fe204, Cog.75CUo.25Fe204and Coo.sCuo.aFe204, respectively. Crystallite size
(Dxrp) of the samples was estimated using the Debye-Scherrer equation [2] D = 0.91/8 cos 6
where /1 is the wavelength of X-rays, g is the full width of the diffraction line at half the
maximum intensity and 6 is Bragg angle. The evaluated average crystallite sizes are tabulated
in Table 3.3 for the different sets of the four samples sintered at different temperatures used in
the experiments. The crystallite sizes were small for samples heated at 100 °C (below 14 nm)
and increased with increasing annealing temperature. The average crystalline sizes are 14, 11,
11 and 10 nm for (a) (i) CoFe20s4, (ii) C00.8CuUo.2Fe204, (iii) C00.75CuU025Fe204, and (iv)
Co00.6Cuo.4Fe204, pellets heated at 100 °C for 4 h, respectively, 19.5, 18, 19.2, and 21.3 nm for
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(b) (i), (ii), (iii) and (iv), pellets heated at 600 °C for 3 h, respectively, and 20, 19, 17, and 22
nm for (c) (i), (ii), (iii) and (iv), pellets heated at 600 °C for 4 h, respectively, 84, 83, 87 and 93
for (d) (i), (ii), (iii) and (iv), pellets sintered at 1200 °C for 4 h respectively.
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Fig. 3. 13 XRD pattern of copper doped cobalt ferrite samples Co1-xCuxFe204 (x = 0.0, 0.2, 0.25 and 0.4); (i)
CoFe204 (ii) Coo.sCup2Fe204 (iii) Coo.75CuUo.25Fe204and (iv) CogeCuo.aFe204 which are heated at (a) 100 °C for 4
h, (b) 600 °C for 3 h, (c) 600°C for 4 h and (d) 1200 °C for 4 h.
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Table 3.3 Rietveld parameters, estimated Lattice parameter, crystallite size (XRD), and average grain
size (FESEM)

C01-xCuxFe;04 x=0(i) x = 0.2 (ii) x=0.25 (iii) x=0.4(iv)
Co1-xCuxFe;04 Pellets Heated at 100 °C for 4 h
Lattice parameter (A) 8.372(1) 8.374(2) 8.376(1) 8.374(2)
Dxrp 13.8 11 11 9.8
Gresem (il nm) 51 40 45 49
R (expected)/ % 0.6496 0.7624 0.6518 0.7810
R (profile)/ % 0.8456 0.8038 0.8257 0.6203
R (weighted profile)/ % 1.0872 1.0143 1.0729 0.7810
G.OF 1.6736 1.3303 1.6459 1.0000
Theoretical density, pna(g/cm?®) 5.3109 5.3062 5.3041 5.3077
Measured density p (g/cm®) 2.027 2.5746 2.7131 2.26
Porosity (%) 61.83 51.48 48.45 57.42
Volume of the unit cell (A3) 586.7864 587.3138 587.5419 587.1424
Co1-xCuxFe;0, Pellets Heated at 600 °C for 3 h
Lattice parameter (A) 8.3766 8.3797 8.38093 8.37952
Dxrp 195 18 19.2 21.3
Gresem (1 nm) 43 48 44 58
R (expected)/ % 0.5071 0.5233 0.5220 0.51895
R (profile)/ % 0.5954 0.6373 0.6477 0.8345
R (weighted profile)/ % 0.7750 0.7828 0.8185 1.0692
G.O.F 1.5282 1.4957 2.2630 2.0604
Theoretical density, pna(g/cm?) 5.3021 5.2962 5.2939 5.2966
Measured density p (g/cm®) 2.5748 2.4843 3.3438 3.1366
Porosity (%) 51.44 53.09 36.83 40.78
Volume of the unit cell (A%) 587.7667 588.4228 588.6772 588.3796
Co1-xCuxFe;0; Pellets Heated at 600 °C for 4 h
Lattice parameter (A) 8.3812(7) 8.3820(6) 8.3801(7) 8.3819(5)
Dxrp 20 19 17 22
Gresem (1 nm) 65 128 71 92
R (expected)/ % 0.6958 0.6997 0.7037 0.7984
R (profile)/ % 0.7425 0.7143 0.6508 0.7237
R (weighted profile)/ % 0.9441 0.9042 0.8137 0.9298
G.OF 1.3569 1.2923 1.1562 1.1646
Theoretical density, pna(g/cm?) 5.2934 5.2919 5.2954 5.2921
Measured density p (g/cm®) 3.1464 2.5038 3.3016 3.825
Porosity (%) 40.55 52.68 37.65 27.72
Volume of the unit cell (A3) 588.7323 588.8979 588.506 588.8762
Co1-xCuxFe;0; Pellets Heated at 1200 °C for 4 h
Lattice parameter (A) 8.384689 8.38806(7) 8.386540 8.38646(5)
Dxrp 76 73 76 88
Gresem (1 nm) [um] 66 [4] 48 [10] 56 [14] 62 [26]
R (expected)/ % 0.56535 0.52042 0.53253 0.52222
R (profile)/ % 0.68661 0.68517 0.72230 0.84068
R (weighted profile)/ % 1.12613 1.31439 1.33278 1.39145
G.OF 1.99192 2.52565 2.50273 2.66451
Theoretical density, pna(g/cm?) 5.2868 5.2804 5.2833 5.2834
Measured density p (g/cm?) 4.125 4.5326 4.7451 3.995
Porosity (%) 21.97 14.16 10.18 24.38
Volume of the unit cell (A3) 589.4687 590.1803 589.8592 589.8417

Errors of lattice parameters are shown in parentheses. Average grain sizes estimated in ‘um’ scale from

right panel of Fig. 3.23 are given in square brackets.
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Fig. 3.14 Rietveld refined XRD patterns of copper-substituted cobalt ferrite samples Co; xCuxFe;O4 (x = 0.0, 0.2,
0.25 and 0.4); (i) CoFez04 (ii) Coo.sCuUo.2Fe204 (iii) Coo.75CUg25F€204 and (iv) CoosCuo.aFe204 which are heated
at 100°C for 4 hrs.
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Fig. 3.15 Rietveld refined XRD patterns of copper-substituted cobalt ferrite Co1—xCuxFe204 (X = 0.0—0.4) samples; (i) CoFe20a,
(ii) C00.8Cuo.2F€20s4, (iii) Coo.75Cu0.25Fe204, and (iv) Coo.6Cuo.4Fe204 which are heated at 600°C for 3 h.
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Fig. 3.16 Rietveld refined XRD patterns of copper-substituted cobalt ferrite Co1—xCuxFe204 (x = 0.0—0.4) samples; (i) CoFe204,
(ii) Coo.8Cuo.2Fe20s4, (iii) Coo.7sCuo.25Fe204, and (iv) Coo.sCuo.sFe204 which are heated at 600°C for 4 h.
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Fig. 3.17 Rietveld refined XRD patterns ofcopper-substituted cobalt ferrite Co1xCuxFe204 (x = 0.0—0.4) samples; (i) CoFe20a,
(ii) C00.8Cuo.2F€20s4, (iii) Coo.75CuU0.25Fe204, and (iv) Coo.6Cuo.sFe204 which are sintered at 1200°C for 4 h.
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The values of px (calculated) from Rietveld method are presented in Table 3.3. Lattice
parameters of CoFe204 pellets heated at 100 °C and 600 °C for 3 h are in the range of 8.37A
[34]. While Lattice parameters of CoFe204 pellets sintered at 600 °C and 1200 °C for 4 h are in
the range of 8.38 A match with the values reported in the literature [35-36].

The density of pellets pm was estimated by the formula [37]

Pm = o (32)
where m is mass, r is radius and | is pellet thickness. The porosity is given by [37]
—1-Pm
P=1 = (3.3)

The values of porosity are presented in Table 3.3. Bulk density increases at higher sintering
temperatures due to consequent decrease in porosity.

3.2.3 Surface morphology
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Fig. 3.18 FESEM micrographs of Co1-xCuxFe;Os (x=0.0—0.4) pellets; (i) CoFe,04, (ii) C0osCuo2Fe20a4, (iii)

C00.75CU0.25Fe204, and (iv) Cog.sCuo.sFe204 which are heated at 100°C for 4 hrs and grain size distributions.
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Figs. 3.18, 3.19, 3.20, and 3.21 shows FESEM images and grain size distibutions of samples
sintered at 100 °C for 4 h, 600 °C for 3 h, 600 and 1200 °C for 4 h. The FESEM images of all
the samples heated at 100 °C and 600 °C exhibit homogeneous, almost spherical nanocrystalline
morphology, whereas samples heated at 1200 °C show most of the grains irregular in shape with
few spherical, tetragonal, rectangular/square and also hexagonal shape domains made up of
nanocrystalline grains. Average grain sizes of the prepared samples of composition (x = 0.00 to
0.4) have been estimated by FESEM images using imageJ software and are reported in Table
3.3.
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Fig. 3.19 (left) FESEM micrographs of Coi-xCuxFe204 (x=0.0—0.4) pellets; (i) CoFe;0s, (ii) CoogCuo2Fe204, (iii)

C00.75CUo.25F€204, and (iv) Cog.6Cuo.sFe204 which are heated at 600°C for 3 hrs and grain size distributions.

Fig. 3.20 (right) FESEM micrographs of Co1xCuxFe;Os which are heated at 600°C for 4 hrs and grain size
distributions.
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Fig. 3.21 FESEM Micrographs taken at 400 K X [left panel] and corresponding micrographs taken at 4 K X [right panel] of
Co1-xCuxFe204 (x=0.0—0.4) pellets; (i) CoFe20s4, (ii) Coo.sCuo.2Fe204, (iii) Coo.75CuU0.25F€204, and (iv) Coo.6Cuo.4Fe204 which
are sintered at 1200°C for 4 h.

Fig. 3.22 (right) Grain size distributions.

The average grain sizes were oscillating with Cu?* ion doping for samples sintered at 600 °C,
whereas average grain sizes first decreased at x=0.2 and increased thereafter with Cu?
concentration for samples heated at 1200 °C. Moreover average grain sizes determined from
FESEM are much greater than crystallite sizes determined by XRD, indicating that each grain
is composed of a few nanocrystallites.

EDS spectra of the samples are depicted in Fig. 3.23. The EDS analysis shows presence of all
constituent elements Co, Fe, Cu and O. The atomic % of all elements are given in Table 3.4.
The gold peak in spectrum comes from thin conduction coating of gold on the sample. We have
estimated the concentrations of the cations only because the EDS is not enough sensitive to

oxygen. The atomic % ratio Fe/Co of all CoFe204 samples is 2 and for Cu doped samples the
Fe/Co is >2.
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Fig. 3.23. The energy dispersive spectroscopic spectra of Co;xCuxFe;04 (x=0.0—0.4) pellets; (i) CoFe 0., (ii)
C00.8CuUp 2Fe204, (iii) Cog.75Cug25Fe204, and (iv) CogsCuosFe204 which are heated at (a) 100°C, (c) 600°C, (d)
1200°C for 4 h and (b) 600°C for 3 h.

Table 3.4. Composition of the prepared pellets measured from EDS
Elements in EDS

C01xCuxFe20s

(x=0.0-0.4)
Co (atomic %) Fe (at. %) Cu (at. %) Fe/Co Cu/Co
Co1-xCuxFe20s (Pellets Heated at 100 °C for 4 h)
x=0 26.04 48.79 - 1.87 -
x=0.2 19.89 44.32 5.42 2.22 0.272
x=0.25 17.60 44.59 7.48 2.53 0.425
x=0.4 14.29 45.20 10.66 3.16 0.746
Co1-xCuxFe204 (Pellets Heated at 600 °C for 3 h)
x=0 26.15 49.71 - 19 -
x=0.2 20.38 48.58 5.28 2.38 0.259
x=0.25 19.64 43.66 5.02 2.22 0.256
x=0.4 16.14 48.66 11.69 3.01 0.724
Co1-xCuxFe20s (Pellets Heated at 600 °C for 4 h)
x=0 29.39 57.02 - 194 -
x=0.2 25.64 56.88 6.07 2.21 0.237
x=0.25 22.82 51.95 7.45 2.28 0.326
x=0.4 17.02 52.92 13.02 3.1 0.765
Co1xCuxFe204 (Pellets Heated at 1200 °C for 4 h)
x=0 26.48 51.64 - 1.95 -
x=0.2 21.08 51.99 8.42 247 0.399
x=0.25 20.54 53.80 8.56 2.61 0.416
x=0.4 20.72 53.66 9.15 2.59 0.441
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3.2.4 Magnetic properties

The room temperature magnetic properties of samples are measured by vibrating sample
magnetometer (VSM) under an applied field of £15 kG. Fig. 3.24, shows the magnetization
hysteresis loops of samples Co1xCuxFe204 (X = 0.0-0.4) samples which exhibit a typical
ferrimagnetic property at room temperature. The values of coercivity (Hc), remanent
magnetization (M) and saturation magnetization (Ms) of the samples are given in Table 3.3.
The magnetic saturation (Ms) values are 137, 140, 55 and 175 emu/g for CoFe>O4 heated at 100,
600 and 1200 °C for 4 h, respectively which is much higher than the theoretical value of 71.2
emu-g * [38]. The enhancement of saturation magnetization (Ms) of pure CoFe204, might be
because of occupation of Co?* ions in tetrahedral holes. Co?* actually goes to octahedral site. If
Co?* goes to tetrahedral site instead of octahedral site, the occupancy of tetrahedral site in
inverse spinel structure cannot be increased, and forces transfer of same number of Fe®* ions to
octahedral sites. Hence magnetic moment per unit volume/unit mass (Ms), i.e. saturation
magnetization increases.

The Ms of CoFe204 pellets heated at 100 °C decreased with increasing Cu doping. For pellets
heated at 100 °C, the values of Ms, M, and Hc reduced as the Cu?*content increased. The decrease
of Ms values is due to the combined effect of grain size and substitution of Co?* by a less-
magnetic Cu?* ion, whereas the decrease of coercivity with increasing Cu?* is because of
decrease in the size of the crystallite, as observed from XRD (Table 3.3). These M;s values are
much larger than previously reported CoFe.O4 nanoparticles [6].

A slight decrease of Ms values is observed as copper doping increases for pellets sintered at 600
°C for 3 h because of the corresponding change in the grain size (Tables 3.3 & 3.5). But both
Hc and My initially decreased for x=0.2 Cu?* doping (Coo.sCuo2Fe204), while a slight increase
was observed for x=0.25 doped samples, and again for further high doping of Cu (x=0.4) both
Hc and My increased. The decrease in the coercive field at x=0.2 is related to the corresponding
increase in grain size, and increase in H¢ at x=0.25 is related to a small decrease of grain size.
Finally, the decrease of coercivity at x=0.4 is related to the increase on the grain size.
Similarly, for pellets sintered at 600 °C for 4 h, both Ms and M, decreased drastically and showed
a decreasing trend, while H¢ decreased from x=0.0 to 0.25 and finally increased at x=0.4. The
observed changes in the Ms, M and Hc are due to the large grain sizes and small x-ray density

values as compared to the other group of samples (Tables 3.3 and 3.5). Additionally, the
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concentration of Co?* in B-sites might be more in samples annealed at 600 °C for 4 h and exhibit
high amount of inversion (near ideal inverse spinel) than for samples annealed at 100, and 1200
°C for 4 h resulting in lower saturation magnetization (Ms)

Finally, for pellets heated at 1200 °C for 4 h, all properties Ms, Mr and H. exhibited a decrease
at x=0.2 Cu doping and an increase at x=0.25 followed by a decrease at x=0.4. The observed
changes in the Ms, M, and Hc values are due to the corresponding changes in the grain sizes
(Tables 3.3 & 3.5).
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Fig. 3.24. M(H) hysteresis plots of Co1xCuxFe;04 (x=0.0—0.4) pellets at RT; (i) CoFe;O4, (ii) CoosCuo.2Fe20s4, (iii)
C00.75CUg 25F€204, and (iv) CogsCuo.sFe204 which are heated at (a) 100°C, (¢) 600°C and (d) 1200°C for 4 h and
(b) 600°C for 3 h.

Due to the surface effects, in nano crystalline ferrites the density of magnetization is lower than
submicron ferrites or bulk of the same alloy systems [39]. Because of this reason samples heated
at 600 °C for 4 h (Fig. 3.24(c)) shows very lower Ms compared to the magnetization of the
samples annealed at 1200 °C. It can also be seen that the samples heated at 100 °C, 600 °C for
3 h exhibit smaller Ms compared to Ms of samples heated at 1200 °C. Changes in magnetic
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properties with heat treatment could be due to increased grain size with increasing temperature.
Since pellets were heated at different temperatures cation distribution might change resulting in
increase of Ms. Formation mechanism of different samples might involve different rates of grain
growth when the materials were brought through a different annealing temperature even though
both heating and the cooling rate are the same [40-42].

As coercivity of a material depends on its magnetocrystalline anisotropy, the increase in M, and
Hc when temperature increases from 100 to 600 °C is due to an increase of anisotropy whereas
the decrease in M, and Hc¢ with increasing annealing temperature from 600 to 1200 °C can be

due to decrease in anisotropy of CoFez0a.

Table 3.5 Magnetic properties of CuxCoi1-x Fe204 with x = 0.0, 0.2, 0.25 and 0.4

CuxCo1-x Fe204 Mr Ms Hc
(x=0.0-0.4) (emu/g) (emu/g) (G)
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 43 134 636
x=0.2 16 107 137
x=0.25 13 104 133
x=0.4 5 85 44
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 3 h)
x=0 54 140 977
x=0.2 44 122 858
x=0.25 48 120 970
x=0.4 41 107 937
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 22 55 1019
x=0.2 26 50 891
x=0.25 24 48 717
x=0.4 16.5 44 1010
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 21 175 296
x=0.2 6 146 76
x=0.25 11 159 83
x=0.4 5 138 50

The higher Ms value of the CoFe>O4 could be related to the disorder in the distribution of
Fe3* and Co?* cations among A and B sites compared with a perfectly ordered inverse spinel
structure. In complete inverted structure, the Fe®* moments are cancelled and the net moment
comes only from Co?* ions. The occupation of Co?* ions to octahedral sites might be less than
the full. The octahedral holes which are not occupied by the Co?* ions might be filled with
Fe3* ions which lead to the increase in Ms of the pure CoFe,QO4. The decrease in Ms with Cu
concentration could be related to the increase in cation ordering among A and B sites.
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The increase in Ms with annealing temperature might be due increase in the microscopic
magnetic domain size (see Fig. 3.21[left panel]) and a large number of atomic spins tend to
align with the applied field direction [43-44]. Similar explanation holds for the effect of
annealing on magnetic properties of Cu doped samples Coo.sCuo.2Fe204, C0o.75CUo.25F€204 and
Co00.6Cuo.4Fe204. The study shows that annealing temperature used for preparing the samples
has strong effect on the microstructure and magnetic properties of copper doped cobalt ferrite,
Co1-xCuxFe204 (x = 0.2, 0.25 and 0.4) materials. Fig. 3.25 show M(H) loops measured at a
temperature of 100 K for the Co1-xCuxFe204 (x = 0, 0.2, 0.25 and 0.4) pellets heated at 1200 °C
for 4 h, for the applied fields of up to £15 kG. Magnetization attains its saturation value, at £15
kG (Fig. 3.25), when compared to the samples measured at room temperature (Fig. 3.24). This
might be due to the decrease in the thermal randomizing energy minimize thermal fluctuations
of the spins at the surface of the grains and orient them easily along the field direction, which

leads to saturation magnetization faster in these grains at 100 K.
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Fig. 3.25 M(H) hysteresis curves measured at 100 K of Co;xCuxFe;04 (x = 0.0-0.4) pellets; (i) CoFeO4 (ii)
Co0.8Cug2Fe204 (iii) Coo.75CUo 25F€204 (iv) C0o.6CUo 2Fe204 Which are heated at 1200 °C for 4 h.

Fig. 3.26 (right) Zero field cooled and field cooled magnetizations for Co:-«CuxFe;Os (x = 0.0—0.4) pellets
measured at an applied field of 1kG.

We observed an increase in coercivity and decrease of Ms at temperature of 100 K. The observed
values of Ms are 65 emu/g, 64 emu/g, 213 emu/g and 33 emu/g and Hc values are 1332, 407,
476 and 499 G and M values are 37, 16, 88 and 12 emu/g, respectively for x =0.0, 0.2, 0.25 and
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0.4. When temperature is decreased, thermal fluctuations are reduced tending to make magnetic
moments anisotropic, resulting in increase of coercivity [45]. At 100 K, decrease in Hc with
increasing Cu amount is due to increasing particles size [13,46]. From Fig. 3.21 [right panel],
we observed that the samples consist of microscopic domains which are made up of few
nanocrystallites [left panel]. The decrease of saturation magnetization value of the bulk
materials may be attributed to the reduced number of moments contributing [47-49].

All the samples show a large decrease in Ms compared with the value at room temperature except
Co00.75Cuo.25Fe204 Which exhibited very large increase in Ms at 100 K (Table 3.6). The decrease
in magnetization observed at 100 K is due to increase in the anisotropy. The Mdssbauer
spectroscopy studies of Nakagomiet al. [48], showed that octahedral site is most occupied by
Co? ions resulting in increase of anisotropy. Therefore the maximum applied magnetic field is
not enough to align dipoles leading to a decrease in magnetization of the samples.

To get information about magnetic properties of Co1-xCuxFe2O4 samples which are heated at
1200 °C, ZFC and FC magnetizations were measured at 1 kG. The composition Coo.sCuo2Fe204
show a broader peak in the ZFC curve around Tmax=260 K as shown in Fig. 3.26(ii) might be
due to broad distribution of relaxation time for metastable states. CoFe>O4 shows no sharp peak
in the curves and there is no irreversibility point up to 400 K.

The irreversibility temperatures (Tirr) for Coo.sCuo.2Fe204 and Coo.75Cuo.2sFe204 are 360 K, 380
K, respectively. Similarly, CooeCuo4Fe204 shows no irreversibility point up to 400 K. Tir
decreased with the decreasing cobalt content at x=0.2 because of decrease in grain size.
Similarly, a slight increase of Tirr for x=0.25 is because of increase in grain size (Table 3.3).
Moreover, we observed a broad peak in ZFC for Cu doping of x=0.2 which becomes broader
with increase in Cu doping. All samples would have blocking temperature higher than 400 K
except CoogCuo2Fe204 sample. The nature of the ZFC and FC curves remain same, only
blocking temperature of Coo.sCuo.2Fe204 sample decreased to >260 K. The decrease of blocking
temperature for Coo.gCuo.2Fe204 is due to decrease in grain size (Table 3.3). The decrease in
blocking temperature may also be attributed to a decrease in anisotropy.

3.2.5 Dielectric properties

The change of dielectric permittivity (¢) with frequency for all compositions Co1-xCuxFe204

(x=0.0—0.4) is depicted in Fig. 3.27. Dielectric constants obtained at different frequencies are
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listed in the Table 3.6. The dielectric constant decreases rapidly at lower frequencies and as

frequency increases it decreases and becomes almost constant at high frequencies.
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Figure 3.27. Dependence of dielectric permittivity, (¢") with logarithmic frequency in case of Coi1-xCuxFe204 (x = 0.0, 0.2,

0.25 and 0.4); (i) CoFe204 (ii) Coo.8Cuo.2Fe204 (iii) Coo.75Cu0.25F€204 (iv) Coo.6Cuo.sFe204 Which are heated at (a) 100 °C, (c)
600°C and (d) 1200 °C for 4 h and (b) 600 °C for 3 h.
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Polycrystalline materials exhibit an interfacial or space charge polarization arising from the
difference in the polarization of different phases present. Even if the solid has no net charge, it
is composed of positive atomic cores and electrons which experience oppositely directed forces
under the action of an applied electric field. Electrons migrate through the dielectric material
across the boundaries by hopping conduction. The positive atomic cores form a periodic
coulomb potential with electrons localized within the potential wells. Electrons in potential
wells can either hope over the potential well or tunnel through the barrier. Hopping requires an

activation energy whereas tunneling does not. At ordinary temperatures the tunneling
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probability is less than that for jJumping over the potential barriers and the electron hopes from
Fe3* site to Fe?* site. The motion of electrons is interrupted at the grain boundaries and some
charges get trapped at the grain boundaries. Charges of opposite sign give rise to dipole moment.
Even if the charges are predominantly of one type the electric field due to these trapped charges
affect dielectric constant, since their presence alters the applied field inside the dielectric.

At low frequencies the polarization adjusts itself to the instantaneous value of the driving field
and so dielectric constant is very high. As the frequency becomes higher, it becomes
increasingly impossible for all of the charge carriers to move fast enough to stay in step with
the field and hence polarization lags behind the driving field. Therefore, dielectric constant
decreases with increasing frequency. At very high frequencies, the fastest moving charge
carriers can no longer respond there will be no polarization resulting in a very low dielectric
constant. The dielectric constant in the present study is of the same order of magnitude as
compared to that reported by Balavijayalakshmi et al. [33].

For samples heated at 100 °C, introduction of Cu doping of x=0.2, CoosCuo2Fe204 decrease
dielectric constant to lowest value since grain size and porosity decreased as compared to pure
CoFe204 as shown in Fig. 3.27 (a)(see Table 3.3). As the doping concentration increases to
(x=0.25) Co00.75Cuo.25Fe204 dielectric constant increases and becomes maximum due lowest
value of porosity and small increase in grain size as compared to Coo.gCuo2Fe20a4. Dielectric
constant is found to decrease for Cu doping x=0.4, C0o.6Cuo.4Fe204 due to increase in grain size
and porosity as compared to that of Coo.75Cuo25F€204. The value of dielectric constant varies
from 84.943 x 10° to 14. Therefore, Cu doped sample heated at 100 ‘C show highest dielectric
constant for Cu concentration of x =0.25 (Fig.3.27 (a)).

Similarly, for samples heated at 600 “C for 3 h (Fig.3.27(b)), CoFe>O4 shows highest dielectric
constant because of smallest grain size. Coo.sCuo.2Fe204 shows lowest dielectric constant due to
high porosity and increase in grain size compared to that of CoFe;Os. Even though
C00.75CuUo.25Fe204 has small grain size when compared to that of CogsCuog2Fe20a, dielectric
constant increases significantly because of lowest value of porosity. Finally, the dielectric
constant is found to decrease for x=0.4, Coo.sCuo.4Fe>0O4 due to small increase in porosity and
bigger grain size of 58 nm, when compared to that of Coo.75Cuo2sFe204 (Table 3.3). But for
samples heated at 600 “C for 4 h (Fig.3.27 (c)), CoFe2O4 exhibits lowest dielectric constant

because of small grain size. CoosCuo.2Fe204 shows almost same dielectric constant as that of
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CoFe204 due to high porosity and grain size. High dielectric constant for Coo.75Cuo.2s5F€204 is
because of significant reduction in porosity and grain size compared to that of CogsCuo 2Fe204
Finally, the dielectric constant of CoosCuo4Fe204 decreased slightly due to increase in grain
size even though it has smallest porosity value.

Similarly for samples sintered at 1200 ‘C (Fig. 3.27 (d)), CoFe2O4 shows lowest dielectric
constant because of large grain size and high porosity. Coo.sCuo.2Fe204 shows highest dielectric
constant because of decrease in grain size and porosity compared to that of CoFe,O4. Dielectric
constant of Coo.75Cuo.2sFe204 decreased due to increase in grain size even though porosity
decreased slightly at x=0.25 followed by a small decrease at x=0.4, C0osCuo2Fe20O4 due to

increase in grain size and porosity.

Table 3.6: Dielectric Constant ¢ at Different Frequencies

Samples g
CuxCo1—x Fe204 100Hz 1kHz 1MHz 5MHz 40MHz
(x=0.0-0.4)
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 58371 14786 84 42 24
x=0.2 1425 215 17 15 13
x=0.25 84943 23719 74 38 21
x=0.4 6987 705 22 18 14
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 3 h)
x=0 7602 580 19 16 14
x=0.2 371 102 13 11 10
x=0.25 3252 439.5 16.5 12,5 10.4
x=0.4 1121 166 15.8 13 11.5
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 1007 253 35 35 32.4
x=0.2 1701.6 142.6 20 13 9.4
x=0.25 18078 798 48 41 33.4
x=0.4 8971 591 149 135 119
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 513 295 110 69 30
x=0.2 2830 1594 126 51 -
x=0.25 2072 1147 136 55 -
x=0.4 1815 956 67 37 -

Dielectric loss behaviour

Dielectric tangent loss (tand) was calculated using the relation [50]

II

tan§ = “'8—, (3.4)

where e'and &'’ are real and imaginary parts of complex dielectric constant.
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The polarization that lags behind can be resolved in to two components. One component ¥’ (or
") in phase with applied field and another component y'’ (or €") out of phase with electric field
by 90°. The out phase component of polarization continuously drains away energy from the
field and appears as joule heating of the material. The energy associated with the in phase
component of polarization is alternately store in the material and released twice during each
cycle of the driving field and thus makes no contribution to the energy balance.

Variation of Tan 6 (loss tangent) with frequency for all compositions is shown in Figure 3.28.
For samples heated at 100 °C for 4 h, the loss tangent decreases with increasing frequency from
100 Hz and becomes minimum at 1640 Hz exhibiting the relaxation peak between the frequency
1600 Hz and 2.5 MHz for the pure CoFe;O4. For CoosCuo2Fe 04, the loss tangent increases
with increasing frequency from 100 Hz and becomes maximum around 350 Hz and decreases
thereafter with further increase in frequency showing a shift in the relaxation peak between the
frequency 100 Hz to 1350 Hz. Whereas Coo.75Cuo.2sFe204 exhibits a relaxation peak between
4250 Hz to 20 MHz, Coo.6Cuo.4Fe204 exhibits a relaxation peak between 100 Hz to 159 kHz,
followed by a decrease with increasing frequency. The position of loss tangent maxima shifted
towards low frequency (350 Hz) for Cu doping of x=0.2, and shifts towards higher frequency
(192.3 kHz) for x=0.25 and finally again shifts towards lower frequency (2.6 kHz) for Cu
content of x=0.4. Therefore, peak in the loss tangent occurs if the frequency of the electric field
is in phase with the relaxation frequency of the dielectric, resonance occurs and maximum
energy is absorbed. The value of the dielectric tangent loss (tan 9) at different frequencies is
tabulated in the Table 3.7.

For samples heated at 600 "C for 3 h, the loss tangent increases with increasing frequency from
100 Hz and becomes maximum at 1640 Hz showing the relaxation peak between the frequency
1640 Hz to 1.5 MHz for the pure CoFe20a. For CoosCuo2Fe204, the loss tangent decreases with
frequency without any characteristic peak in the measured frequency region. Whereas
Co00.75Cuo.25Fe204 exhibits a peak a relaxation peak between 180 Hz to 280 kHz followed by a
decrease with increasing frequency, Coo.sCuo.4Fe204 exhibits a peak a relaxation peak between
220 Hz to 840 Hz and decreases rapidly with increasing frequency. The relaxation peak can be
explained according to the Debye relaxation theory (Tridevi et al 2005) [51].

For samples heated at 600 °C for 4 h, the loss tangent is very small which decreases very slowly
with frequency without any characteristic peak in the measured frequency region for the pure
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CoFe204. For CoogCuo.2Fe204 and Coo.6Cuo.4Fe204 the loss tangent increases up to 475 Hz and
695 Hz, respectively, decreases rapidly up to 10 kHz exhibiting a relaxation peak between 100
Hz and 6.2 kHz beyond which it decreases slowly becomes almost constant at higher
frequencies. Whereas loss tangent increases up to 1490 Hz beyond which it decreases rapidly
up to 60 kHz showing a relaxation peak between 100 Hz to 60 kHz followed by a slow decrease

at higher frequencies for Coo.6Cug.4Fe20a.

(c) =)

Fig. 3.28. The variation of dielectric loss with log of frequency of copper doped cobalt ferrite samples Co1-xCuxFe204 (x = 0.0,
0.2, 0.25 and 0.4); (i) CoFe204 (ii) Coo.sCuo.2Fe204 (iii) Coo.75Cu0.25Fe204 (iv) C00.6CUo.4Fe204 which are heated at (a) 100 °C,
(c) 600°C and (d) 1200 °C for 4 h and (b) 600 °C for 3 h.

For samples heated at 1200 °C for 4 h, no relaxation peak appears in the loss tangent which
decreases with frequency. CoFe204 exhibits small loss tangent value and decreases gradually
with frequency from 100 Hz and becomes minimum at 41.9 kHz and increases slowly thereafter

with frequency.
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Table 3.7: Loss Tangent (tan d)

Samples tan
CuxCo1-x Fe204 100Hz 1kHz 1MHz 5MHz 40MHz
(x = 0.0-0.4)
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 2.624 1.75 1.743 1.092 0.456
x=0.2 4.118 4.328 0.309 0.182 0.1087
x=0.25 2.283 1.648 3.176 1.644 0.626
x=0.4 2.327 4.18 0.502 0.284 0.163
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 3 h)
x=0 1.57 4.097 0.429 0.178 0.064
x=0.2 4.893 2.472 0.24 0.115 0.054
x=0.25 3.147 3.972 0.567 0.27 0.101
x=0.4 6.858 5.955 0.359 0.162 0.057
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 5.7 3.1 0.145 0.064 0.044
x=0.2 129.3 164.7 1.752 0.742 0.244
x=0.25 50 118.9 2.333 0.649 0.178
x=0.4 125.4 197.9 0.982 0.273 0.069
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 2.095 0.614 0.3746 0.516 0.587
x=0.2 6.428 1.592 0.953 1.033 -
x=0.25 6.578 1.631 0.746 0.962 -
x=0.4 6.267 1.692 0.7216 0.646 -

For all doped samples Coo.sCuo 2Fe204 and Coo.75Cuo.25F€204, the loss tangent decreases rapidly
till 1 kHz and decreased slowly thereafter, becomes minimum at 48.3 kHZ and 94.1 kHZ,
respectively and then increases slowly up to 3.9 MHz beyond which a small decrease is
observed at higher frequencies. Whereas Coo.sCuo.4Fe2O04 shows a rapid decrease till 1 kHz
beyond which it decreases very slowly.

3.2.6 Conclusions

The cobalt ferrite and copper doped cobalt ferrite nanoparticles of composition Co1-xCuxFe204
(x=0.2,0.25 and 0.4) prepared by co-precipitation were pressed into pellets which were heated
at 100 °C, 600 °C and 1200 °C for 4 hours and also at 600°C for 3 hours with 3 °C/min heating
and cooling rate. The rietveld refined XRD patterns of all samples exhibit single phased spinel
structure. The saturation magnetization increased significantly with increase of annealing
temperature due to increase in grain size. The Ms of CoFe204 pellet heated at 600 °C for 3 h is
140 emu-g 1. CoFe,04 pellets heated at 1200 °C for 4 h show very high saturation magnetization
(Ms) of 175 emu/g. The copper doped samples Co1.xCuxFe204 with x = 0.2, 0.25 and 0.4 annealed
at 600 °C for 3 h exhibited Ms values of 122, 120 and 107 emu-g* with coercivity of 858 G,
970 G and 939 G, respectively. The Ms values of samples annealed at 1200 °C for 4 h are 122,
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120 and 107 emu-g %, with low coercivity of 76 G, 83 G and 50 G respectively. The dielectric
constant value is in the range 84.943 x 10° to 14 when frequency of applied electric field
increases from 100 Hz to 40 MHz. The dielectric constant and loss tangent show a decreasing
trend with increasing frequency.

3.3 Structural, magnetic and dielectric properties of cobalt-copper Co1-xCuxFe204 (x=0.0,
0.2,0.25, 0.4, 0.9 and 1.0) ferrites synthesized by co-precipitation method

3.3.1 Introduction

We have used co-precipitation method for synthesizing a complete series of Cu doped, Co1-
xCuxFe204 (x=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0), cobalt-copper ferrite nanoparticles. Detailed
systematic studies of structural, magnetic and dielectric properties of these materials were
carried out. In order to increase the Ms of Co1xCuxFe204 nanoparticles, we processed Pellets of
Cobalt-Copper ferrite samples with thermal annealing at different temperatures 100, 600 and
1200 °C. These studies are helpful in tuning the properties of the ferrite materials.

3.3.2 Structural analysis

For the different compositions, cobalt-copper ferrite samples Co1-xCuxFe204 (x = 0.0, 0.2, 0.25,
0.4, 0.9 and 1.0) show single phased spinel structure from x = 0.0—0.4 (space group Fd-3m) and
for x = 0.9 and 1.0 spinel-(Cu,Fe) structure with space group | 41/a m d. Fig. 3.29 depicts the
XRD patterns of Co1.xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) nano-particles heated at 90
°C (overnight), 100, 600 and 1200 °C. Peaks are indexed to (111), (220), (311), (222), (400),
(331), (422), (511), (440), (531), (422), (620), (533), (622) and (444) planes of spinel structure
(JCPDS PDF # 98-016-0059) from x=0.0—0.4. No peaks of impurities were observed which
confirms highly pure crystalline Co1-xCuxFe204 (x=0.0—0.4). The pattern of the samples (v)
(x=0.9) and (vi) (x=1.0) were indexed to a single phase of tetragonal CuFe,O4 spinel with
a=5.891 A and ¢=8.565 A (JCPDS PDF # 98-018-8861(3)).
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Fig. 3.29 X-ray diffraction patterns of cobalt-copper ferrites Co1xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0);
(I) COF6204, (II) COo_gCUo_zFE‘zO4, (III) COo,75CUo_25F€204, (IV) COo_eCUo_4FGzO4, (V) C001CugoFe;04 and (VI) CuFe,04
which are heated at (A) 90 °C (overnight), (B) 100 °C, (C) 600 ‘C and (D) 1200 °C for 4 h.

Samples with x=0.9 and x=1.0 have three phases, namely, presence of a major phase of spinel-
(Cu,Fe) with (ICDD:98-018-8861(3), space group | 41/a m d), a minor phase of CuO (98-009-
2364, space group C 1 2/c 1), Fe,O3 (98-005-6372, space group R-3c for samples heated at 600
°C) and CuiFe102 (98-0059-2184, space group R-3m for samples heated at 1200 °C). For
Cuo.9C00.1Fe204 and CuFe204 samples heated at low temperature were observed to have a major
spinel-(Cu, Fe) phase COD (ICDD: 98-018-8861, space group | 41/a m d) and a minor phases
of Fe203, CuO. However, the intensity of the CuO in Cuo.9Coo.1Fe204 and CuFe20y4 is very small
indicating the presence of 12% and 16% CuO phase, respectively, in the sample heated at 100
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°C, 4.2% and 6.9%, in the sample heated at 600 °C which indicates the insignificant loss of
Cu?*, But samples heated at high temperature 1200 °C indicate the presence of 12.2% and 7.4
% Delafossite (CuFeO2) phase, respectively. Only CuFe>O4 heated at 600 °C indicates the
presence of 21.7% of unreacted Hematite, Fe2Os. At high temperature, the phases are more pure
which indicates that the unreacted CuO and Fe2Os3 are also converted into CuFe204. All ICDD
files were used in Rietveld refinement. All the X-ray diffraction (XRD) patterns were analyzed
with the help of HoghScore Plus software program using Rietveld refinement.

The XRD patterns were refined using the Fd-3m space group [69], | 41/a md tetragonal space
group [70], C 1 2/c 1 monoclinic space group [71] and R-3m space group [72]. The goodness
of fit (x?) and the R factors (Rp = profile factor, Rg = Bragg factor, and Re = crystallographic
factor) show quality of fitting. Rietveld refinement was done without background correction.
The values R factors and y? (goodness of fit) are enlisted in Table 3.8. Rietveld refined XRD
patterns are shown in Figures 3.30, 3.31, 3.32 and 3.33 for the samples heated at 90, 100, 600
and 1200 °C, respectively. Each panel (i, ii, iii, iv, v and vi) in the figures represent the samples
CoFe204, CoosCup2Fe204, Coo.75CuU0.25F€204, C00.6CU0.4FE204, C00.1CU0.9Fe204 and CuFe204
respectively.

The crystallite size (Dxrp) was calculated using the Debye-Scherrer’s equation [2] given by Eq.
(3.1). An increase in the crystalline nature of the Co1-xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and
1.0) ferrite powders was observed as the sintering temperature was increased. Average
crystallite sizes are in the range of 6.6—15 nm, 13—24 nm and 48—82 nm for the samples heated
at 100, 600 and 1200 °C, respectively (Table 3.8). The crystallite sizes were small for samples

heated at 100 °C (below 15 nm) and increased with increasing annealing temperature.

The average crystalline sizes are 15, 13.6, 13, and 10.8 nm for (a) (i) (CoFe20.), (ii)
(Co0.8Cuo.2Fe204), (iii) (Coo.75CuU0.25Fe204), and (iv) (CoosCug.sFe204), pellets annealed at 100
°C for 4 h, respectively, 18, 22, 24, and 20 nm for (b) (i), (ii), (iii) and (iv), pellets annealed at
600 °C for 4 h, respectively, and 71, 82, 63 and 60 nm for (i), (ii), (iii), (iv) and (v), pellets
annealed at 1200 °C for 4 h, respectively.
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Fig. 3.30. Rietveld refined XRD patterns of as-synthesized cobalt-copper ferrite nanoparticles Co; xCuxFe204 (X =
0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) nanoparticles; (i) CoFe;04, (ii) C0osCuUo2Fe204, (iii) C0o75CU.25F€204, (iv)
Co00.6Cug.4Fe204, (V) Coo.1CuggFe204 and (vi) CuFe,04 which are dried at 90 °C overnight.
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Fig. 3.31. Rietveld refined XRD patterns of cobalt-copper ferrite samples Co;-«CuxFe;O4 (x = 0.0, 0.2, 0.25, 0.4,
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(vi) CuFe;04 which are heated 100 °C for 4 h.
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Fig. 3.32. Rietveld refined XRD patterns of cobalt-copper ferrite samples Co;«CuxFe204 (x = 0.0, 0.2, 0.25, 0.4,
0.9 and 1.0); (I) CoFez04, (II) C00.8CuUg.2Fe204, (III) C00.75CU0.25F€204, (IV) C00.6Cup.4Fe20a, (V) Co00.1Cug gFe204 and
(vi) CuFe;04 which are heated 600 °C for 4 h.

The X-ray density, px and these values are presented in Table 3.8. The values of lattice parameter

are comparable to the values reported in the literature [1].
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Fig. 3.33. Rietveld refined XRD patterns of cobalt-copper ferrite samples Co;-«CuxFe204 (x = 0.0, 0.2, 0.25, 0.4,
0.9 and 1.0); (i) CoFe20s4, (ii) Coo.sCuo.2Fe204, (iii) Cog.75CU0.25F€204, (iv) C0o.6CUo.4F€204, (V) C0o.1CuUo.9Fe204 and

(vi) CuFe;04 which are heated 1200 °C for 4 h.
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Table 3.8 Rietveld parameters and calculated values Lattice parameter, crystallite size (XRD), and average
grain size (FESEM). Errors of lattice parameters are shown in parentheses. Average grain sizes estimated in
‘um’scale from right panel of Fig. 3.38 are given in square brackets.

C01-xCuxFe204 x=0 x=0.2 x=0.25 x=04 x=0.9 x=1.0
(i) (i) (i) (iv) (iv) (iv)
CuxCo1-x Fe204Pellets Heated at 90 °C overnight
Lattice parameter (A) 8.379(1) 8.368(2) 8.365(2) 8.372(2) 5.916(3) 5.905(4)
8.406(8) 8.52(1)
Dxrp 15.4 12.5 13.5 11 14 6.4
Gresem (£1 nm) 60 55 54 62 19 15
R (expected)/ % 0.73155 0.73711 0.74717 0.77457 0.69330 0.73317
R (profile)/ % 0.90377 0.68421 0.74350 0.70673 0.71209 0.67266
R (weighted profile)/ % 1.14594 0.87996 0.94034 0.90185 0.89007 0.85826
G.O.F 1.56645 1.19380 1.25853 1.16433 1.28381 1.17062
Theoretical density, p(g/cm®)  5.2973 5.3183 5.3242 5.3109 5.3999 5.3464
Unit cell volume V (A3%) 588.2955  585.9751  585.3282  586.79340 294.23130 297.1742
CuxCo1-x Fe204Pellets Heated at 100 °C for 4 h
Lattice parameter (A) 8.378663  8.359(1) 8.366(1) 8.372(2) 5.904(2)8. 5.904(5)
444(4) 8.47(1)
Dxrp 15 13.6 13 10.8 13 6.6
Gresem (1 nm) 58 52 55 54 23 26
R (expected)/ % 0.67224 0.70779 0.69604 0.74786 0.72968 0.71594
R (profile)/ % 0.68752 0.68820 0.69108 0.78539 0.80556 0.65745
R (weighted profile)/ % 0.87526 0.89807 0.87403 0.97730 1.07890 0.83073
G.O.F 1.30200 1.26884 1.25573 1.30680 1.47860 1.16033

Theoretical density, p (g/cm®)  5.2982 5.3361 5.3226 5.3103 5.3978 5.3795
Apparent density p (g/cm®) ~ 2.5814 2.6898 2.5372 2.6557 251051  2.3243

Porosity (%) 50.27 49.59 52.33 49.99 53.49 56.79
Unit cell volume V (A3) 588.1989  584.01790 585.5054  586.8588  294.3497  295.3489
CuxCo1-x Fe204Pellets Heated at 600 °C for 4 h

Lattice parameter (A) 8.3800(9) 8.3817(5) 8.3822(5) 8.3809(6) 5.8954, 5.857,
8.498(1) 8.573(2)
Dxrp 18 22 24 20 13.2 14.55
Gresem (1 nm) 64 60 66 62 43 36
R (expected)/ % 0.76989 0.69806 0.75021 0.76780 0.66406 0.67760
R (profile)/ % 0.69995 0.76056 0.66689 0.86406 0.74637 0.68074
R (weighted profile)/ % 0.89647 0.96057 0.84967 1.12376 0.95541 0.90046
G.O.F 1.16440 1.37605 1.13258 1.46360 1.43874 1.32890
Theoretical density, p (g/cm®)  5.2956 5.2925 5.2915 5.2939 5.3797 5.4024
Apparent density p (g/cm?3) 2.682 2.7524 2.576 2.954 2.7864 2.7901
Porosity (%) 49.35 47.99 51.32 44.2 48.2 48.35
Unit cell volume V (A3) 588.4873  588.8294  588.9435  588.6692  295.33650 294.095
CuxCo1-x Fe204Pellets Heated at 1200 °C for 4 h
Lattice parameter (A) 8.3857(1) 8.3850(1) 8.3842(2) 8.3825(2) 5.9276(5) 5.9225
8.386(1) 8.3908(3)
Dxrp 71 82 63 60 48.3 54.4
Gresem (22 nm)[um] 70[3.2] 83[5.3] 64[9.3] 64[20] 40[34.7] 57[26]
R (expected)/ % 0.75859 0.80165 0.83091 0.86340 0.74292 0.73154
R (profile)/ % 0.71194 0.75857 0.89673 0.94236 1.03231 0.81729
R (weighted profile)/ % 0.93986 1.17278 1.45315 1.37788 1.47739 1.19144
G.O.F 1.23897 1.46295 1.74887 1.59588 1.98861 1.62867
Theoretical density, p (g/cm®)  5.2849 5.2862 5.2877 5.2909 5.3923 5.3984
Apparent density p (g/cm?®) 4.8437 4.744 4.8424 4.162 3.8472 4.0697
Porosity (%) 8.35 10.25 8.42 21.33 28.65 24.61
Unit cell volume V (A%) 589.6779  589.53170 589.3631  589.006 294.6461  294.3123
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Measured density pm of pellets was estimated by p,, = (m/mr?l) given by Eq. (3.2). The
porosity of the pellets was calculated using the formula P = 1 — (p,,/px) given by Eq. (3.3),
where pm and px measured and theoretical (from Rietveld) densities. The values of porosity are
presented in Table 3.8. Bulk density increases at higher sintering temperatures due to
consequent decrease in porosity.

3.3.3 Surface morphology

Fig. 3.34 FESEM micrographs of as-synthesized Co1—xCuxFez04 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) nanoparticles; (i) CoFez0s4,
(i) Coo.8Cuo.2Fe20s4, (iii) Coo.75Cu0.25F€204, (iv) Coo.6Cuo.4Fe204, (V) Coo.1CuU0.9Fe204 and (vi) CuFe204 which are dried at 90°C

overnight.
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L U rhatd® . V
Fig. 3.34 FESEM micrographs of as-synthesized Co1-xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) nanoparticles; (i) CoFe20a,

(i) C00.8Cuo.2Fe20s4, (iii) Coo.75CU0.25F€204, (iV) C00.6CU0.4F€204, (V) Co0.1Cuo.sFe204 and (vi) CuFe204 which are dried at 90°C
overnight.

Figs. 3.34, 3.35, 3.36 and 3.37 shows representative FESEM micrographs of Co1-xCuxFe204 (X
=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) samples heated at 90, 100, 600, and 1200 °C. In the FESEM
micrographs of samples heated at 100 and 600 °C most of grains are spherical with some
elongated particles with uniformly distributed grains. Agglomeration increase with increase of
Cu substitution concentration due to decrease in crystallite size, especially in the case of samples
heated at 100 °C (Fig. 3.35) and the agglomerated grains appear like a single big grain in the
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images. This agglomeration affects the different physical properties. It is observed that the
crystallite sizes estimated from the XRD pattern are much less than grain sizes estimated from
FESEM due to aggregation of few number of nanocrystallites.

S 1 A L s i - y -

Fig. 3.35 FESEM micrographs of Co;-xCuxFe;O4 (x=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) pellets; (i) CoFexOa, (ii)

C00.8Cuo 2Fe204, (iii) Co00.75CUg 25F€204, (iV) C00.6Cup.4F€204, (V) C00.1Cup gFe,04 and (Vi) CuFe;0O4 which are
heated 100 °C for 4 h.

In the case of as-synthesized nanoparticles dried at 90 °C overnight (Fig. 3.34), the average
grain sizes decreases with increasing Cu doping up to x=0.25 but increase at x=0.4, and a large
decrease at x=0.9 with a small decrease finally at x=1.0. The average grain sizes first decreased
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at Cu doping concentration of x=0.2 (20%) and increased thereafter till x=0.4 and decreased at
x=0.9 follwed by slight increase at x=1.0 for samples heated at 100 °C (Table 3.8 and Fig. 3.35)
whereas the average grain size decreased at x=0.2 and then increased at x=0.25 followed by a
gradual decrease with increase in Cu doping from x=0.4 to x=1.0, in case of samples heated at
600 °C (Fig. 3.36).

i

*
’,‘_ ! Ilmf. "

i

Fig. 3.36 FESEM micrographs and grain size distributions of Co1—xCuxFe;04 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0)
pellets; (I) COF6204, (II) COo_aCUo,zFEzO4, (III) C00_75CUO,25F9204, (IV) COo_eCUo_4FEzO4, (V) C00.1CugoFe,04 and (VI)
CuFe;04 which are heated 600 °C for 4 h.
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Fig. 3.38 (right) Grain size distributionstaken for the samples.
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Fig. 3.37 FESEM Micrographs taken at 400 K X [left panel] and corresponding micrographs taken at 4 K X [right
panel] ((iv), (v) and (vi) were taken at 1 K X) of Co1«xCuxFe204 (x=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) pellets; (i)
CoFez0s4, (ii) CoosCuo.2Fe204, (iii) Cog.75CU0.25F€204, (iv) C0o.6CuUo.4F€204, (V) C0o.1CUg9Fe204 and (vi) CuFez04
which are heated 1200 °C for 4 h.

For samples annealed at 1200 °C, the average grain size decreased up to x=0.9 with final
increase at x=1.0. For samples sintered at 1200 °C the morphology shows that the samples



consists of few tetragonal, hexagonal rectangular/square, spherical and elliptical shape particles
but most of them are irregular in shape as can be seen in the right panel of the Fig. 3.37. With
increasing Cu*? concentrations an increase in the average particle size was observed. The
observed increase in particle size could be due to increase of agglomeration. Because of the
high agglomeration of grains during sintering at high temperature 1200 °C which resulted in
high sintered density there is a large increase in particle size compared to those obtained from
samples heated at 100, 600 °C. The grain size distributions of the samples heated at 1200 °C are
shown in Fig. 3.38. Images taken at a higher magnification 400 KX (left panel of Fig. 3.37)
show uniformly distributed nano-grains with average grain sizes 70, 83, 64, 64, 40 and 57 nm
for CoFe20s4, Co008Cuo2Fe204, Co00.75CU025F€204, C00.6CU04FE204, C00.1CU0oFe204 and
CuFe204 respectively (Table 3.8).

Table 3.9. Element composition of pellets measured from EDS

Co1-xCuxFe204 “Composition measured from EDS”
(x=10.0-1.0)
Co (at. Fe (at. %) Cu (at. Fe/Co Cu/Co Fe/Cu
%) %)
Co1-xCuxFe204 (PowderDried at 90 °C for 12 h)
x=0 12.94 27.04 - 2.09 -
x=0.2 11.39 31.33 3.04 2.75 0.267
x=0.25 12.41 33.03 3.78 2.66 0.304
x=0.4 13.03 47.67 9.56 3.65 0.733
x=0.9 3.88 48.78 19.02 12.57 4.902 2.56
x=1.0 - 48.62 24.58 - - 1.98
Co1-xCuxFe204 (Pellets Heated at 100 °C for 4 h)
x=0 18.00 36.04 - 2.00 -
x=0.2 15.42 36.75 4.49 2.38 0.291
x=0.25 13.11 34.05 4.18 2.60 0.319
x=0.4 10.18 34.13 6.03 3.35 0.592
x=0.9 3.92 49.27 23.01 12.57 5.87 2.14
x=1.0 - 50.16 24.82 - - 2.02
Co1-xCuxFe204 (Pellets Heated at 600 °C for 4 h)
x=0 19.22 39.53 - 2.06 -
x=0.2 21.82 50.23 4.80 2.30 0.219
x=0.25 13.95 35.43 3.66 2.53 0.262
x=0.4 12.93 39.70 7.05 3.07 0.545
x=0.9 4.56 51.14 22.66 - 4.96 2.256
x=1.0 - 52.37 25.68 - - 2.04
Co1-xCuxFe204 (Pellets Heated at 1200 °C for 4 h)
x=0 26.03 51.67 - 1.99 -
x=0.2 22.27 52.02 5.49 2.33 0.269
x=0.25 15.88 41.84 3.78 2.63 0.238
x=0.4 15.26 50.05 10.25 3.28 0.671
x=0.9 2.43 49.72 23.37 - 9.6 2.127
x=1.0 - 48.68 24.98 - - 1.95
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It is to be noted that the average grain sizes estimated from FESEM has been found in good
matching with crystallite sizes determined by XRD, indicating that each particle (tetragonal,
hexagonal rectangular/square, spherical and elliptical shape) is formed by aggregation of
number of nanograins/nanocrystallites. Average grain sizes of all the samples of composition
(x=0.00 to 1.0) have been estimated by FESEM images using imageJ software and are reported
in Table 3.8. In addition, it can clearly be seen from Figs. 3.34, 3.35, 3.36 and 3.37 that the grain

size seems to increase with increasing temperature.
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Fig. 3.39. The EDAX spectra of Co;xCuxFe.O4 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) pellets; (i) CoFezOa, (ii)
C00.8Cuo 2F€204, (III) C00.75CUg 25F€204, (IV) C00.6Cu.4Fe204, (V) Co00.1Cug gFe204 and (VI) CuFe;04 which are
sintered at (a) 100°C, (b) 600°Cand (c) 1200°C for 4 h.

The EDAX spectra (Fig. 3.39) of the Co1-xCuxFe204 (x = 0.0—1.0) samples shows the presence
of all Co, Fe, Cu and O elements. Except the gold (Au) peak, no additional peaks due to
impurities appear in the EDS spectrum. Table 3.9 shows the concentration of elements present
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in the samples and the at. % ratios Fe/Co and Cu/Co. From the Table 3.9 we can observe that
the ratios of the elements slightly deviate from the stoichiometric ratios.

3.3.4 Magnetic properties

As shown in Fig. 3.40, magnetization hysteresis loops of all Co1-xCuxFe204 (x = 0.0, 0.2, 0.25,
0.4, 0.9 and 1.0) samples exhibited a typical characteristic features of ferro- or ferri-magnetic
materials ferromagnetic property at room temperature. Expanded view is given in the inset.
Saturation magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc) of the samples
are tabulated in Table 3.10. The saturation magnetization (Ms) of Co1xCuxFe20O4 (X = 0.0, 0.2,
0.25, 0.4, 0.9 and 1.0) nanoparticles (samples heated at 90 °C) decreases with increase of copper
substitution. This is because of decrease in grain size as can be seen from Table 3.8. The results
are consistent with earlier Copper-substituted cobalt ferrite nanoparticles [6], which also
showed a decreasing M;s after the doping of Cu element. A small increase of Ms at x = 0.25, 0.4
may be due to occupation of Cu?" in tetrahedral (A) site which forces Fe** ions migrate to
octahedral sites leading to small increase of Ms.

Our value of highest saturation magnetization (Ms) of CoFe,O4 nanoparticles is 47.6 emu-g 2,
which is smaller than the value reported by Fonseca et al. [34]. The Ms consistently decreases
with decreasing crystallite size as crystallite size decrease with Cu content and it becomes
relatively much lower at x =1.0 i.e. CuFe2O4 which exhibit superparamagnetism. The CuFe204
exists in the tetragonal phase. In the tetragonal phase, CuFe2O4 exhibits inverse spinel structure.
In CuFez0q4, all (8) Cu?* (1us) ions occupy octahedral sites, while half Fe** ions occupy
octahedral sites and remaining half occupy tetrahedral [73]. The net magnetic moment is only
due to the Cu?* ions. Therefore, Ms of CuFe204 is smaller than that of CoFe,Oa. The values of
saturation magnetization (Ms), residual magnetization (M), coercivity (Hc) are given in Table
3. Cobalt ferrite heated at 90 °C and 100°C show low Ms compared to that of bulk material (80
emu g1) [74] which may be due to small crystallite size.

Coercivity Hc decreases with increasing Cu concentration (Table 3.11). CuFe.O4 nanoparticles
heated at 90 °C and 100 °C show zero coercivity (Hc). The verage crystallite size and average
grain size of CuFe.O4 nanoparticles heated at 90 °C are 6, 15 nm and that of sample heated at
100 °C are 7 and 26 nm, respectively. At very small size, magnetic nanoclusters have single
magnetic domain, and the strongly coupled magnetic spins on each atom combine to produce a

particle with a single gaint spin. Therefore ferromagnetic CuFe2O4 particle show the effect of
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superparamagnetism at about 15 nm to 26 nm. That is the CuFe,O4 particles rotate freely at

room temperature.
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Fig. 3. 40. M-H loops of cobalt-copper ferrite samples Co:-«CuxFe;O4 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0); (i)
CoFez04, (ii) CoogCuo.2Fe204, (iii) Cog.75CUo.25F€204, (iv) C0o.6CUo.4F€204, (V) C0o1CUg9Fe204 and (vi) CuFez04
which are heated at (A) 90 “C (overnight), (B) 100 °C, (C) 600 °C and (D) 1200 °C for 4 h.

As the Cu concentration increases remanence (Mg) decreased. The reduction in remanence (M)
with increasing Cu doping (see Table 3.10) is because of decrease of anisotropy. As the net
magnetic moment of fully inverted cobalt ferrite is only due Co?* (3ug) ions. But, cobalt ferrite
normally shows mixed spinel structure. As the orbital moment of Co?* occupied at octahedral
sites of spinel structure is relatively large, the magnetocrystalline anisotropy is not negligible
even though the crystal structure of CoFe.O4 is face-centered cubic [16]. Moreover, the
substitution of Cu reduces the magneto-crystalline anisotropy. Therefore, this might be the
reason for a decrease in remanence (My). For samples annealed at 600 °C, the M; first increased
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at x=0.2 and decreased thereafter with increase in copper substitution. The increase in Ms at
x=0.2 is due to increase of crystallite size. Decrease in Ms at x=0.25 even though crystallite size
increased, is due to the combined effect of crystallite size and decrease in the magnetization of
the octahedral sites (Mg) due to substitution of Co?* (3 pg) by less magnetic Cu?* ions (1pg).
Further decrease in Ms at x=0.4, 0.9 and 1.0 is also attributed to decrease in crystallite size
together with substitution of Co?* by Cu?* ions at B-sites. The Hc value of CoFe;04 is 880 G
for an average grain size of Dresem = 64 nm. A decrease of Hc is observed among the Cu
substituted samples: initially, Hc value of 854 G is observed for Cu substitution of x = 0.2 with
grain size of Dresem = 60 nm. For x = 0.25, Hc value increased to 1165 G due to increase of
grain size (Dresem = 66 nm). As Cu doping increases to x = 0.4, Hc decreased to 922 G due to
the corresponding reduction in grain size (Dresem = 62) as shown in the Table 3.8. The decrease
in Hc (676 G) values at x=0.9 is due to decrease in magnetic anisotropy which arises due to
substitution of Co?*on octahedral sites by Cu?* ions. Further decrease in He (192 G) at x =1.0 is

due to the smallest crystallite size (15 nm) of CuFe20a.

Table 3.10 Magnetic properties of CuxCo1-x Fe204 (x = 0.0-1.0)

CuxCo1-x Fe204 Mr Ms Hc
(x=0.0-1.0) (emu/g) (emu/g) (G)
CuxCo1-x Fe204 (Powder Dried at 90 °C)
x=0 19.6 47 1080
x=0.2 10 33 716
x=0.25 8.6 30 432
x=0.4 4 28 120
x=0.9 0.4 23.6 16
x=1.0 0.023 14.2 2
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 19.7 47.6 1067
x=0.2 9.5 30 687
x=0.25 9 30 478
x=0.4 4 29 135
x=0.9 04 21 16
x=1.0 0.02 135 3
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 22 56 880
x=0.2 26 62 854
x=0.25 24 51 1165
x=0.4 16.5 43 922
x=0.9 7.4 226 676
x=1.0 3 15 192
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 105 67 277
x=0.2 3.4 58.6 96
x=0.25 35 62 64
x=0.4 2 60 65
x=0.9 0.04 37 1
x=1.0 1 35 36.6
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The remanence (M) values exhibited an increase at Cu doping of x = 0.2 and decreases
thereafter with increasing Cu concentration. The change in the remanent magnetization (My) is
due to change in magnetic anisotropy resulting from cation distribution as discussed above.
Copper-cobalt ferrites Co1-xCuxFe2O4 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) synthesized using the
co-precipitation technique which were sintered at 1200 °C for 4 h became spinel ferrite phase
with high purity, resulting in high magnetic properties. From Table 3.10, Ms value decreases
from 67 to 58.6 emu/g when Cu doping increases from x= 0 to 0.2 and increased to 62 emu/g
when x=0.25 which then decreased to 60, 37 and 35 emu/g, respectively, at x =0.4, 0.9 and 1.0
(Fig. 3.40 and Table 3.10). The decrease in Ms at x= 0.2 might be substitution of Co?* by Cu?*at
B-sites. The Ms values of all compositions from x =0.0 to 1.0 increases with annealing
temperature from 100 °C to 1200 °C because of increase in crystallite size.

Table 3.10 also shows that the coercivity (Hc) decreases from 277 G to 37 G as x is increased
from 0 to 1.0. This is because of substitution of Co?* ions by small anisotropic of Cu?* ions
resulting in decrease of magnetocrystalline anisotropy [14,15]. The decrease of Hc is due to the
development of domain walls because the grain size/crystallite sizes are Dxrp/Dresem> 40nm
The samples annealed at 1200 °C are made up of bigger grains (Fig.3.37 right panel) of irregular
shape with few spherical, tetragonal, square and hexagonal shape grains. Demagnetizing fields
may be generated at the corners of the larger grains and spins may be incoherent with increasing
grain size leading to a decrease of Hc [43].

The remanent magnetization for pure CoFe204 is 10.5 emu/g. The decrease in M, values for
copper-cobalt ferrites Co1-xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) which vary from 1.5
emu/g to 1 emu/g can be due to interactions between grains which are affected grain size
distribution [33,75]. From the M(H) loops of CuFe>O4 annealed at 100 °C, 600 °C and 1200 °C
we conclude that CuFe2QOg is a soft magnetic material.

3.3.5 Dielectric properties

Figure 3.41 shows dielectric constant (&) versus Logarithm of frequency plots of Co1-xCuxFe204
(x=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) ferrites measured at RT in the range of 100 Hz—40 MHz
frequencies. It is evident that for each sample the dielectric permittivity is very high at low
frequencies initially decrease sharply with increasing frequency. At high frequencies, it
decreases slowly and becomes almost constant. Very high dielectric constant at lower

frequencies is because of contribution from hoping conduction including space charge.
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Electrons are able to follow reversal of the field and polarization is in phase with driving electric
field. The decrease of dielectric constant (&') with increasing frequency is due to lagging of
species that contribute to polarization behind the driving electric field [76]. When frequency of
driving field is low, the electron hoping adjusts itself to the instantaneous value of electric field.
But as the frequency becomes higher it is not possible for electrons to follow reversal of the
field and lag behind it. This reduces space charge polarization and hence dielectric constant also
decreased [77]. The polarization at lower frequencies is due electron jumping between
Fe3*—Fe?* ions in the ferrite material (Mallapur et al 2009). At high frequencies, fluctuating
dipole moments of atoms polarized by external electric field scatters the hopping electrons.
Therefore the induced polarization and dielectric constant becomes small.

The dielectric constant in the present study is of the order of 10° which is one order of magnitude
higher (up to 1kHZ) as compared to that reported by Balavijayalakshmi et al. [33] and of the
same order when compared to that reported by Sivakumar et al. [28]. In case of samples heated
at 100 °C for 4 h (Fig. 3.41(a)), introduction of Cu doping of x=0.2 C0o.sCuo.2Fe204 results in a
large increase in dielectric constant than pure cobalt ferrite. The substitution of Co?* by Cu?*
ions increases the number of mobile charge carriers that is electrons which produce dipole
moment locally by hopping conduction. Therefore, Cu?* doping of at x=0.2 causes an increase
in the polarization, and hence dielectric constant (Fig. 3.41 & Table 3.11). High dielectric
constant at x=0.2 (Coo.sCuo.2Fe204) may be because of decrease in grain size/crystallite size.
The increase in dielectric constant, €' value might also be due to the decrease of porosity and
grain size of the sample (Table 3.8). As the doping concentration increases to (x=0.25)
Co0.75Cuo.25Fe204 dielectric constant value decreases due to increase in the porosity and small
increase in grain size as compared to Coo.sCuo2Fe2O4. Dielectric constant is found to increase
for Cu doping x=0.4 (CoosCuosFe>04) due to decrease in porosity as compared to that of
Co00.75Cuo.25Fe204. A large decrease of &' as Cu concentration increase from x =0.4 to x =0.9 is
due to increase in porosity (53.49%) and smallest grain size and at x =1.0, CuFe204 exhibits
lowest dielectric constant which is because of small grains and very high porosity.

But for samples heated at 600 °C for 4 h (Fig. 3.41(b)), CoFe204 shows lower dielectric constant
due to bigger grain size compared to that of CoosCuo.2Fe204. Decrease in dielectric constant at
x= 0.2 is because of reduced grain size and porosity. Cu doping at x =0.4 (C0o.8Cuo.4Fe204),

shows increase of dielectric constant because of reduced grain size and porosity. Lowest
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dielectric constant value for Coo.75Cuo.25Fe204 (X =0.25) is due to highest porosity and biggest
grain size. At x =0.4, small increase in the dielectric constant of CogsCuosFe204 is due to
smallest porosity, followed by a very slight increase at x =0.9 is due to decrease in grain size
even though porosity of Coo1CuooFe204 increased by 4 % and finally, at x =1.0, CuFe204
exhibits highest dielectric constant than all other compositions is due to very small grain size
even though it has same porosity as that of Cog.1Cug.oFe20a.

Similarly for samples heated at 1200 "C for 4 h, the 20% Cu doped cobalt ferrite i.e.
Co0.8Cuo2Fe204 exhibit lowest dielectric constant because of biggest grain size than all other
compositions. A slight increase of dielectric constant at x=0.25 (C0o.75Cuo.25Fe204) is because
of decrease of grain size and porosity followed by a significant increase at x=0.4
(Coo6CuosFe204) due to decrease in grain size and even though the porosity increased
significantly. Further increase in Cu doping at x=0.9 (Co00.1CuosFe204), results in a large
increase in dielectric constant due to smallest grain size even though the porosity attains its
highest value and at x=1.0, CuFe2O4 exhibits a small increase due to the decrease in porosity.
The significant change in dielectric constant of samples from x = 0.2-1.0 is ascribed to the
structural changes caused by Cu?* in the cobalt ferrite material.

Table 3.11: Dielectric Constant ¢” at Different Frequencies

Samples g
CuxCo1-x Fe204 100Hz 1kHz 1MHz 5MHz 40MHz
(x =10.0-0.4)
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 2014 2291 43 25 16
x=0.2 75648 30197 69 39 24
x=0.25 30902 13066 41 254 16
x=0.4 85121 34878 70.7 47 31
x=0.9 2242 190 12.6 11 9.6
x=1.0 200 48 10.7 10 9
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 24499 6280 22 16 11.9
x=0.2 122197 37994 57 25 16.6
x=0.25 2243 281 13 11 9.3
x=0.4 15128 2024 18 15 12.3
x=0.9 19795 59328 21.3 155 11.8
x=1.0 275929 4770 1507 1206 1015
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 20531 8467 2155 1334 219
x=0.2 1391 599 119 64 26.7
x=0.25 1393.6 820 134 83 315
x=0.4 3531 1667 57 37 22
x=0.9 57699 18227 178.7 79 49
x=1.0 74289 24955 225.6 109.4 76
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Figure 3.41. Variation of dielectric permittivity, (¢") with logarithmic frequency of cobalt-copper ferrite samples
Co1xCuxFe204 (x = 0.0, 0.2, 0.25, 0.4, 0.9 and 1.0); (i) CoFe20s, (ii) C0o.sCUo.2Fe204, (iii) Coo.75CUg.25F€204, (iv)
Co00.6Cug.aFe204, (v) Coo.1CuogFe,04 and (vi) CuFe,04 which are heated at (a) 100 °C, (b) 600°C and (c) 1200 *C

for 4 h measured at RT.

Fig. 3.42. (right) The variation of dielectric loss with log of frequency of cobalt-copper ferrite samples
C01-xCuyFe,0..
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Dielectric loss behavior

Fig. 3.42 illustrates tan ¢ as a function of frequency. Dielectric loss decreases with increasing
frequency. In general, tan ¢ is a measure of, the rate at which the driving field does work upon
the medium, E-J which must be averaged over one complete cycle to obtain the net power per
unit volume absorbed from the field and dissipated within the medium. As the frequency
becomes higher, the polarization begins to lag behind the driving electric field because the
hopping rate of charge carriers cannot stay in step with the field. Due to this dielectric loss
decreases with frequency. The power absorbed from the field is proportional to wy”, as the
frequency of the applied field approaches resonance frequency, if the hopping rate or mobility
of charge carriers increases their relaxation frequency increases. When the relaxation frequency
reaches the frequency of driving electric field, resonance occurs maximum energy is absorbed
and a peak is observed in tand versus frequency graph. Only in this region of strongest
absorption (at resonance) the polarization response is large and significantly out of phase with
the driving electric field. This out of phase component of polarization continuously drains away

energy from the field and appears as Joule heating of the material.

Table 3.12: Dielectric Loss Tangent (tan ) at different frequencies

Samples tan
CuxCo1—x Fe204 100Hz 1kHz 1IMHz | 5MHz 40MHz
(x=10.0-0.4)
CuxCo1-x Fe204 (Pellets Heated at 100 °C for 4 h)
x=0 2.652 2.298 0.954 0.666 0.323
x=0.2 1.496 0.972 5.789 2.372 0.740
x=0.25 1.430 0.877 2.767 1.189 0.467
x=0.4 1.340 0.977 2.533 1.027 0.389
x=0.9 2.286 4.6 0.256 0.133 0.086
x=1.0 4.047 2.6 0.120 0.078 0.067
CuxCo1-x Fe204 (Pellets Heated at 600 °C for 4 h)
x=0 2.406 2.037 1.559 0.633 0.237
x=0.2 2.778 1.181 9.655 4578 1.082
x=0.25 3.602 4.447 0.562 0.267 0.118
x=0.4 1.945 3.184 0.763 0.336 0.147
x=0.9 2.46 2.153 1.204 0.516 0.222
x=1.0 6.29 4.204 0.505 0.248 0.122
CuxCo1-x Fe204 (Pellets Heated at 1200 °C for 4 h)
x=0 1.335 0.779 0.339 0.676 2.084
x=0.2 5.353 1.645 0.455 0.740 0.534
x=0.25 8.982 1.925 0.492 0.646 0.650
x=0.4 5.663 1.738 0.798 0.572 0.354
x=0.9 8.341 3.28 2.997 1.689 0.534
x=1.0 8.734 3.025 2.165 1.195 0.385
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For samples heated at 100 °C for 4 h, the loss tangent decreases with increasing frequency from
100 Hz, becomes low at 764 Hz and increases slowly exhibiting the relaxation peak at 6.844
kHz between the frequencies 1 kHz to 158.96 kHz followed by a feeble peak at 664 kHz for the
pure CoFe204. For Coo.sCuo2Fe20a4, tand decreases with increasing frequency from 100 Hz,
becomes low around 498.8 kHz and increases thereafter with frequency showing a peak shifted
to high frequency between 4.25 kHz to 40 MHz with a peak at 498.88 kHz. Thus at x =0.2, the
dielectric relaxation time decreased. While Coo.7sCuo.2sFe204 exhibits a relaxation peak between
1638 Hz to 40 MHz showing maximum at 158.96 kHz, CoosCuosFe204 exhibits a peak a
relaxation peak between 764 Hz to 40 MHz showing maximum at 89.73 kHz. For high Cu
doping concentration at x =0.9, the dielectric relaxation peak is further shifted to lower
frequency exhibiting a peak at 2.18 kHz, but at x =0.9, CuFe>O4 show no relaxation peak. Peak
in dielectric loss tangent shifted to higher frequency 498.88 kHz for Cu doping of x=0.2, and
then shifts towards lower frequencies 158.96 kHz, 89.73 kHz and 2.18 kHz with increase of Cu
concentration at x =0.25, 0.4 and 0.9, respectively. The shift of relaxation towards lower
frequencies is an indication of increase in the dielectric relaxation time.

For samples heated at 600 “C for 4 h, the loss tangent decreases slowly from 100 Hz to 431 Hz
and then increases with increasing frequency becomes maximum at 34.594 kHz showing the
relaxation peak between the frequency 430 Hz to 40 MHz for the pure CoFe204. At x =0.2
(Coo0.8Cuo.2Fe204), the loss tangent decreases from 100 Hz up to 3.863 kHz beyond which it
increases and becomes maximum at 883.8 kHz showing the relaxation peak between the
frequency 3863 Hz to 40 MHz. Whereas Coo.75Cuo.2sFe204 (for x =0.25) exhibits a relaxation
peak between 100 Hz to 31.5 kHz showing maximum at 695 Hz followed by a feeble peak at
74.15 kHz and decreases thereafter. For x =0.4, Coo.sCuo.4Fe204 exhibits a peak a relaxation
peak between 100 Hz to 40 MHz showing maximum absorption at 12.13 kHz and decreased
beyond that. At high doping level x =0.9 and x =1.0, the samples show up relaxation peaks at
25.99 kHz (between 431 Hz to 40 MHz) and 5.14 kHz (between 574 to 119.4 kHz), respectively.
For samples heated at 1200 “C for 4 h, CoFe>O4 exhibits small loss tangent value and decreases
gradually with frequency from 100 Hz and becomes minimum at 211.5 kHz and increases
slowly thereafter with frequency and acquire highest value at 40 MHz. For Cu doping at x =0.2,
the loss tangent decreases rapidly up to 211.5 kHz and increases slowly thereafter showing a

feeble relaxation peak at 8.7 MHz beyond which it decreases up to 40 MHz while at x =0.25
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the feeble relaxation peak is shifted to 20.5 MHz followed by a small decrease. Whereas at x
=0.4, Coo.6Cuo.4Fe204 shows a rapid decrease till 4.25 kHz beyond which it increases up to 26
kHz and decreases gradually. Finally, for x =0.9 and x =1.0 dielectric loss decreases from 100
Hz up to 23.63 kHz and 9.1 kHz, respectively showing relaxation peaks between 23.63 kHz to
40 MHz and 9.1 kHz to 40 MHz, respectively with peaks at 803.4 kHz and 453.5 kHz. It is
further observed from the Fig. 3.42(c) that on sintering the samples 1200 °C the relaxation peaks
appears at high frequencies, this may be attributed to the low resistivity and the dissipation
factor increases at high frequencies. In addition, CoFe,O4 has high permittivity and low
dielectric loss in comparison to Cu doped samples Co1-xCuxFe204 (x = 0.2, 0.25, 0.4, and 0.9)
whereas CuFe>O4 exhibit high dielectric constant at low frequencies till 1 kHz and low loss at
40 MHz.

3.3.6 Conclusions

The cobalt ferrite and copper-cobalt ferrite nanoparticles with composition Co1-xCuxFe204 (X
=0.0, 0.2, 0.25, 0.4, 0.9 and 1.0) synthesized by co-precipitation pressed into pellets and were
heated at 100 °C, 600 °C and 1200 °C for 4 hours. The rietveld refinement of X-ray diffraction
patterns reveal the formation of single phase spinel structure from x = 0.0 to 0.4 and the
compositions with x = 0.9 to 1.0 show tetragonal spinel-(Cu,Fe) structure with 141/amd space
group. The samples with x = 0.9 and 1.0 had trace amounts of CuO, and Fe;Os3 in case of NPs
dried at 90 °C and pellets heated at 100 °C, 600 °C shown by lines in the XRD pattern, while
samples heated at 1200°C indicate small amount of delafossite (CuiFe10.) phase. CoFe20a
sample heated at 100 °C, 600 °C and 1200 °C showed saturation magnetization (Ms) 47.6 emu/g,
56 emu/g and 67 emu/g, while coercivity decreased as 1067, 880 and 277 G. As-prepared
CuFe204 nanoparticles of size 6 nm heated at 90 °C and CuFe204 pellet heated at 100 °C exhibit
superparamagnetism with Ms of 14 emu/g. Coo.1Cuo.9Fe204 annealed at 1200 °C also exhibit
superparamagnetism showing Ms of 37 emu/g, while CuFe2O4 annealed at 1200 °C exhibit Ms
of 35 emu/g and low coercivity of 37 G. CuFe,04 heated at 100 °C exhibits dielectric constant
value 10 and 9 at 10 MHz and 40 MHz with low loss tangent values of 0.078 and 006,
respectively. CuFe204 heated at 1200 °C exhibits high dielectric constant of 1015 at 40 MHz
with low loss tangent value (0.112). Low dielectric constant materials can be used for insulating
materials application and high dielectric constant materials could be used as a medium in

capacitors.
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3.4 Effect of annealing on structural, magnetic and dielectric properties of CoFe204
nanoparticles.

3.4.1 Introduction

The present work reports synthesis of CoFe.O4 nanoparticles and the effect of sintering
temperature on structure and magnetic and dielectric properties of CoFe2O4 pellets heated at
different temperatures 100°C, 400°C, 600°C and 1200°C. We have used co-precipitation
method for synthesizing cobalt ferrite nanoparticles. The magnetic properties of the CoFe204
samples have been correlated with the change of microstructural changes evolved during
sintering. Room temperature and low temperature magnetization from 90-400 K of the
synthesized (dried at 90 °C) and annealed CoFe>O4 samples has also been measured. Room
temperature dielectric properties of the heat treated CoFe.O4 samples have also been measured.
3.4.2 Structural analysis

XRD pattern of as-synthesized CoFe>O4 powder heated at 90 °C (as depicted in Fig. 3.43) show
single phase spinel structure (JCPDS no. 98-016-0059). Fig. 3.46 shows x-ray diffraction
patterns of CoFe>O4 pellets heated at 100 °C, 400 °C, 600 °C and 1200 °C. These patterns show
spinel structure of cobalt ferrite according to JCPDS card no 98-016-0059 and all the planes of
(111), (220), (311), (222), (400), (331), (422), (511), (440), (531), (422), (620), (533), (622)
and (444) were identified. The Rietveld refined data for pellets heated at 100 °C, 400 °C, 600
°C and 1200 °C is shown in Figure 4.47. The various R factors are listed in Table 3.13. The
value of ¥* (goodness of fit) lies in the range of 1.155 to 1.33.

The crystallite size of samples was calculated using Debye-Scherrer's formula [2] D =
0.94/pcos0 given by Eq. (3.1). Average crystallite sizes are 18, 17.3, 24 and 83 nm for CoFe;O4
samples annealed at 100°C, 400°C, 600°C and 1200°C, respectively as shown in Table 3.13. The
average crystallite size increased with increase in the annealing temperature. For sample treated
at 400°C there is no increase in the average crystallite size. Lattice constant ‘a’ and unit cell
volume ‘V’ obtained from Rietveld method are given in Table 3.13. The lattice constants are
same as the values reported in the literature [91]. All results of Rietveld Method are tabulated
in Table 3.13.
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Fig. 3.43. X-ray diffraction patterns of synthesized CoFe;O4 nanoparticles dried at 90 °C (a), and its Rietveld

refinement (b).

Table 3.13 Rietveld parameters and Lattice parameter, average crystallite size (Dxrp),
and average grain size (Gresem)

CoFe204 annealing temperature (°C)

90 °C 100 °C 400 °C 600 °C 1200 °C
Lattice parameter (A) 8.372(1) 8.373(1) 8.3561(7) 8.3806(5) 8.38988
Dxro (+1 nm) 174 175 17.3 24 83
Gresem (21 nm) [um] 67 53 40 56 82 [3.5]
R (expected)/ % 0.67306  0.73725  0.70746 0.69207 0.77076
R (profile)/ % 0.60250  0.72954  0.66815 0.72142 0.73686
R (weighted profile)/ % 0.77755  0.95095  0.86070 0.92111 1.00538
G.O.F 1.15525  1.28986  1.21661 1.33096 1.30440
Theoretical density, prna(g/cm®)  5.3113 5.3092 5.3413 5.2944 5.2770
Measured density p (g/cm®) - 251051 2.6778 2.744 4.8655
Porosity (%) - 52.71 49.867 48.17 7.798
Unit cell volume V (A%) 586.7489 586.9791 583.4536 588.6157  590.565

Errors of lattice parameters are shown in parentheses. Average grain size estimated in ‘um’ scale
from (d)-(ii) of Fig. 3.49 is given in square brackets.
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Fig. 3.44 FESEM micrograph of as-synthesized CoFe;O4 nanoparticles dried at 90 °C. Inset of the figure show the

histogram.
Fig. 3.45 (right) ZFC-FC magnetization curves (i), and M(H) hysteresis loops (ii), measured at (a) 300 K, (b) 100
K; for as-synthesized CoFe,O. nanoparticles dried at 90 °C.
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Fig. 3.46. XRD patterns of cobalt ferrite samples heated at various annealing temperatures: (a) 100 °C, (b) 400 °C, (c) 400 °C and
(d) 1200 “C for 4 h.
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Fig. 3.47 Rietveld refined XRD patterns of cobalt ferrite samples heated at various annealing temperatures: (a) 100

“C, (b) 400 °C, (c) 400 °C and (d) 1200 °C for 4 h.

The X-ray densities obtained from Rietveld method were presented in Table 3.13. The density
pm of pellets was estimated using the standard formula p,,, = m/(xr?21) [37] given by Eq. (3.2).
The porosity of the samples was measured using the formula P = 1 — (p,,,/p,) given by Eq.
(3.3). The values of porosity are presented in Table 3.13. Bulk density increases at higher
sintering temperatures due to consequent decrease in porosity.

3.4.3 Surface morphology

Fig. 3.44 shows a FESEM image of as-synthesized cobalt ferrite nanoparticles dried at 90 °C.
The FESEM show that CoFe>O4 nanoparticles are nearly spherical. The insets in Fig. 3.44 show
the grain size distribution and average grain size estimated using ImageJ software is 67 nm. The
changes in the grain size of CoFe,Ossamples annealed at 100, 400, 600 and 1200 °C were
observed by FESEM. FESEM images were taken at 4 KX and 400 KX magnifications and 10
kV. FESEM micrographs of samples heated at 100 and 600 °C (Fig. 3.48 (a) and (c)) show
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grains with uniform morphology with almost spherical shape and agglomerated because of their
magnetic behaviour. The agglomeration can be due to van der Waals "intermolecular”
interactions. The histograms of grain size for samples are shown in the insets of Fig. 3.48.
Agglomeration is more in the case of samples heated at 100, 400 and 600 °C (Fig. 3.48 (a) and
(c)) due to small crystallite size and the agglomerated grains appear like a single big grain in
the images. This agglomeration affects the different physical properties. Average grain sizes of
all the samples have been estimated from FESEM images using imageJ software and are
reported in Table 3.13. Crystallite sizes found from the XRD pattern are much less than grain

sizes estimated from FESEM due to agglomeration of few number of nanocrystallites.

¢}
@%

P

OSSR
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W

Fig. 3.48 FESEM images CoFe,O4 samples heated at (a) 100 °C; (b) 400 °C; (c) 600 and (d) 1200°C for 4 h. (d)-(ii) is

the image taken at low magnification of 4 KX for the sample (d).
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But for samples heated at 1200 °C the average crystallite size estimated from XRD matches
well with the average grain size measured from FESEM. Images taken at low magnification of
4 KX (right panel of Fig. 3.48(d)-(ii)) show the formation grains with irregular shape with few
tetragonal, hexagonal rectangular/square shape microscopic domains with average grain size of
3.3 um.

The EDAX spectrums (Fig. 3.49) of the CoFe204 samples show all Co, Fe and O elements.
Except gold, no impurities appear in the EDS spectrum. Table 3.14 shows the concentration
(atomic %) of elements present in the samples and the at. % ratio of Fe/Co. From the Table 3.14
we can observe that the ratios of the elements slightly deviate from the stoichiometric ratio of
2:1.

Table 3.14. Composition of the preparedpellets measured from EDS

CoFe204 Composition measured from EDS
(annealing Tamp. (°C))

Co (at. %) Fe (at. %) Fe/Co

90 °C 21.97 41.89 1.906
100 °C 15.95 31.54 1.98
400 °C - - -

600 °C 19.14 37.49 1.96
1200 °C 18.33 36.57 1.995

1] 2 4 B 8 10 o 2 4 B g8 10
ull Scale 3580 cts Cursor: 0.000 ull Scale 3590 cts Cursor: 0.000

2 4 153 =3 10 2 4 =] E=3 10
ull Scale 4446 cts Cursor: 0.000 ull Scale 4446 cts Cursor: 0.000

Fig. 3.49. The EDAX spectra of CoFe;04 pellets annealed at (a) 100°C, (c) 600°C, and (d) 1200°C for 4 h. (e) as-
synthesized CoFe,O. nanoparticles heated at 90°C.
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3.4.4 Magnetic properties

Fig. 3.45(ii) shows M(H) plots of as-synthesized CoFe>O4 nanoparticles heated at 90 °C measured
at temperatures of 100 and 300 K. The Ms is less than that of CoFe>O4 value, which is due to
surface spin canting [92-93]. The reason for the increasing coercivity at 100 K is due to increase
in the magnetic anisotropy. Magnetic hysteresis loops of CoFe2O4 samples measured at RT and
100 K on the samples treated at different temperatures are shown in Fig. 3.50 (i) and 3.50 (ii),
respectively. All results from VSM analysis at room temperature (“magnetic properties like Ms,
Hc, MR”) are summarized in Table 3.15

Fig. 3.50 (i) show the M(H) hysteresis loops measured at RT. The saturation magnetization (Ms)
of CoFe>0O4 samples measured at RT (Fig. 3.50(i)) increased with annealing temperature 100, 400,
600 and 1200 °C, while the coercivity (Hc) and the remanence (M) first decreased at 400 °C
followed by an increase at 600 “C and then decreased at 1200 °C. As the annealing temperature
increases from 100, 400, 600 °C and 1200 °C the Ms increases from 39, 43, 58 and 71 emu/g,
respectively. The increase in saturation magnetization (Ms) might be due to increase in
crystallite size as can be seen from Tables 3.13 and 3.15.

The increase in saturation magnetization also depends on heating rate. We have used heating
rate 3 °C/min. Our value of saturation magnetization (Ms) of CoFe2O4 pellet heated at 600 °C is
58 emu-g %, which is very slightly greater than Ms (56.72 emu/g) reported by Fonseca et al. [34].
Highest Ms of 71 emu/g sample annealed at 1200 °C, which is slightly smaller than that of bulk
cobalt ferrite (74.08 emu/q) [94].

Coercive field (Hc) shows a decreasing trend from 3046 G to 118 G with increase of annealing
temperature (Table 3.16). When annealing temperature increased from 100 °C to 400 °C,
coercivity decreased from 3046 G up to 530 G (Table 3.16) when the crystallite/grain size is
same 17.3/40 nm and increased to 951 G at 600 °C since crystallite/grainsize increased to 24/56
nm at 600 °C and finally decreased to 118 G at 1200 °C and crystallite size of 83 nm. The
decrease in My and Hc is because of decrease in magnetic anisotropy with annealing temperature.
The Mossbauer spectroscopy results of [48,49] reported that B site is most populated by Co?*
ions resulting in increase of anisotropy. Large anisotropy nanoparticles compared to its bulk
counterpart is due to extra contribution from surface anisotropy and certain size-related effects
[95]. Therefore, the as-synthesized powder dried at 90 °C and sample heated at 100 °C for 4 h
show highest coercivity (Hc) values.
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When Co?* shift from octahedral to tetrahedral sites, Hc decreases because of a less anisotropic
environment of tetrahedral sites [96]. The decrease in Hc for sample heated at 400 °C for 4 h
might be due to migration of Co?* ions from B site to A site resulting in decrease of coercivity
(Hc) and increase of Ms. The Mr was also found with a reduction from 20 emu/g to 14 emu/g
with increasing annealing temperature from 100 °C to 400 °C and then increased to 27 emu/g at
600 °C followed by a decrease to 6 emu/g at 1200 °C. The change in remanence (Mg) with
increasing annealing temperature is because of change of magnetic anisotropy. The decrease in
M values could also be interparticle interactions which are affected by the grain size distribution
[33,75]. Sample heated at 600 °C show a significant increase in Ms, Mr and Hc when compared
to that of sample heated at 400 °C (Table 3.16). This is due to combined effect of grain size,
porosity and cation distribution of pellet heated at 600 °C. The sample annealed at 1200 °C
shows a high Ms, low My and He, implying multi-domain nature.

If squareness Mi/Ms > 0.5 the material has single domain structure. If M{/Ms< 0.5 synthesized
material contain multi domain structure [97-98]. All samples are multi domain type except as-
synthesized CoFe2O4 powder dried at 90 °C which has M/Ms = 0.513 and the sample heated at
100 °C (M(/Ms = 0.564). Therefore, as-synthesized CoFe>O4 powder heated at 90 °C and pellets
heated 100 °C show high coercivity and low Ms.

The magnetization measurements at 100 K for synthesized cobalt ferrite nanoparticles (heated
at 90 °C) is presented in Fig. 3.45(ii)(b). Saturation magnetization (Ms) decreased at 100 K. The
Ms = 31 emu/g is observed at 100 K and 1.5 T for the as-prepared nanopowders composed of
shellcore nanograins. The increase in H¢ for samples dried at 90 °C and sample heated at 100
°C (Fig. 3.50(ii)(a)) at 100 K can be explained by core-shell model. Because of the exchange
coupling between the shell and the core spins, cooling can select a surface spin configuration.
Spins (shell spins) freeze in their random/disordered sates with decreasing temperature of the
sample up to 100 K, thereby increasing the surface anisotropy that is responsible for the
exchange bias effects in the magnetic domains, giving no further response to the applied field
so that the core spins need little extra field to align along the applied field direction. Therefore
in addition to anisotropy the exchange bias and hence coercivity increased when the sample

temperature is decreased to 100 K.
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Fig. 3.50. Hysteresis loops of cobalt ferrite samples measured at (i) 300K and (ii) 100 K, which are heated at (a)
100 °C, (b) 400 °C, (c) 600°C and (d) 1200 °C for 4 h.
Fig. 3.51. (right) ZFC and FC magnetization curves of cobalt ferrite samples, measured at 1 kG applied field

Table 3.15. Magnetic Parameters obtained from the hysteresis loops of CoFe204 heated at different
temperatures: saturation magnetization (Ms), coercive field (Hc), and the remanent magnetization (Mr).

CoFe204 My Ms Hc Mr Ms Hc
(Annealing Temp. (°C)) (emu/g) (emu/g) (G) (emul/g) (emul/g) (G)
M(H) at RT M(H) at 100 K
90°C 20 39 2875 13 31 4830
100°C 22 39 3046 115 29 5394
400 °C 14 43 530 39 49 9484
600 °C 27 58 951 31 39 11400
1200 °C 6 71 118 27 69 724

Fig. 3.50(ii) show the dependence of the M(H) hysteresis loop measured at 100 K in the range
of £1.5 T for pellets heated at 100 °C, 400, 600 and 1200 °C, respectively. In Table 3.15 the
saturation magnetization (Ms), the coercive field (Hc), and the remanent magnetization (M) are
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reported. Significant reduction of Ms is observed for samples when compared to that of RT
except pellet heated at 400 °C which show an increase in Ms at 100 K. Maaz et al. [67] reported
Ms value of 36 emu/g at 77 K for 24-nm CoFe204 NPs, which is slightly less compared to
observed Ms of 39 emu/g at 100 K in the present study (our sample annealed at 600 °C show
crystallite size of 24 nm, see Table 3.13). All samples exhibit a large increase of coercivity at
100 K. The coercivity increases tremendously with increase of annealing temperature of the
samples up to 600 °C. Similar increase of the coercivity was reported by Maaz et al. [67] and
Gopalan et al. [99]. Another effect observed by Maaz et al. [67] and Gopalan et al. [99] which
is also observed in the present study is the increase remanence ratio (M/Ms). The Ms and M;
obtained at at room temperature are 39, 43, 58 and 71 emu/g, and 22, 14, 27 and 6 emu/g,
respectively, while at 100 K they are 29, 49, 39, 69 emu/g and 12, 39, 31, 27 emu/g. These
values show increase of (M:/Ms), from 0.56, 0.32, 0.46 and 0.08, respectively to 0.41, 0.796,
0.795 and 0.39 when temperature decreases from 300 K to 100 K. The M,/Ms value (at RT) of
the sample heated 600 °C (0.46) is close to 0.5, which is the case of non-interacting single
domain particles with uniaxial anisotropy [44,100]. Kodama [44] attributed the existence
uniaxial anisotropy in magnetic nanoparticles to the surface effect. Golapan et al. [99] suggested
that increase of M,/Ms ratio at lower temperatures is due to enhanced cubic anisotropy.

Fig. 3.45(i) show the magnetization variation with temperature of as-prepared nanoparticles
between 90 —400 K. ZFC and FC temperature dependences of magnetizations were measured
for an applied field of 1 kG. The origin of the difference between ZFC and FC magnetization
curves in as-prepared nanopowder which is dried at 90 °C is domain wall pinning and/or
reorientations of weak ferrimagnetic domains in cobalt ferrite phase. The temperature below
which an irreversible magnetic behavior (i.e. bifurcation of FC and ZFC) occurs is called the
irreversibility temperature (Tir). The irreversible temperature of as-synthesized nanoparticles
dried at 90 °C is 393 K. There is no maximum in the ZFC curve below 400 K. FC magnetization
increases monotonously with temperature (see Fig. 3.45(i)) exhibiting Curie-law behavior of
noninteracting particles.

Figure 3.51 show ZFC-FC magnetizations of pellets sintered at 100, 400, 600 and 1200 °C,
respectively. The irreversibility temperature (Tir) of pellets heated at 100 °C is 400 K. The
average grain size of this sample is 67 nm. Tir decreased from 400 K to 390 K when annealing

temperature of pellets increased from 100 °C to 400 °C and again increased to 400 K for sample
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annealed at 600 °C, finally Tir decreased to 365 K in case of sample annealed at 1200 °C.
Actually, the slow variation (increase with decreasing temperature) of the FC magnetization
below Tir for the sample heated at 100 °C indicates that the interparticle interactions are high.
As the annealing temperature of samples increased to 1200 °C, the FC magnetization increases
bit faster due to decrease of interparticle interactions as grain size increased. The increase in FC
magnetization with decreasing temperature is due to decrease in A sub-lattice magnetization
[101]. Similar behavior is also observed cobalt ferrite prepared by various methods [101-103].
3.4.5 Dielectric properties

Figure 3.52 shows change of dielectric permittivity (¢) versus log of frequency for CoFe;04
samples heated at different temperatures 100 ‘C, 400 “C, 600 “C and 1200 °C, measured at room
temperature between100 Hz—40 MHz. The polarization in ferrites is due to electronic exchange
(i.e. hoping), Fe**«> Fe3* as well as space charge polarization on application of an electric field.
Ferrite materials contain well-conducting grains separated by non-conducting grain boundaries
[104]. Under the influence of an electric field, electrons migrate through the material across the
grain boundaries to reach the electrodes of opposite polarity through hopping. The motion of
electrons is interrupted at grain boundaries and some electrons get trapped at the grain
boundaries. Charges of opposite sign give rise to dipole moment. Even if the charges are
predominantly of one type, the electric field due to these trapped charges affect dielectric
constant since their presence alters the applied field inside the dielectric.

At low frequencies the polarization is in phase or leads the applied electric field leading to high
dielectric constant. As the frequency is raised, all of the electrons cannot move fast enough to
stay in step with the driving field. Consequently, the polarization begins to lag behind the
driving field and hence dielectric constant decreases. At very high frequencies the fastest
moving electrons can no longer respond and at radio frequencies (~ 10° Hz) electrons are relaxed
there will be no space charge polarization and so the dielectric constant decreases to a small
value.

Dielectric constant (¢') of sample heated at 100 °C decreases less rapidly (at 10 kHZ) with
frequency when compared to samples heated at high temperatures than 100 °C. This is due
lagging of electron hopping behind the driving field with increasing frequency [27,28]. Beyond
10 kHz of driving electric field hopping electrons cannot follow the alternation of the field

which results into such type of behaviour. The dielectric constant in the present study is almost
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reported by Sivakumar et al. [28].

Table 3.16: Dielectric Constant ¢” at Different Frequencies

ten times higher than that reported by Balavijayalakshmiet al. [33] and of the same order to that

CoFe204 g
(annealing temp. (°C)) 100Hz 1kHz 1MHz 5MHz 40MHz
100 °C 40031 11737 355 23 16
400 °C 1155 169 13 11 9
600 °C 3800 571 18 14 11
1200 °C 62.89 30.5 19 19 19

Table 3.18: Dielectric Loss Tangent (tan ) at Different Frequencies of the Samples

CoFe204 tan o
(annealing temp. (°C)) 100Hz 1kHz 1MHz 5MHz 40MHz
100 °C 1.491 1.529 1.58 0.731 0.309
400 °C 3.78 3.625 0.314 0.179 0.111
600 °C 5.904 5.332 0.799 0.38 0.167
1200 °C 6.09 1.609 0.021 0.016 0.028

In case of samples heated at 100 °‘C, CoFe20O4 shows highest dielectric constant because of
smallest grain size of 53 nm and highest porosity (52.71%). Annealing at 400 °C for 4 h results
in the decrease in dielectric constant due to small decrease in porosity (49.86%) and grain size
(40 nm). A small increase of dielectric constant, &' of sample heated at 600 °C for 4 h might be
due to the further decrease in porosity (48.17%) and increase in grain size (56 nm) of the sample
(Table 3.13). As the annealing temperature increases to 1200 °C dielectric constant decreases to
lowest value due to lowest porosity (7.79%) and highest grain size. The values of dielectric
constant at various frequencies are enlisted in Table 3.16. The value of dielectric constant varies
from 4 x 10° to 16, 1155 to 9, 3800 to 11 and 63 to 19, respectively, for samples heated at 100
°C, 400 °C, 600 °C and 1200 °C. The dielectric constant of the sample annealed at 1200°C is 19
at 1 MHz and remains constant till 40 MHz.
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Figure 3.52. Change in dielectric permittivity, (¢") with logarithmic frequency. For CoFe,O4 samples heated at (a)
100 °C, (b) 400 °C, (c) 600 °C, and (d) 1200 °C for 4 h.

Dielectric loss behaviour

The change of dielectric loss (tan o) versus frequency at RT is illustrated in Fig. 3.53. Dielectric
loss tangent (tand) was calculated using the relation given by Eq. (3.6). The (tan 9) values at
different frequencies are tabulated in Table 3.17. Similar to the dielectric constant, the dielectric
loss (tan 6) also exhibit decreasing trend with increase of frequency for all samples except the
sample heated at 100 °C. As the frequency increases loss tangent decreases very rapidly at low
frequencies and becomes small in high frequency region. The decrease in (tan ¢) with frequency
is because hopping rate of electrons lag behind driving electric field. Space charge polarization
gives rise to dielectric absorption usually at low frequencies. Dielectric loss occurs because
polarization lags behind the driving field. This time varying polarization gives rise to current.
The current has a component oy"E(r)cos(wt) that is in phase with electric field E. The in phase
component of current J gives rise to power loss as heat.

For sample heated at 100 “C for 4 h, dielectric loss (tan 0) decreases with increase of frequency
from 100 Hz and reaches minimum at 324 Hz exhibiting the relaxation peak (at 3406 kHz)
between the frequency 630 Hz to 4.91 MHz. Absorption peak is shifted to lower frequency to
324 Hz with a decrease in peak height after heating the sample at 400 °C. Another feeble peak
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appears at high frequency side around 13.33 kHz. The sample heated at 600 °C shows a
relaxation peak at 840 Hz at low frequency side and a broad peak around 144.5 kHz.

Fig. 3.53. The variation of dielectric loss tangent with logarithmic frequency of CoFe,O4 samples heated at (a) 100
°C, (b) 400 °C, (c) 600 °C, and (d) 1200 °C for 4 h.

For sample heated at 1200 °C the loss tangent decreases rapidly up to 5.14 kHz beyond that it
decreases slowly up to 1.7 MHz and remains almost constant thereafter. For sample sintered at
1200 °C no relaxation peak appears because of its very high resistance. Low density results in
low dielectric constant and higher dielectric loss [105]. The samples annealed at 1200 °C exhibit
very low loss tangent values between 1 MHz-40 MHz due to high density of the material
(porosity is 7.798%).

The appearance of relaxation peak can be explained according to the Debye relaxation theory
(Tridevi et al 2005) [51]. Hoping of electrons between Fe**<Fe®*" and holes between
Co**<Co® is responsible for relaxation behaviour. The peak in the loss spectrum appears if
jumping frequency of electrons is equal to that of driving electric field, resonance occurs
maximum power is absorbed [106]. The low loss tangent at high frequencies of sample heated
at 1200 "C suggests that it can be used in high frequency applications. The very low values of

dielectric loss show that the sample is structurally prefect.
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3.4.6 Conclusions

Cobalt ferrite nanoparticles of 17 nm size prepared by co-precipitation were pressed into pellets
and annealed at 100 , 400, 600 and 1200 °C for 4 h. Rietveld refined XRD patterns show single
phased spinel structure with Fd-3m space group. Grain size increases with increase of annealing
temperature. As-prepared CoFe>O4 NPs show a high coercivity of 2875 G at RT and Ms of 39
emu/g. The RT saturation magnetization (Ms) increases with increasing temperature due to the
increase of grain size. Cobalt ferrite heated at 100 °C and 1200 °C show coercivity, 3046 G and
118 G and saturation magnetization (Ms) of 39 emu/g and 71 emu/g, respectively, at RT. All the
samples show a large increase in coercivity and a slight decrease in Ms at 100 K. The CoFe;04
sample heated at 600 °C exhibit high coercivity of 11.4 kG at 100 K. Dielectric constant of
CoFe>04 annealed at 1200 °C is 19 between 1 MHz to 40 MHz showing low loss tangent values
(0.021-0.028). This sample can be used as an insulating material in high—frequency electrical

circuits to reduce power losses and skin effect.
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Chapter 4

Structure and properties of cobalt ferrite (CoFe204) and copper doped cobalt ferrite
(C00.75Cuo.25F€204) thin films

This chapter contains the experimental data on CoFe2O4and Coo.75Cuo.25Fe204 films deposited
by RF-magnetron sputtering under different sputtering conditions of RF power, thickness, and
argon gas pressure are presented. The influence of annealing on structure, magnetic and optical
properties of the deposited films is also presented in this chapter.

4.1 Effect of RF Power on Structural, Magnetic and Optical Properties of CoFe204 Thin
Films

The magnetization and optical data on thin films of Co-ferrite deposited at RF power of 60 -120
W are recorded. Detailed systematic studies were undertaken on the as-deposited and annealed
films of Cobalt ferrite. These studies are helpful in tuning the properties of the ferrite films.
Thickness of the as-deposited films is estimated by using profilometer. The thickness of the film
increases as the RF power increases. This is due to the increase in deposition rate with the
increase in RF power. A slight decrease in thickness of film was observed after annealing. This
may be due to increase in packing density of the films on annealing. Film thickness for all films
annealed at 500 °C for 3 h are shown in Fig. 4.8 and Table 4.3.

4.1.1 Structural analysis

The XRD patterns of the CoFe.O4 target and the grazing incident angle x-ray diffraction patterns
measured on the as-sputtered films as well as on the films annealed at 500 °C for 3 h are shown
in Fig. 4.1. The X-ray peaks of the target and the films are in accordance with those of a typical
crystalline Co-ferrite, with spinel structure without a preferred orientation. The as-deposited
films CFF-60 and CFF-80 are amorphous, while those deposited at higher RF-power (100 and
120 W) show a certain degree of crystallinity. After post-annealing at 500°C for 3 h, the major
peaks corresponding to cobalt ferrite emerge, indicating the improvement in crystallization. The
XRD line width and crystallite size are connected through the Debye-Scherrer equation [1]

given b

092
- B cos@

(4.1)

where, D is crystallite size in A, A is the wavelength of X-rays, g is the full width of the

diffraction line at half the maximum intensity and & is the diffraction angle.

101



Target

(311)

(440)

: b (220)
(222)
C (422)
e (511)
e (440)

Lo 1
S = annealed-500 "C
2 ~ &
_ < R
= ~ o (d)
&
= (c)
RZ) b)
=
I
= .
G o as-deposited
% = §
s, (@)
(c)
(b)
g, )
D —
PR TR ST T T NN T ST N T N
25 30 35 40 45 50 55 60 65 70

28 (degrees)
Fig. 4.1 The XRD patterns of the CoFe204 thin films grown at (a) 60 W, (b) 80 W, (c) 100 W and (d) 120 W RF powers, for

as-deposited (i), annealed at 500° C (ii) and Target (iii).

The size of crystallites was calculated using the full width at half maximum (FWHM) of the (3
1 1) peak and the values are presented in Table 4.1. Nanocrystalline nature of Co-ferrite thin

films is evident from the data. Lattice parameter (a) and X-ray density were evaluated using

following formulae [2-4].
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where ‘a’ is lattice parameter, (hkl) are Miller indices, z represents number of molecules in unit
cell (z=8), Na, Avogadro’s number and M is equal to molecular weight of CoFe2O4. The
calculated lattice parameter of Co-ferrite target is 8.35 A and that of the films varies between
8.39-8.48 A.

Table 4.1 FESEM, TEM and structural properties of annealed CoFe,O, thin films

Sample Lattice Crystallite  Grain size Grain size Particle size
constant ‘a’  size (2 nm) (£ 2nm) (2 nm)
(£0.01A)  (¥2nm) As-grown films ~ FESEM TEM
XRD FESEM
CFF-60 8.43 11 44 18 11
CFF-80 8.48 19 38 28 19
CFF-100 8.34 10 47 22 11
CFF-120 8.39 13 42 21 9
Target 8.35 51 - - -

4.1.2 Surface morphology

Field emission scanning electron microscopy micrographs of the cobalt-ferrite films are shown
in Figs. 4. 2(for as-deposited) and 4.3(annealed). The grain-size distribution was determined
from the histogram obtained by measuring the size of around 100-200 individual grains using
imageJ software. For the as-deposited films, the average grain size is 44, 38, 47, and 42 nm for
CFF-60, CFF-80, CFF-100, and CFF-120, respectively. For the annealed films, the histogram
of sample CFF-60 shows that the maximum size distribution is in the range of 15-20 nm, for
CFF-80, 15-25 nm, and for CFF-100 and CFF- 120, it is in the range of 20-25 nm. Average
grain size estimated by FESEM increases from 16 to 28 nm as RF power increases from 60 to
80 W and then it decreases to 22 and 21 nm with a further increase in RF power of 100 and 120
W, respectively. The average values of grain size are listed in Table 4.1. Both sample CFF-80
(Fig. 4.3b) and sample CFF-120 (Fig. 4.3d) have polycrystalline structure. The largest crystal
grain and the best crystallinity were obtained for film deposited at RF power of 80 W. The
surface morphology of the present film is very different from that reported by other group [5].
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Fig. 4.2 FESEM images of the CoFe204 thin films grown at (a) 60, (b) 80, (c)100, and (d) 120 W RF powers and cluster-size
distribution.

Fig. 4.3 (right) FESEM images of the annealed CoFe204 thin films and grain-size distribution.

4.1.3 Transmission electron microscopy
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Transmission electron microscopy (TEM) and High Resolution microscopy have been used to

confirm the nanoparticle size and to determine average particle size. Fig. 4.4 shows the TEM

images of the annealed CoFe204 thin films. It can be seen that the particles are more or less
spherical with an average size estimated to be 11, 19, 11 and 9 nm for CFF-60, CFF-80, CFF-
100 and CFF-120, respectively (Table 4.1). These particle sizes are in good agreement with the

particle size estimated from XRD data using Scherrer formula.
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Fig. 4.4 Microstructure of annealed CoFez04 films by TEM, grown at various RF power: (a) 60 W; (b) 80 W; (c) 100 W and
(d) 120 W.

Fig. 4.5 Selected area diffractions of annealed CoFe204 films grown at various RF powers: (a)60, (b) 80, (c) 100, and (d) 120
W.
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Fig. 4.6 HRTEM micrographs of annealed CoFe,O4 films grown at various RF power: (a) 60 (b) 80 (c) 100 and
(d) 120 W.

The selected area diffraction (SAD) patterns are shown in Fig. 4.5. The diameter of the
diffraction ring in SAD pattern is proportional to vVh2 + k2 + 12 where (hkl) are the Miller
indices of the planes corresponding to the ring. Counting the rings from the center 1st, 2nd, 3,
4™ and 5 rings correspond to (2 2 0), (31 1), (400), (51 1) and (4 4 0) planes, respectively.

The high-resolution TEM image of the annealed films in Fig. 4.6 show the lattice fringes of the
nanocrystallites. The nanocrystal formation on annealing can be seen in Fig. 4.6b for thin film
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deposited at 80 W of RF power. These micrographs show details of the interplanar distance
corresponding to different planes in spinel structure.

4.1.4 Magnetic and properties

Figure 4.7 show the magnetization hysteresis loops of the CoFe>O4 target, as-deposited and
annealed thin films measured at room temperature. The loops were obtained with the magnetic
field applied parallel to the plane of the films and corrected by subtracting the diamagnetic
contribution from the substrate. Since the magnetization does not saturate even at 1.5 T, we
have compared magnetization at the highest field value for different films. The magnetization
at 1.5 T (Ms), remanent magnetization (Mg), and coercivity (Hc) of the films are tabulated in
Table 4.2.

As-deposited films have a small magnetization compared with that of the target. This is probably
related to the amorphous nature of the films. After annealing, the Hc and Ms values of the film
increase significantly depending on film thickness. The target which has coercivity of 162 G
and Ms of 272 emu/cm?®. The in-plane coercivities of the annealed films increased as the RF-
power increased from 60 W to 80 W and then decreased at 100 W followed by an increase with
further increase in RF power up to 120 W. It is related to the increase in grain size up to 80 W

followed by a decrease in grain size as RF power is increased to 120 W (Fig. 4.4).

Table 4.2 Magnetic and optical parameters of CoFe204 thin films deposited at various RF power

Sample As-deposited Annealed at 500 °C for 3 h

Mr Ms Hc Mr Ms Hc

(emu/cc) (emu/cc) (G) (emu/cc) (emuf/cc) (Oe)
CFF-60 - - - 36 246 402
CFF-80 15 38 181 50 274 442
CFF-100 0.3 2 75 15 164 154
CFF-120 2.4 14 313 12 136 220
Target 18 272 162

Fig. 4.8 shows the dependence of saturation magnetization (Ms) at 1.5 T on RF power of the
annealed films. The decrease in Ms of annealed films can be explained in two ways. It can be
due to the change in microstructure of the film as RF power increases. The film deposited at 60

W has porosity, between cobalt ferrite particles (Fig. 4.4) show an Ms value of 246 emu/cm?.
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Fig. 4.7 The magnetization hysteresis loops of CoFe,04 thin films grown at (a) 60 W, (b) 80 W, (c) 100 W and (d)
120 W RF power for as-deposited (i), annealed at 500 °C (ii) and CoFe;04 target (iii).

Fig. 4.8 (right) Dependence of saturation magnetization and film thickness of CoFe,O. films annealed at 500 °C
deposited at various RF powers 60 W, 80 W, 100 W and 120 W.

For the film grown at 80 W, the porosity decreases due to the fusion of grains forming bigger

dense grains which lead to an increase in Ms value to 274 emu/cm? which is close to the bulk
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value. As the RF-power is increased to 100 W, grains are loosely attached leading to a decrease
in Ms to 164 emu/cm?. The film deposited at an RF power of 120 W exhibit appearances of very
large grain boundaries and hence the Ms value is further decreased t0136 emu/cm?®,

The variation in Ms can be due to redistribution of cations among the A and B sites due to heat
treatment. The increase in Ms value of the film grown at 80W (CFF-80) could be due to disorder
in the distribution of Fe** and Co?" among A and B sites compared with a perfectly ordered
inverse spinel structure. In the fully inverted structure, the Fe3** moments are completely
compensated, and the net moment arises only from Co?* ions. The occupation of Co?* ions to
octahedral sites might be less than the full. The octahedral holes which are not occupied by the
Co?* ions might be filled with Fe®* ions which lead to the increase in Ms of the film CFF-80.
The decrease in Ms of CFF-100 and CFF-120 could be related to the increase in cation ordering
among A and B sites. The 164 nm (CFF-80) thickness cobalt ferrite film has a coercivity (Hc)
of about 442 Oe and saturation magnetization of 274 emu/cc, at room temperature (see Fig. 4.7;
Table 4.2). Wang et al. [6] reported coercivity of 3.2 kOe and saturation magnetization of 291
emu/cc, for Co-ferrite films annealed at 900 °C and Ms value of 48 emu/cc and H. value of 50
Oe for 100 nm-thick Co-ferrite film post-annealed at 500 °C for 2 h. Our studies show that Hc
and Ms values strongly depend on film thickness when annealed at 500 °C for 3 h.

4.1.5 Optical properties

The optical transmittance spectra in the wavelength range of 200-2500 nm for CoFe204 thin
films grown at various RF powers for the as-deposited CoFe204 thin films and annealed films
are shown in Fig. 4.9. The fringes in the transmission spectra result from the interference of the
incident light at the air-film, film-substrate, and substrate-air interfaces. Each spectrum can be
roughly divided into three regions: (i) a zone of strong absorption in the near-UV region from
400 to 300 nm, transmittance decreases abruptly; (ii) a region of moderate absorption in the
visible region from 400 to 750 nm, where the transmittance decreases drastically owing to the
effect of the absorption coefficient; (iii) a transparent one with the interference pattern in the
near-IR region between 760 and 2500 nm. The as-deposited films exhibit over 50%
transmittance in the visible region and 84% in NIR region. The absorption edge of the as-
deposited films is between 600 and 700 nm. The absorption edge shifts toward lower

wavelength for the annealed films without any significant change in transmittance. In the
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medium absorption region (4 <700 nm), the transmittance spectra of the annealed films are
slightly shifted to shorter-wavelength (blue-shift) as compared with the as-deposited films.
The absorption coefficient o was determined from the optical transmission measurements at
various wavelengths using the relationship given by Sunds [7,8].

a= —%ln(T) (4.4)

where T is transmittance and t is film thickness.
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Fig. 4.9 Optical transmittance spectra measured at RT of as-deposited (i), annealed (ii), CoFe;O4 thin films grown
at (a) 60 W, (b) 80 W, (c) 100 W,(d) 120 W RF power and (e) empty glass substrate.

Fig. 4.10 (right) Plots of (ahv)? versus (hv) for annealed CoFe,O, thin films deposited at (a) 60, (b) 80, (c) 100,
and (d) 120 W RF powers.

The thickness (t) of the thin film can be determined from the interference fringes of transmission
data by calculating the refractive index of the thin film corresponding to two adjacent maxima

(or minima) given as n(4,) at A, and n(4,) at 4, [9],
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where n(41) and n(A2) are the refractive indices in two consecutive maxima (or minima) and Ay
and 1> the corresponding wavelengths. The thickness of annealed films estimated from
transmission measurements and surface stylus profilometer are listed in Table 4.3.

The band gap values were estimated considering the CoFe2O;4 as a direct band gap material, by

using the well-known Tauc’s formula [9,10],

ahv = A(hv - E;)"* (4.6)
where A is constant, a is the optical absorption coefficient, and /v is the energy of the incident
photon. Figure 4.10 shows the plots of (athv)? versus (hv) for the annealed CoFe,Q4 thin films.
The extrapolation of the straight-line graphs to (a«hv)? = 0 gives the value of the optical gap. It
can be seen that the plots of (ahv)? versus (hv) varies linearly for all the films in the region of

strong absorption near the fundamental absorption edge over a wide range of photon energies.

Table 4.3 Optical properties of CoFe,O4 thin films deposited at various RF power

Sample Film thickness (£ 5 nm) Band gap, Eq
(£0.05eV)
As-grown Annealed As-grown Annealed
Profiler Profiler ~ Calculated
CFF-60 124 119 - 2.16 2.3
CFF-80 180 164 147 2.11 2.16
CFF-100 269 237 258 2.14 2.2
CFF-120 300 286 294 2.08 2.25

The linear variation of absorption coefficient at high frequencies indicates that these thin films
have direct transitions across the energy band gap. The estimated values of energy band gap
for the as-deposited and annealed films are listed in Table 4.3. The error in the optical band gap
measurement by linear curve fitting is £0.02 eV. The band gap variation for films deposited at
80-120 W of RF power is within this measurement error limits. The increase in the optical band
gap of CoFe204 thin films by annealing may be due to the removal of defect levels from the
films. The optical band gap for annealed films shows a decrease from 2.3 to 2.16 eV as the RF
power increases from 60 to 80 W and shows variations within the experimental error thereafter.
This could be attributed to smaller average grain size in the thinner film (119 nm) deposited at
60 W, compared with that in the thicker film (164 nm) deposited at 80 W. The estimated Egq
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value for the annealed CoFe>O4 thin film deposited at 60 W (120 nm) is 2.3 eV, which is smaller
than 2.6 eV reported by Erdem et al. [11] for a 100-nm-thick CoFe.O4 thin film deposited by
spin coating. The estimated direct band gap values for annealed films are greater than those
reported by Rao et al. [12] and smaller than those reported by Ravindra et al. [13] and
Holinsworth et al. [14].
4.1.6 Conclusions
Cobalt ferrite thin films were deposited on glass substrates by radio-frequency magnetron
sputtering using ceramic CoFe2O4 target in Ar gas environment. The grazing incidence X-ray
diffraction studies reveal the nanocrystalline nature of the films. The average grain size and
particle size or crystallite size of the film is found to increase first and then decrease with
increase in RF power. The saturation magnetization, remanence first increased at 80 W and then
decrease with further increase in RF power while coercivity first increased at 80 W and
decreased at 100 W followed by a decrease at 120 W. The films are highly transparent above
600 nm wavelength. The optical band increases on annealing the films. The optical band gap
first decreases as the RF power increases from 60 to 80 W followed by an increasing trend with
a further increase in RF power. The observed changes in the properties of the film are due to
the combined effect of grain size and cation distribution.
4.2 Effect of thickness on structural, optical and magnetic properties of CoFe204 thin film.
In this study, the effect of film thickness and annealing on structure, magnetic and optical
properties of CoFe204 thin films is carried out.
4.2.1 Structural analysis
Figure 4.11 shows grazing incidence X-ray diffraction patterns measured on the as-deposited
films and on annealed films. The main peaks of cubic spinel structure can be seen in all the
patterns. It can be seen from Fig. 4.11 that longer deposition times leads to slightly more
intensity due to increase of the film thickness. As-deposited film CFF-1.5 is amorphous, while
those deposited for 1 h and 2 h (CFF-1 and CFF-2) show a small degree of crystallinity. The
films annealed at 500 °C showed well-defined (311), (400) and (440) peaks of cubic spinel
structure CoFe204 phase. The (311) peak was used to estimate size of the crystallite from the
FWHM (B) by using the Debye-Scherrer formula. The theoretical density of as-grown films
CFF-1h and CFF-2h is 5.09402 g/cm? and 5.22575 g/cm?, respectively. For annealed films the
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X-ray densities are 5.37076 g/cm?, 5.39986 g/cm?®and 5.32684 g/cm?® for CFF-1h, CFF-1.5h and

CFF-2h, respectively. This indicates a slight increase in the density of the films after annealing.

Table 4.4 FESEM, TEM, and structural properties of annealed CoFe204 thin films

Sample Lattice constant ‘a’ Crystallite size Grainsize  Grainsize  Particle size
(#0.005A)  XRD (#1 nm) (2 nm) (1 nm) (1 nm)
XRD as-grown annealed annealed
films films films
as-grown annealed as-grown  annealed FESEM FESEM TEM
films films films films
CFF-1h 8.487 8.34 5 10 47 22 11
CFF-1.5h - 8.39 - 9 39 31 8
CFF-2h 8.418 8.36 4 6 52 40 7
s = annealed-500°C
[ E:’,

(b)

Intensity (a.u)

(b)

(a)

(1)
25 30 35 40 45 50 55 60 65 70
20 (degrees)

Figure. 4.11 The XRD patterns of CoFe;O4 films grown at 100 W for (a) 60 min, (b) 90 min, and (c) 100 min for
as-deposited, (i) and heat treated at 500° C films (ii).
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4.2.2 Surface morphology

Fig. 4.12 shows FESEM micrographs of the surface of as-grown films and films after annealing
at 500°C for 3 h. The grain size distribution diagrams are shown in inset of the each FESEM
images. Average grain sizes estimated for the as-deposited films are 49, 39 and 52 nm for CFF-

1h, CFF-1.5h, and CFF-2h, respectively, and for annealed films average grain size is 22, 31 and
40 nm, respectively.
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Figure 4.12 FESEM micrographs of the films deposited for (a) 1 h, (b) 1.5 h and (c) 2 h; as-grown CoFe204 thin films [left
panel] and films annealed at 500°C [right panel].
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The images have sufficient quality such that individual grains can be resolved and their sizes
measured. ImageJ software was used for grain size analysis (measured at least 100 grains). It
can be seen that films annealed at 500°C exhibit increase in grain size with increasing film
thickness. After annealing the films at 500 °C, all the films possessed a uniform microstructure
with improved crystallinity. Average grain sizes of all the films are found to be much greater
than crystallite size (Table 4.4). The bigger grain size is due to the agglomeration of small
crystallites.

4.2.3 Transmission electron microscope

Figure 4.13 shows TEM images of the annealed films (500°C). The average particle sizes
estimated from TEM image are in agreement with the particle size estimated from XRD data
using Scherrer formula (see Table 4.4). The average particle size decreases with increasing film
thickness.

Figure 4.13 TEM micrographs for the annealed cobalt ferrite films deposited for (a) 1 h, (b) 1.5 hand (c) 2 h at
100 W.
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Figure 4.14 (right) Selected area electron diffraction (SAED) patterns [left panel] and HRTEM images [right
panel] of the annealed cobalt ferrite films deposited at 100 W RF power for (a) 1 h, (b) 1.5hand (c) 2 h
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The selected area diffraction (SAD) patterns and HRTEM micrographs are shown Fig. 4.14.
The SAED patterns of thin films demonstrate that the films have randomly oriented grains. The
HRTEM analysis reveals that annealed Co-ferrite films have spherical/square shape. Using
IFFT, interplanar distance was calculated from HR-TEM images. These micrographs show
details of the interplanar distance corresponding to different planes in spinel structure.

4.2.4 Magnetic measurements.

Fig 4.15 shows the field-dependent magnetization (M—H) of the Co-ferrite films with different
thicknesses at room temperature measured till applied field of £15 kOe. As a point of
comparison, the magnetization of CoFe204 film deposited at 100 W in the previous section (M-
H of Fig. 4.7(c) in Section 4.1) was shown as well. As can be seen from Fig. 4.15, the CoFe204
films exhibit ferromagnetic behavior. The obtained magnetic parameters are listed in Table 4.5.
For the as-grown films CFF-1.5h and CFF-2h, the saturation magnetization Ms exhibits very
low values of 14 and 37 emu/cm?, respectively, whereas the coercive field Hc of the samples
decreased to half with increase of thickness from 236 nm to 353 nm for CFF-1h and CFF-1.5h,
respectively, followed by a significant increase with further increase of thickness to 472.5 nm
in case of CFF-2h.

As-deposited films exhibited an increase in saturation magnetization Ms with increasing film
thickness i.e. increasing deposition time. Ms variation with film thickness might be ascribed to
grain growth and reduced defect density of the as-deposited cobalt ferrite thin films. A reverse
trend is observed between Ms and grain size with increasing film thickness in case of annealed
films. For annealed films, with increase in film thickness, the grain sizes were 22, 31, and 40
nm for the films fabricated for 1 h, 1.5 h and 2 h, respectively. Ms decreases by 68 %, when the
film thickness of annealed films increased from 236 nm (CFF-1h) to 353 nm (CFF-1.5h). With
increase in film thickness to 472 nm, a slight increase in Ms is observed showing an overall
decrease of 63%. Hence, with increasing film thickness, Ms decreases.

Annealing the films in air at 500 °C for 3 h results in an increase of Ms and also a decrease of
Hc, and Mg. Only the film deposited for 1 h (CFF-1h) show a significant increase in Hc after
annealing. A large increase in Ms is observed for CFF-1h (236.2 nm) film after annealing at 500
°C. The reason for increase in coercivity (Hc) of CFF-1h after annealing may be due to a
decrease in grain size. The decrease in coercive field (Hc) of the annealed films with increasing

film thickness beyond 236.2 nm (CFF-1h) is due to increase in grain size.
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Figure 4.15 The M-H hysteresis cycles measured at room temperature on the (i) as-deposited and (ii) heat-treated
CoFe204 films fabricated at 100 W for (a) 1 h, (b) 1.5 h, and (c) 2 h.
Figure 4.16 (right) The M-H hysteresis cycles measured at 100 K for (ii) heat-treated CoFe,O. films deposited at
100 W for (a) 1 h, (b) 1.5 h, and (c) 2 h.
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The increase in Ms after annealing the films at 500 °C for 3 h might be due to the redistribution
of cations. Cation distribution in spinel sub-lattices may be altered with annealing. The increase
in Ms might be due to increase in the B sub-lattice magnetization. Since net magnetic moment

in inverse spinel CoFe20y4 is only due to Co?* ions, because half of the Fe3* cations (5us) occupy
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8 (of 64) tetrahedral (A) sites and the other half occupy 8 (of 32) octahedral (B) sites, and all
Co?* cations fill the remaining 8 octahedral (B) sites. Therefore, the net magnetization is given
by M (us) = Mg - Ma, here Ma and Mg are net magnetic moments of A (tetrahedral) and B
(octahedral) sublattices, respectively. The increase in Ms values might be due to occupation of
Co?* ions in tetrahedral sites during annealing, forcing some of the Fe®* ions to occupy
octahedral (B) sites which increase net magnetization and hence the Ms. The low Ms than the
bulk value may be due to occupancy most of Fe3* ions on tetrahedral sites. Very large decrease
in Ms might be due to the increase in defect density of the thicker films.

Table 4.5: Magnetic properties of annealed CoFe204 thin films deposited using 100 W RF power: for 1 h, 1.5 h
and 2 h measured at 300 K

Sample As-grown Annealed at 500 °C for 3 h
My Ms He Mr Ms He
(emu/ cm?®) (emu/ cm3) (G) (emu/ cm3) (emu/cmd) (G)
CFF-1h 0.11 - 102 15 164 154
CFF-1.5h 0.13 14 49 0.05 53 3
CFF-2h 1.3 37 257 0.4 61 23
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Figure 4.17: Temperature- and field dependent magnetization curves between 10-350 K at 5 kOe applied field

obtained on annealed films deposited at 100 W RF power: for (a) 1 hour, (b) 1.5 hour and (c) 2 hours.
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Figure 4.16 shows M(H) loops for annealed films measured at 100 K. Coercivity and saturation
magnetization increased at 100 K. The Hc values of films grown for 1 hour, 1.5 hour and 2 hours
are 1030, 2230 and 2888 Oe, respectively and Ms values are 248, 98 and 102 emu/cm?,
respectively and M; values are 44, 17 ad 25 emu/cm?, respectively. The reason for the increase
in coercivity is due to increase of magnetic anisotropy.
Fig. 4.17 shows field-cooled (FC) and zero-field-cooled (ZFC) curves measured at 5 kOe in the
temperature range10-350K. Fig. 4.17 shows the phenomenon of irreversibility. The irreversible
(Tirr) temperature for CFF-1h, CFF-1.5h and CFF-2h is 220 K, 172 K and 190 K, respectively.
Flattening of FC is due to interparticle interactions whereas increase of FC slope is due to non-
interacting particle behavior [15].
4.2.5 Optical characteristics
The effect of thickness of Co-ferrite thin films and heat treatment at 500 °C has significant
influence on band gap and crystalline structure. The transmission spectra in the wavelength
range of 400—2600 nm of the as-grown CoFe204 films and films annealed at 500 °C are depicted
in Fig. 4.18. A clear change of absorption edge is observed with increase in film thickness. After
annealing absorption edge is shifted toward lower wavelength without any significant change
in transmittance, i.e., the effect of annealing on the transmittance is a slight decrease because of
the improved crystallinity and densification of the films after the annealing. This shift in
absorption edges towards higher wavelength with increase in film thicknessis an indication of
a decrease in optical bandgap. Absorption of light in short wavelength region is due to electronic
transitions across energy levels in the band structure. The absorption coefficient o was
determined from the optical transmission measurements at various wavelengths using the
relationship given by Sunds [7,8] given by Eq. (4.4), a = —(1/t)In(T), where T is
transmittance and t is film thickness.
The (t) of the thin film can be determined from the interference fringes of transmission data by
calculating the refractive index of the thin film corresponding to two adjacent maxima (or
minima) given as n(A1) at A1 and n(2) at 12 [9] ascribed by Eq. (4.5),

. Ay

2[n(A)A; — n(A2)A4]

where n(41) and n(42) are the refractive indices in two consecutive maxima (or minima) and A1

and A2 the corresponding wavelengths. The thickness of annealed films estimated by envelope
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method [16] are 258, 395.4 and 483.8 nm for the films grown for 1 hour, 1.5 hour and 2 hours,
respectively which were annealed at 500°C. The thickness of annealed films estimated from
transmission measurements and surface stylus profilometer are listed in Table 4.6. Refractive
indices of the annealed CoFe»O4 films were found to decrease with increasing wavelength from
820 nm to 1020 nm and then remain almost constant beyond 1050 nm as shown in Fig. 4.19.
The increasing refractive index with film thickness is due to densification of the film. The
increase in refractive index with increasing film thickness is also reported by other groups
[17,18]. The estimated values of energy band gap for the as-deposited and annealed films are
listed in Table 4.6. There is small decrease in band-gap with increase in film thickness for
annealed films. This change is due to changes of structural defects, atomic distances and grain

size in the films.
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Figure 4.18: The optical transmission spectra of as-grown films, (i) and heat treated CoFe204 films, (ii); deposited for (a) 1 h,
(b) 1.5 h, and (c) 2 h at 100W RF-power.
Figure 4.19(right) Plots of (n) versus () for heat treated CoFe204 films grown for (a) 1 hour, (b) 1.5 hour, and (c) 2 hour.
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Table 4.6 Optical properties of thin films of CoFe,O4 grown at various deposition times;

1.8 2.1 24 27 3.0 33 3.6
hv (¢V)

1 hour, 1.5 hour and 2 hours at 100 W RF-power.

Sample Film thickness (t) (5 nm) Ey (x0.01eV)
As-grown  Annealed films As-deposited  Annealed
Profiler Profiler ~ Calculated

CFF-1h 269 237 258 2.14 2.2

CFF-1.5h 391 353 395 1.85 2.175

CFE-2h 512 472 484 2.11 2.15

These Eq results are less than the Eq values (ranging from 2.28 to 2.58 eV) of the CoFe2O4 films
grown on glass substrates with thickness (400£20nm) by using chemical spray pyrolysis
technique and annealed at different temperatures (500, 550) °C for (2h) by transmittance,

absorbance and reflectance data [19].
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4.2.6 Conclusions

The saturation magnetization Ms decreased by ~63% as film thickness increases from 236 to
482 nm. Decrease in Msis due to decrease in particle size as observed from TEM and change in
cation distribution over A and B sites of cobalt ferrite lattice. Optical band gap of annealed films
decreases with increase in film thickness. The optical constants such as absorption coefficient,
refractive index are affected by increase in film thickness. The decrease of Eq with increase in

film thickness is due to increase in grain size.

4.3 Effect of argon gas pressure on structural, magnetic and optical properties of cobalt
ferrite thin films.
The magnetization and optical data on thin films of Co-ferrite prepared at various argon gas
working pressure of 8 (CFF-8), 10 (CFF-10) and 12 mTorr (CFF-12) were recorded. The
saturation magnetization (Ms), remanence (M) and coercivity (Hc) decrease with the increase
in argon gas pressure from 8 to 12 mTorr.
4.3.1 Structural analysis

The grazing incidence X-ray diffraction spectrum measured on the as-deposited CoFe2O4
films as well as on the films annealed at 500 °C is shown in Fig. 4.21. All peaks are in accordance
with those of a typical crystalline Co-ferrite, with spinel structure. The as-grown films are
amorphous with (3 1 1) peak as the most intense. After post deposition annealing at 500 °C for
3 h, the major peaks corresponding to cobalt-ferrite emerge, indicating the improvement of
crystallization. Crystalline size calculated by using Debye-Scherrer equation calculated using
the full width at half maximum (FWHM) of the (3 1 1) peak are listed in Table 4.7. The lattice

constant ‘a’ was estimated for annealed samples and the values are presented in Table 4.7.

Table 4.7 TEM, FESEM and structural properties of CoFe,O4 thin films prepared at different argon gas
pressure using 110 W RF power.

Sample Lattice Crystallite size  Grain size (2 nm)  Grain size (2 nm) Particle size
(argon constant ‘a’ (1 nm) as-deposited films  annealed films (1 nm)
pressure)  (£0.01 A) XRD FESEM FESEM TEM

8 mTorr  8.363 45 56 30 8

10 8.385 35 58 40 7

12 8.377 3.8 87 63 6
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Fig. 4.21 XRD patterns of thin films CoFe,O4 grown at (a) 8, (b) 10 and (c) 12 mTorr of Ar gas pressure: for (i)
as-deposited and (ii) annealed at 500° C.

4.3.2 Surface morphology
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Fig. 4.22 FESEM images of the as-sputtered thin films of CoFe204 grown at (a) 8, (b) 10 and (c) 12 mTorr of Ar gas pressure.

Fig. 4.23 ( right) FESEM images of annealed films of CoFe204grown at (a) 8, (b) 10 and (c) 12 mTorr of Ar gas pressure.
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Field emission scanning electron microscopy micrographs of the cobalt ferrite films are shown
in Figs. 4.22(for as-deposited) and 4.23(annealed). FESEM images of annealed CoFeO4 thin
films deposited show spherical morphology. The estimated average grain size of the as-
deposited films is 56, 58 and 87 nm, respectively, for films grown at 8, 10 and 12 mTorr argon
pressure. Similarly, the average grain size increases as 30—40—63 nm for the annealed films as
the argon gas pressure increases. For the annealed films, the histogram of sample CFF-8 shows
that the maximum size distribution is in the range of 20-30 nm, for CFF-10, 30—40 nm, and for
CFF-12, it is in the range of 60—70 nm. The average values of grain size are given in Table 4.7.
The agglomeration in the sample may be due to the effect of post deposition annealing, giving
the grains enough time to coalesce.

4.3.3 Transmission electron microscopy

Figure 4.24 shows TEM images and particle size distribution of annealed films. TEM images
confirm the cluster formation of the films. From the TEM images, the measured mean diameter
of particles by assuming that each particle was spherical, the CFF-8, CFF-10 and CFF-12 are 8,
7 and 6 nm, respectively. These values are in agreement with the particle size estimated from

XRD data using Scherrer formula.
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Fig. 4.24 TEM micrographs and corresponding particle size distribution of annealed CoFe,O, films grown at various argon pressure: (a) 8, (b)
10 and (c) 12 mTorr.
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Fig. 4.25 Selected area diffractions [left panel] and HRTEM micrographs [right panel] of annealed CoFe,Os films

grown at various argon pressure: (a) 8, (b) 10 and (c) 12 mTorr.

Figure 4.25 depicts HRTEM images and selected area electron diffraction (SAED) pattern of
the annealed films. SAED patterns confirm the polycrystalline nature of Co-ferrite thin films.
4.3.4 Magnetic properties

Figure 4.26 shows the magnetization hysteresis loops of as-deposited (Fig. 4.26(i)) and annealed
(Fig. 4.26(ii)) thin films measured at room temperature. The values of coercivity, saturation
magnetization and remanent magnetization increased significantly after annealing at 500 °C.
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Fig. 4.26 The magnetization hysteresis loops of CoFe204 thin films grown at various Ar gas pressure: (a) 8, (b) 10 and (c) 12
mTorr for (i) as-deposited (RT) and (ii) annealed films (RT); (iii) M-H at 100 K.

Fig. 4.27 (right) Temperature- and field-dependent ZFC and FC magnetization curves (i), and bifurcation temperature vs.

applied field (ii), obtained on annealed CoFe204 films, grown at different Ar gas pressure: (a) 8, (b) 10 and (c) 12 mTorr.

The M-H loops were obtained with the magnetic field applied parallel to the plane of the film

and corrected by subtracting the diamagnetic contribution from the substrate. Since the
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magnetization does not saturate up to a field of 1.5 T, so magnetization at the highest field value
are compared for different films. The magnetic properties of these films are shown in Table 4.8.
From Table 4.8 we observe that, the saturation magnetization (Ms), remanence (M) and
coercivity (Hc) decreases significantly with argon gas pressure. By comparing the structural
results in Table 4.7 with the above magnetic properties, we see that H¢ decreased, with increase
of argon pressure, in heated Co-ferrite films probably is related to the increase of grain size.
Films deposited at 8 mTorr shows a high coercivity Hc (222 Oe) and small saturation
magnetization (Ms) (139 emu/cc) compared to that of bulk Co-ferrite target [20]. The low value
of saturation magnetization (Ms) (139 emu/cc) is due to reduction in superexchange interaction
between the nearest neighbor A-B ions. Decrease in Ms with increase in argon pressure is related
to the increase in grain size. The present study shows that the Hc and Ms values strongly depend
on thickness microstructure of the film when annealed at 500 °C for 3 h. The 408 nm cobalt
ferrite film (CFF-8) has a H. of 222 Oe and Ms of 139 emu/cm?, at room temperature (see Fig.
4.26; Table 4.8). Wang et al. [6] reported a Hc of 2.7 kOe and Ms of 345 emu/cm? for 450 nm
Co-ferrite films annealed at 900 °C for 2 h. Since the grain size determined (259.2 nm) from
Scherrer’s formula by Wang et al. [6] is very much greater than our estimated crystallite or
particle size (4.5£1 nm from GIXRD or 8+1 from TEM and 30 nm from FESEM), our results
are small than Ref. [6]. Horng et al. [21] reported Ms value of 121 emu/cm?® for 120-nm-thick
CoFe204 film grown at 300 “C using oxygen-plasma-assisted molecular-beam epitaxy.

Figure 4.26 (iii) shows hysteresis loops measured at 100 K. The coercive field increases from
222 Oe at 300 K to 3923 Oe at 100 K for the film grown at 8 mTorr (CFF-8), and from 108 G
to 3461 Oe for CFF-10 and from 80 G to 3493 Oe for CFF-12. We attribute this change to an
increase in magnetic anisotropy with decreasing temperature.

4.3.5 Magnetization studies (FC-ZFC)

Figure 4.27(i) shows zero-field-cooled (ZFC) and field-cooled (FC) curves of the CoFe204 films
measured in the temperature range of 5 K—400 K under an applied field of 1 kOe. The films
with post deposition annealing were selected for these measurements, due to their good
crystalline structure. The substrate effect from glass has been subtracted from the magnetization
data. Tir=330 and T»=331 (CFF-8), Tir=346, Tp=301 (CFF-10), Tir=349 k, Tp=320 K (CFF-
12). The irreversible temperature in ZFC and FC magnetizations is 330, 345 and 349 K,
respectively, for annealed films CFF-8, CFF-10 and CFF-12. Bifurcation or irreversible
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temperature (Tir) increased with increase in argon pressure as film thickness increased.The
blocking temperature (Tg) decreased from Tg=330 to Tg=301 with increase in argon pressure
from 8 to 10 mTorr which increases to 320 at 12 mTorr. The thin films prepared in this study
can be used in temperature sensor applications (FC curve) since there is a continuous variation

in magnetization with changing temperature.

Table 4.8 Magnetic parameters of as-grown and annealed CoFe20x4 thin films measured at 300 K and 100 K deposited

at various Ar gas pressure using 110 W RF power.

Sample For as-deposited films For annealed films For annealed films
(argon measured at 300 K Measured at 300 K measured at 100 K
pressure)
Mr MS HC Mr MS HC MT MS HC

(emu/cc) (emu/cc) (G) (emu/cc) (emu/cc) (Oe) (emu/cc) (emu/cc)  (Oe)
8 mTorr 11 78 378 11 139 222 60 160 3923
10 1.9 45 150 1.7 78 108 26 89 3461
12 2.4 39 168 1.5 72 80 27 83 3493

Figure 4.27(ii) shows plot of bifurcation temperature versus applied field measured in the
temperature range of 80 K—400 K under various applied field of 100 G, 500 G, 1 kG, 6 kG, 8
kG, and 10 kG by Lakeshore 7400 VSM. With increasing magnetic field the bifurcation
temperature (Tg) decreased to lower temperatures.

4.3.6 Optical properties

The optical transmittance spectra in the wavelength range of 200-2500 nm for CoFe204 thin
films grown at various argon pressures for the as-deposited CoFe2O4 thin films and annealed
films are shown in Fig. 4.28. The optical transmittance of the as-deposited film CFF-8 (T =
64.508 at 967 nm and T = 77.865 at 1382 nm) has increased after annealing (T = 76.988 at 926
nm and T = 80.356 at 1310 nm) and shifted to shorter wavelengths. Similarly, CFF-10 (T =
63.742 at 965 nm and T = 77.1727 at 1379 nm) after annealing shows increased transmittance
(T=70.418 at 934 nmand T = 74.221 at 1332 nm) and finally, for CFF-12 (T = 43.8346 at 865
nmand T = 71.157 at 1063nm) also transmittance has increased (T =57.86 at 858 nmand T =
80.331 at 1075nm). On an average as-deposited films exhibit over 58 % between 865—965 nm
and 80 % in rest of NIR region. The absorption edge of the as-deposited films is between 850
and 950 nm. For the annealed films the absorption edge shifts toward lower wavelength with a

remarkable increase in transmittance (>10%). In the medium absorption region (4 <800 nm),
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the transmittance spectra of the annealed films are slightly shifted to shorter-wavelength (blue-
shift) as compared with the as-deposited films.

It is clear that there are differences in the position of the absorption edge (position at which
transmittance decreases). This difference corresponds to difference in band gap values.
Refractive indices and thicknesses of CoFe2Oqs thin films by Swanepoel’s method

Swanepoel method [22-23] was used to measure the refractive index (n) and film thickness of
cobalt ferrite films. If Tmax(Tm) and Tmin(Tm) are maximum and minimum transmittance at any

wavelength A, then, refractive index n was calculated by relationship given by

n=\/N+ N? —n2 4.7
where
Tr=Tm 241
N = 2n T“;Tm + == (4.8)

where ns is refractive index of substrate (ns=1.52 (glass)).
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Fig. 4.28 Optical transmittance spectra measured at RT of as-deposited (i), annealed (ii), CoFe,O, thin films grown at (a) 8, (b) 10 and (c) 12

mTorr of Ar gas pressure and (d) empty glass substrate.

Fig. 4.29 (right) Refractive index versus wavelength plots of as-deposited (i), annealed (ii), CoFe,O, thin films grown at various Ar pressure:
(a) 8, (b) 10 and (c) 12 mTorr.
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Fig. 4.30 Plots of (ahv)? versus (hv) for annealed CoFeQ4 thin films (ii) and for as-grown films (i), grown at (a)

8, (b) 10 and (c) 12 mTorr argon pressure.

Figure 4.29 shows refractive index versus wavelength graph. Since the average particle size
decreases with increase of argon pressure (Fig. 4.24 and Table 4.7), there is a possibility of
decrease in surface roughness and porosity of films with increasing argon gas pressure and
hence results in a decrease of refractive index. Therefore, the surface roughness the films grown
at 8 mTorr of argon pressure (408 nm) is more and shows a higher refractive index vary between
2.89 to 2.35. Refractive index for film grown at 10 mTorr (651.2 nm) is in the range of 2.64 to
2.4 and that of the film grown at 12 mTorr (808.5 nm) is in the range of 2.45 to 2.08.
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The thickness of annealed films estimated from transmission measurements and surface stylus
profilometer are listed in Table 4.9. The estimated values of energy band gap for the as-
deposited and annealed films are listed in Table 4.9. From Table 4.9, optical band gap increases
with increase in argon gas pressure. This increase in band gap is attributed to the decrease in
particle size (Fig. 4.24;Table 4.7) and hence decreased disorder. The estimated direct band gap

values for annealed films are slightly greater than those reported by Rao et al. [12].

Table 4.9 Optical properties thin films of CoFe204 grown at differentargon pressure using 110 W RF power.

Sample Film thickness (2 nm) Eg (20.01eV)
(argon As-deposited Annealed As-deposited  Annealed
pressure)
Profiler Calculated Profiler Calculated
8 mTorr 450 495 408 410.7 1.58 1.98
10 700 680 651.2 598.9 1.93 2.10
12 870 798 808.5 800.6 1.98 2.16

4.3.7 Conclusions

CoFe204 thin films have been deposited onto glass substrates by RF magnetron sputtering
technique at room temperature. Nanocrystalline cobalt ferrite thin films have been successfully
deposited onto glass substrates at RT by RF-magnetron sputtering in argon atmosphere. The
grazing incident X-ray diffraction patterns of sintered CoFe204 films indicates the formation of
the desired single phase spinel structure. Saturation magnetization decreases with increase in
argon pressure. The observed changes could are due to cation distribution and grain size present
in the films after post annealing. Swanepoel method is successfully used to determine the
refractive index, absorption coefficient, film thickness and energy gap of three films over the
wavelength of 400—2600 nm. The optical energy band gap increased for annealed films as the
argon gas pressure is increased. The increase in band gap is due to decrease in particle size as
observed from TEM. Our results showed that the transmission decreased and refractive index
decreased with increasing argon pressure. The study showed that the annealed cobalt ferrite film
deposited at 8mTorr (CFF-8) can be used in temperature sensor applications.
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4.4 Effect of annealing temperature on structure, magnetic and optical properties of
Co00.75Cu0.25Fe204 thin films.

4.4.1 Introduction

Magnetic properties of ferrite thin films also depend on their particle size, chemical composition
and cation distribution. Tailoring magnetic properties is possible either by careful control of
particle size or by changing cation distribution. This is possible by changing chemical
composition and fabrication techniques and synthesis conditions. The electrical properties of
cobalt ferrite films vary drastically with chemical composition. Hence, they are frequently used
to investigate the conduction mechanism in ferrites. Even though thin films of CoFe2O4 are
extensively studied by numerous researchers, there are only few reports about substitution of
Cu?* onto Co?* site. The electrical and magnetic properties of cobalt ferrite films vary drastically
with composition. Therefore, they can be used to study the conduction process in ferrites.
Detailed systematic studies were undertaken on the as-deposited and annealed films of
Co00.75Cuo.25Fe204. These studies are helpful in tuning the properties of the ferrite films.

4.4.2 Effect of Annealing Temperature

4.4.2.1 Film thickness

As-deposited films annealed at 600°C, 800 °C and 1000 °C were identified as 12403, 12403An6,
2403An8, and 12403An10, respectively. Thickness of the as-deposited and annealed
Co00.75Cuo.25Fe204 films is estimated by using profilometer. A slight decrease in thickness of
film was observed with annealing temperature. This may be due to increase in packing density
of the films on annealing. The cross-sectional FESEM images of as-deposited and annealed
films are shown in Fig. 4.33. The thickness of as-deposited films and films annealed at 600 °C,
800 “C and 1000 °C for 3 h estimated from cross-sectional FESEM images and surface stylus
profilometer are listed in Table 4.11.

4.4.2.2 Structural Analysis

The XRD patterns of the Coo.75Cuo2sFe2O4 target and the grazing incident angle X-ray
diffraction patterns measured on the as-sputtered films as well as on the annealed films are
shown in Fig. 4.31. The X-ray peaks of the target and the films are in accordance with those of
a typical crystalline Co-ferrite, with spinel structure without a preferred orientation. The as-
deposited films are amorphous. After annealing at 600 “C, 800 “C and 1000 °C for 3 h, the height

of major peaks corresponding to cobalt-ferrite increased with annealing temperature, indicating
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the improvement in crystallite size. The XRD line width and crystallite size are connected
through the Debye-Scherrer equation [1] given by D = 0.94/(fcos 6) where, D is crystallite size
in A, / is the wavelengthof X-rays, /8 is the full width of the diffraction line at half the maximum
intensity and @ is the diffraction angle. The size of crystallites was calculated using the full
width at half maximum (FWHM) of the (3 1 1) peak and the values are presented in Table 4.10.
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Fig. 4.31The XRD patterns of the Coo.75Cuo 2sFe204 target (i) and thin films (ii); (a) as-grown, (b) annealed at 600
°C, (c) annealed at 800 °C, and (d) annealed at 1000 °C.

4.4.2.3 Surface morphology

Field emission scanning electron microscopy micrographs of the Coo.75Cuo.2sFe204 films are
shown in Fig. 4.32. The grain-size distribution was determined from the histogram obtained by
measuring the size of around 100-200 individual grains using imageJ software. For the as-

deposited films, films annealed at 600, 800 and 1000 °C the average grain size is 25, 30, 40 and
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328 nm, respectively. The cross-sectional FESEM images of as-deposited films are shown in

Fig. 4.33. The average values of grain size are listed in Table 4.10.
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Fig. 4.32 FESEM images of the Coo.75Cug.25Fe>04 thin films grown at 40 W (a) as-grown, (b) annealed at 600°C,

(c) annealed at 800°C, and (d) annealed at 1000°C and grain-size distribution.

Fig. 4.33 (right) FESEM cross-sectional images of the Coo.75Cuo25Fe204 thin films grown at 40 W; (a) as-grown,
(b) annealed at 600°C, (c) annealed at 800°C, and (d) annealed at 1000°C

Table 4.10 FESEM, TEM, and structural properties of annealed C0o.75Cuo.2sF€204 thin films

deposited at 12 mTorr argon gas pressure using 40 W RF power

Sample Lattice Crystallite Grain size Particle size
(annealing constant ‘a’ size (£ 1 nm) (£1nm) (2 nm)
temp. (°C)) (£0.01A) XRD FESEM TEM
As-deposited 8.38 7 25 -

600 8.36 14 30 16

800 8.34 31 40 7

1000 8.37 313 328 26

Target 8.33 30 64 -
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4.4.2.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) and high resolution microscopy have been used to
confirm the nanocrystalline nature of the films. Figure 4.34 shows the TEM images of the
annealed films. It can be seen that the particles are more or less spherical with an average size
of 7, 16 and 26 nm for films annealed at 600 °C (12403An6), 800 °C (2403An8), and 1000 °C
(2403An10), respectively (Table 4.10).

Fig. 4.34 Microstructure of Coo.75Cuo.25Fe204 thin films grown at 40 W; (b) annealed at 600 °C, (c) annealed at 800 °C, and (d)
annealed at 1000 °C.
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Fig. 4.35 Selected area diffractions [left panel] and HRTEM images [right panel] of Coo.7sCuo.2sFe204 thin films grown at 40
W; (b) annealed at 600 °C, (c) annealed at 800 °C, and (d) annealed at 1000 °C.
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The selected area diffraction (SAD) patterns are shown in Fig. 4.35. The SAD patterns exhibit
enhanced crystallinity with increase in annealing temperature. The high-resolution TEM image
of the annealed films in Fig. 4.35 show the lattice fringes of the nanocrystallites. These
micrographs show details of the interplanar distance corresponding to different planes in spinel
structure.

4.4.2.5 Magnetic properties

Figure 4.36 shows the magnetization hysteresis loops of Coo.75Cuo.2sFe204 target, as-deposited,
annealed thin films measured at room temperature. The loops were obtained with the magnetic
field applied parallel to the plane of the film and corrected by subtracting the diamagnetic
contribution from the substrate.The magnetization at 1.5 T (1.2 T for films) (Ms), remanent
magnetization (Mr), and coercivity (Hc) of the films are tabulated in Table 4.11. The as-
deposited films are amorphous and have a small magnetization compared with that of the target.
The target has very low H. of 57 G and Ms of 293 emu/cm?®. After annealing at 600 °C, a large
increase in Ms, Hc and M is observed due to increase in crystallinity and grain size (Table 4.10).

The in-plane coercivity of the annealed film increased as the annealing temperature increased
from 600 °C to 800 °C and then decreases with further increase in annealing temperature up to
1000 °C. The high coercivity of the sample annealed at 800 °C is because of its small particle
size which is observed from TEM micrograph and HRTEM images (Figs. 4.34 & 4.35) followed
by a very large increase in grain size as annealing temperature is increased to 1000 °C (Fig.
4.32).

Table 4.11 Magnetic and optical parameters of C0o.75Cuo.25Fe204 thin films deposited at 12 mTorr

argon gas pressure using 40 W RF power

Sample Film thickness Magnetic properties Band gap
(annealing (2 nm)
temp. (°C))

Profiler FESEM M Ms Hec Eg

(emu/ cm?) (emu/cmd)  (G) (eV)

As-deposited 343 342 5 79 275.6 2.26
600 332 328 59 227 1717 2.37
800 321 323 55 166 2670 2.29
1000 306 312 192 250 1499 2.04
Target - - 11 293 57 -
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Fig. 4.36 The magnetization hysteresis loops of Coo.75Cuo.25F€204 target (i), and thin films grown at 40 W (ii); (a) as-grown,
(b) annealed at 600 °C, (c) annealed at 800 °C, and (d) annealed at 1000 °C.

Fig. 4.37 (right) Dependence of magnetization (Ms) at 1.2 T and grain size of annealed Coo.7sCuo.2sFe204 thin films annealed
at different temperatures 600 °C, 800 °C and 1000 ‘C

Figure 4.37 shows the dependence of Ms at 1.2 T and grain size on annealing temperature. The
increase in Ms of films annealed at 600 °C is due to the change in microstructure of the film.
The as-grown film is amorphous (Fig. 4.32), having an Ms value of 79 emu/cm?. For the film
annealed at 600 °C, the grain size increased due to the fusion of grains forming bigger dense
grains leading to an increase in Ms value to 227 emu/cm?® as shown in Fig. 4.34 (b). As the
annealing temperature is increased to 800 °C, grains are loosely connected as can be seen from
TEM micrograph (Fig. 4.34 (c)) leading to a decrease in Ms to 166 emu/cm?®. The film annealed
at 1000 °C exhibits highly dense very large grains with no grain boundaries (Fig. 4.32 (d)) and
hence the Ms value is increased to 250 emu/cm?®. The Ms of this sample is found by extrapolation
of linear portion of M(H) at high field to Y-axis and the value of y-intercept is taken as Ms value.
The variation in Ms can be due to changes in cation distribution among the A and B sites due to
heat treatment. The increase in Ms value of the film annealed at 1000 °C could be due to the
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disorder in the distribution of Fe*>* and Co?" among A and B sites compared with a perfectly
ordered inverse spinel structure. In the fully inverted structure, the Fe** moments are completely
compensated and the net moment arises only from Co?* ions. The occupation of Co?" ions to
octahedral sites might be less than the full. The octahedral holes which are not occupied by the
Co?* ions might be filled with Fe3* ions which lead to the increase in Ms of the film annealed at
1000 °C. Substitution of Co?* by Cu?" (1 ug) on tetrahedral sites leading to increase in Ms.
Furthermore, non-magnetic Cu* (0 us) formed during heating at 1000 °C might occupy
tetrahedral sites forcing Fe3* ions to octahedral sites which lead to the increase in Ms of the film
annealed at 1000 °C. The 311-nm Co0o.75Cuo.2sFe204 film heated at 1000 °C has a H¢ of 2.67 kOe
and Ms of 250 emu/cm?, at room temperature (see Fig. 4.36; Table 4.11). Lee et al [6] reported
saturation magnetization (Ms) of 220 emu/cm? for CoFe,O4 films deposited by RF magnetron
sputtering. The present study shows that the Hc and Ms values strongly depend on microstructure
of the film when annealed at different temperatures 600 “C, 800 °C and 1000 °C for 3 h.

4.4.2.6 Optical properties

The optical transmittance spectra in the wavelength range of 300—2500 nm for C0oo.75Cuo.2sFe204
thin films grown at 40 W 12 mTorr argon pressure for the as-deposited C0o.75Cuo.25Fe204 thin
films and annealed films are shown in Fig. 4.38

Fig.4.39 shows the plots of («hv)? versus (hv) for the annealed Coo75Cuo 25Fe204 thin films. The
extrapolation of the straight-line graphs to (zhv)? = 0 gives the value of the optical gap. It can
be seen that the plots of (ahv)? versus (ho) varies linearly for all the films in the region of strong
absorption near the fundamental absorption edge over a wide range of photon energies. The
linear variation of absorption coefficient at high frequencies indicates that these thin films have
direct transitions across the energy band gap.

The estimated values of energy band gap for the as-deposited and annealed films are listed in
Table 4.11. The error in the optical band gap measurement by linear curve fitting is £0.02 eV.
The band gap variation for films deposited at 40 W of RF power is within this measurement
error limits. The increase in the optical band gap of Coo.75Cuo.2sFe204 thin films annealed at 600
°C may be due to the removal of defect levels from the films. The optical band gap for annealed
films shows a decrease from 2.37 to 2.29 eV as the annealing temperature increases from 600

°C to 800 °C and decreased to 2.04 eV for film annealed at 1000 °C. This is because of increase
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in grain size with increase in annealing temperature upto 1000 °C. This unfold the potentiality

of band gap tuning by substitution in spinel ferrites.
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Fig. 4.38 Optical transmittance spectra Coo.7sCuo.2sFe204 films measured at RT; for as-deposited (a), annealed at 600 °C (b),
annealed at 800 °C (c), annealed at 1000 °C (d), and empty quartz substrate (e).

Fig. 4.39 (right) Plots of (ahv)? versus (hv) for annealed Coo.75Cuo.25Fe204 thin films; for as-deposited (a), annealed at 600 ‘C
(b), annealed at 800 °C (c), annealed at 1000 °C (d).

The estimated Eg value for the annealed Coo.7sCuo.2sFe204 thin film deposited at 40 W annealed
at 800 °C (320 nm) is 2.29 eV, which is smaller than 2.6 eV reported by Erdem et al. [11] for a
100-nm-thick CoFe2O4 thin film deposited by spin coating. The estimated direct band gap
values for annealed films are smaller than reported value of 2.54 eV by Sultan et al. [24] for a
300-nm-thick ZnFe204 film deposited by RF magnetron sputtering.

4.4.2.7 Conclusions

The saturation magnetization (Ms) of Coo.75Cuo2sFe204 films increased with increase of
annealing temperature due to increase of average grain size. High saturation magnetization (Ms)
of 250 emu/cm? is obtained after annealing films at 1000 °C with H¢ of 1500 G. High coercivity
Hc of 2670 G is obtained after annealing films at 800 °C. The decrease in Ms after heat treatment
at 800 °C is due to decrease in particle size as observed from TEM. The optical band gap first
increases when films were annealed at 600 °C followed by a decreasing trend with a further

increase in annealing temperature upto 1000 °C beause of increase in grain size.
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4.4.3. Effect of RF power

4.4.3.1 Film Thickness

Thickness of the as-deposited films is estimated by using profilometer. The thickness of the film
increases as the RF power increases. This is due to the increase in deposition rate with the
increase in RF power [25]. A slight decrease in thickness of film was observed after annealing.
This may be due to increase in packing density of the films on annealing. Film thickness for
various as-grown films and films annealed at 800 “C for 3 h (Fig. 4.43) is shown in Table 4.14.
4.4.3.2 Structural Analysis

The grazing incident angle X-ray diffraction patterns of Cog75Cuo.2sFe204 films measured on
the as-sputtered films as well as on the annealed films are shown in Fig. 4.40. The X-ray peaks
of the films are inaccordance with those of a typical crystalline Co-ferrite, with spinel structure
without a preferred orientation. The as-deposited film grown at 30 W are amorphous, while
those deposited at 40 W, 50 W and 60 W show a certain degree of crystallinity. After annealing
at 800 °C for 3 h, the major peaks corresponding to cobalt-ferrite emerge, indicating the
improvement in crystallization. The XRD line width and crystallite size are connected through
the Scherrer equation [1] given by D = 0.94/(8 cos #)where, D is crystallite size in A, A is the
wavelength of X-rays, f is the full width of the diffraction lineat half the maximum intensity
and @ is the diffraction angle. The size of crystallites was calculated using the full width at half
maximum (FWHM) of the (3 1 1) peak and the values are presented in Table 4.12. The
calculated lattice parameter of the films varies between 8.488 and 8.531A for as-grown films
and between 8.34 and 8.363 A for annealed films.

Table 4.12 FESEM, TEM, and structural properties of as-deposited and annealed Cog75Cuo 25Fe,04 thin films deposited at 6 mTorr

argon gas pressure using various RF power

Sample Lattice constant ‘a’ Crystallite size Grain size Particle size
(RF power) (% 0.002A) (2 nm) (=1 nm) (+ 2nm)
XRD FESEM TEM
As-grown Annealed As-grown Annealed As-grown Annealed Annealed
30w 8.531 8.340 6 30.7 22 42 40
40w 8.526 8.327 11 32 40 50 67
50 W 8.508 8.352 16 30 32 42 49
60 W 8.488 8.363 17 36 26 54 52
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Fig. 4.40 The XRD patterns of the C0g 75Cuq25Fe,04 thin films grown at a 30, b 40, ¢ 50, and d 60 W RF powers, for as-deposited (i), annealed

at 800 °C ().

4.4.3.3 Surface morphology
Field emission scanning electron microscopy micrographs of Coo.75Cuo.25Fe204 films are shown

in Figs. 4.41(for as-deposited) and 4.42(annealed). The grain-size distribution was determined
from the histogram obtained by measuring the size of around 100-200 individual grains using
imageJ software. For the as-deposited films, the average grain size is 22, 30, 32, and 26 nm for
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films deposited using 30, 40, 50 and 60 W, respectively. For as-grown films, the histogram of
sample deposited using 30 W shows that the maximum size distribution is in the range of 30—
40 nm, for films deposited using 40, 50 and 60 W, it is in the range of 20-30 nm, respectively.
For annealed films, the histogram of film deposited using 30 W shows that the maximum size
distribution is in the range of 20-40 nm, film deposited using 40 W, 40-80 nm, for film
deposited using 50 W, 30-40 nm and film deposited using 60 W, it is in the range of 40-60 nm,
respectively. The average values of grain size are listed in Table 4.12. All the samples (Fig.
4.42) have polycrystalline structure. The cross-sectional FESEM images of annealed films are
shown in Fig. 4.43.
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Fig. 4.41 FESEM images of the Coo.75Cuo.25Fe204 thin films (as-deposited) grown at a 30, b 40, ¢ 50, and d 60 W RF powers
and cluster-size distribution.
Fig. 4.42 (right) FESEM images of the annealed Coo.75Cuo.25F€204 thin films grown at a 30, b 40, ¢ 50, and d 60 W RF powers
and cluster-size distribution
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Fig. 4.43 FESEM cross-sectional images of the annealed Coo.7sCuo.2sFe204 thin films grown at a 30, b 40, ¢ 50, and d 60 W

RF powers

4.4.3.4 Transmission electron microscopy

Transmission electron microscopy (TEM) and high resolution microscopy have been used to
confirm the nanocrystalline nature of the films. Figure 4.44 shows the TEM images of the
annealed films. The average particle sizes of films deposited using 30, 40, 50 and 60 W are 40,
67, 49, and 52 nm, respectively (Table 4.12). These values are in agreement with the grin size
estimated from FESEM images.

The selected area diffraction (SAD) patterns are shown in Fig. 4.45. The diameter of the
diffraction ring in the SAD pattern is proportional to \(h? + k? + 1) where (hkl) are the Miller
indices of the planes corresponding to the ring. Counting the rings from the center 1st, 2nd, 3rd,
4th, and 5th rings correspond to (2 2 0), (31 1), (4 0 0), (422) and (4 4 0) planes, respectively.
The high-resolution TEM image of the annealed films in Fig. 4.46 show the lattice fringes of
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the nanocrystallites. These micrographs show details of the interplanar distance corresponding

to different planes in spinel structure.
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Fig. 4.44 TEM microstructure of the annealed Coo.75Cuo.2sF€204 thin films grown at a 30, b 40, ¢ 50, and d 60 W RF powers.
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Fig. 4.45 Selected area diffractions of the annealed Coo 75Cuo.2sFe204 thin films grown at a 30, b 40, ¢ 50, and d
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Fig. 4.46 HRTEM micrographs of the annealed Coo.75Cuq 2s5F€204 thin films grown at a 30, b 40, ¢ 50, and d 60 W

RF powers.
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4.4.3.5 Magnetic Properties

Figure 4.47 shows the magnetization hysteresis loops of as-deposited, and annealed
C00.75CuU0.25Fe204 thin films measured at room temperature. The loops were obtained with the
magnetic field applied parallel to the plane of the film and corrected by subtracting the
diamagnetic contribution from the substrate. Since the magnetization does not saturate up to a
field of 2 T, so magnetization at the highest field value are compared for different films. The
magnetization at 2 T (Ms), remanent magnetization (Mr), and coercivity (Hc) of the films are
tabulated in Table 4.13. For as-deposited and annealed films Ms and Mr increase with increasing
RF power because of increase in grain size, while coercivity (Hc) increased from 2.75 kOe to
3.45 kOe as the RF power increases from 30 to 40 W it decreases thereafter with further increase
in RF power up to 60 W. Film deposited at 30 W RF power is amorphous. The high coercivity
of the film grown at 40 W is due to increase in crystalline nature of the film with crystallite size
of 11 nm.

After annealing, the Ms values of the film increased significantly with increasing film thickness.
While Hc first increased as the RF power increased from 30 to 50 W followed by a decrease
with further increase in RF power up to 60 W. It is related to the decrease in grain size of
annealed film grown at 50 W followed by an increase in grain size as RF power is increased to
60 W (Fig. 4.44).

Table 4.13 Magnetic parameters of Coo.75CUo.25F€204 thin films grown at 6 mTorr argon gas pressure

using various RF powers

Sample For as-deposited films For annealed films
(RF power)
Mr Ms Hc MR/MS Mr Ms Hc MR/MS
(emu/cc)  (emu/cc)  (Oe) (emu/cc)  (emu/cc)  (Oe)
30W 33 71 2753  0.465 34 129 2001  0.264
40w 62 115 3450 0.539 68 174 3449  0.39
50 W 86 176 2993  0.488 97 243 3866  0.399
60 W 112 205 2696  0.544 88 300 1934  0.293
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Fig. 4.47 The magnetization hysteresis loops of Coo.75Cuo.25Fe204 thin films grown at a 30, b 40, ¢ 50, and d 60 W
RF powers for as-deposited (i), annealed at 800 °C (ii).
Fig. 4.48 (right) Dependence of magnetization (Ms) at 2 T and film thickness of as-grown (i) and annealed (ii)

C00.75Cuo 25F€204 thin films deposited at various RF powers.

Figure 4.48 shows the dependence of Ms at 2 T on RF power for as-deposited and annealed
films. The increase in Ms of the annealed films can be explained in two ways. It can be due to
the change in microstructure of the film as RF power increases. The film deposited at 30 W is
porous with loose packing of grains (Fig. 4.42), showing an Ms value of 129 emu/cm?. The film
grown at 40 W, show bigger dense grains (Fig. 4.44) leading to an increase in Ms value to 174
emu/cm?. As the RF power is increased to 50 W, grains are tightly connected leading to increase
in Ms to 243 emu/cm?®. The film deposited at an RF power of 60 W exhibits highly dense large
grains and hence the Ms value is further increased to 300 emu/cm? which is slightly greater than
the bulk value. The variation in Ms can be due to changes in cation distribution among the A
and B sites due to heat treatment. The increase in Ms value of the film grown at 60 W could be

due to the occupation of Co?* ions on tetrahedral sites forcing Fe** ions to octahedral sites
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resulting in increase in net magnetic moment. Furthermore, any occupancy of Cu® (0 ug) on
tetrahedral site may lead to the increase in Ms. The increase in Ms of films deposited using 30,
40 and 50 W could be related to the small increase in disorder in the distribution of Fe** and
Co?* among A and B sites with increase in RF power. The 410-nm annealed C0o.75CuUo.25F€204
film deposited using 50 W RF power has a Hc of 3866 Oe and Ms of 243 emu/cm?, at room
temperature (see Fig. 4.47; Table 4.13). Sartale et al. [26] reported a Hc 0f 0.2—0.27 kOe and Ms
of 211-323 emu/cm?® measured at RT for cobalt ferrite films prepared by electrochemical
deposition.

4.4.3.6 Optical Properties

The optical transmittance spectra in the wavelength range of 300-2500 nm for C0oo.75Cuo.25F€204
thin films grown at various RF powers for the as-deposited Coo.75Cuo.25Fe204 thin films and
annealed films are shown in Fig. 4.49.

The estimated values of energy band gap for the as-deposited and annealed films are listed in
Table 4.14. The error in the optical band gap measurement by linear curve fitting is £0.02 eV.
The band gap variation for films deposited at 30-40 W of RF power is within this measurement
error limits. For as-deposited films the optical band gap decreased with increasing RF power
because of increase in grain size as the RF power increases from 30 to 50 W. The increase in
the optical band gap of Coo.75Cuo.25F€204 thin films by annealing may be due to the removal of
defect levels from the films. The optical band gap for annealed films shows a slight increase
from 2.14 to 2.16 eV as as the RF power increases from 30 to 40 W and then decreases with

further increase in RF power up to 60 W.

Table 4.14 Optical properties of C0o.75Cug 25F€204 thin films

deposited at 6 mTorr argon gas pressure using various RF powers

Sample Film thickness Band gap
(RF power, (x4 nm) Ey( £ 0.01eV)
w)

As-grown Annealed  As-grown  Annealed
Profiler FESEM

30 252 232 2.07 2.14
40 392 364 2.06 2.16
50 431 412 1.90 2.01
60 464 430 - 1.93
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This is attributed to the increase of grain boundaries in the film deposited at 40 W (364 nm),
compared to the film (232 nm) deposited at 30 W. The decrease in band gap of the annealed
films deposited at 50 and 60 W RF power is because of increase in grain size. The estimated Eq
value for the annealed Coo.75Cuo.25Fe204 thin film deposited at 50 W (430 nm) is 2.01 eV, which
is smaller than 2.6 eV reported by Erdem et al. [11] for a 100-nm-thick CoFe2O4 thin film
deposited by spin coating. The estimated direct band gap values for annealed films are greater

than those reported by Rao et al. [12].
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Fig. 4.49 (left) Optical transmittance spectra measured at RT of as-deposited (i), annealed (ii), Cog.75Cug.25Fe204
thin films grown at a 30, b 40, ¢ 50, and d 60 W RF powers and e empty quartz substrate.

Fig. 4.50 (right) Plots of (ahv)? versus (ho) for as-deposited (i), annealed (ii), Coo75CUo 25Fe204 thin films grown
ata 30, b 40, ¢ 50, and d 60 W RF powers.

4.4.3.7 Conclusions
As-grown and annealed Coo.75Cuo2s5Fe204 films exhibit increase in saturation nagnetization

with increase of RF power from 30 W to 60 W because of increase in grain size. The average
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grain size, particle size and crystallite size of the annealed films is found to increase first when
RF power increased from 30 to 40 W and then decrease at 50 W followed by a small increase
with further increase in RF power to at 60 W. The films are highly transparent above 800 hm
wavelength. The optical band gap increases on annealing the films. The optical band gap first
increases as the RF power increases from 30 at 40 W followed by a decreasing trend with a
further increase in RF power. The annealed film deposited at 50 W exhibit high coercivity (3866
Oe) and M; of 243 emu/cm?® which can be used for data storage applications.

4.4.4 Effect of Ar gas pressure
4.4.4.1 Film thickness
Thickness of the films is estimated by using surface stylus profilometer. The film thickness
increased as argon gas pressure was increased from 5—10 mTorr. However, changing the argon
gas pressure (5, 6, 8 and 10 mTorr), strongly affected the deposited film structure and properties.
Film thickness for various films annealed at 800 °C for 3 h is shown in Table 4.17.
As described in Section 4.4.3, C0o.75Cuo.25Fe204 films were deposited on quartz substrates using
various RF power 30, 40, 50 and 60 W at 6 mTorr argon gas pressure for a fixed duration of 3
hours. As a comparison study, we deposited three films using 40 W RF power at different argon
gas pressure 5, 8, 10 mTorr, for 3 hours in the present study. To study the effect of argon gas
pressure on structure, morphology, magnetic and optical properties of these films, the film
deposited using 40 W RF power at 6 mTorr argon pressure for 3 h, of the previous Section 4.4.3
is also presented here. For comparison purpose once again we present here all the results such
as XRD, TEM, FESEM, magnetic and optical data of the film deposited using 40 W RF power
at 6 mTorr argon pressure for 3 h, which was presented in previous Section 4.4.3.
4.4.4.2 Structural Analysis

The grazing incidence X-ray diffraction spectrum measured on the as-deposited
Co00.75Cuo.25Fe204 films as well as on the films annealed at 800 °C is shown in Fig. 4.51. All
peaks are in accordance with those of a typical crystalline Co-ferrite, with spinel structure. The
as-grown films are amorphous with (3 1 1) peak as the most intense. After post deposition
annealing at 800 °C for 3 h, the major peaks height corresponding to cobalt ferrite emerge,
indicating the improvement of crystallization. The size of crystallites was calculated using the
full width at half maximum (FWHM) of the (3 1 1) peak and the values are presented in Table
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4.15. The lattice constant ‘a’ was estimated for annealed samples and the values are presented

in Table 4.15.
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Fig. 4.51 XRD patterns of thin films Coo.75Cuo.25Fe204 grown at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of argon gas
pressure: for (i) as-deposited and (ii) annealed at 800 °C.

Table 4.15 TEM, FESEM and structural properties of as-deposited and annealed C0o.75Cuo.25F€204

thin films prepared at different argon gas pressure between 5-10 mTorr using 40 W RF power

Sample Lattice constant ‘a’ Crystallite size Grain size Particle size
(argon (£0.01A) (£ 2 nm) (£ 1nm) (£2nm)
pressure) FESEM TEM
As- Annealed As- Annealed As-grown  Annealed Annealed
grown grown
5 mTorr 8.525 8.332 13 28.6 28 44 62
6 8.526 8.327 11 32 40 50 67
8 8.414 8.331 14 28.5 35 41 49
10 8.410 8.339 5 28 31 46 10

4.4.4.3 Surface morphology

Field emission scanning electron microscopy micrographs of the Coo.75Cuo.25Fe204 films are
shown in Figs. 4.52(for as-deposited) and 4.53(annealed). FESEM images of annealed
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C00.75Cuo.25F€204 thin films deposited show spherical morphology. The estimated average grain
size of the as-deposited films is 28, 30, 35 and 31 nm, respectively, for films grown at 5, 6, 8
and 10 mTorr argon pressure. Similarly, the average grain size changes as 44—50—41-46 nm

for the annealed films as the argon gas pressure increases.
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Fig. 4.52 FESEM images of the as-sputtered thin films of Coo.75Cug25Fe204 grown at (a) 5, (b) 6, (c) 8 and (d) 10

mTorr of argon gas pressure.

Fig. 4.53 (right) FESEM images of annealed thin films of Cog.75Cuo 2sFe204 grown at (a) 5, (b) 6, (c) 8 and (d) 10
mTorr of argon gas pressure.

For the annealed films, the histogram of sample grown at 5 mTorr shows that the maximum size
distribution is in the range of 30-50 nm, for film grown at 6 mTorr, 40-80 nm, for film grown
at 8 mTorr, 30—40 and for film grown at 10 mTorr, it is in the range of 20-40 nm. The average

values of grain size were given in Table 4.15. The agglomeration in the sample may be due to
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the effect of post deposition annealing, giving the grains enough time to coalesce. The cross-

sectional FESEM images of annealed films are shown in Fig. 4.54.

Fig. 4.54 FESEM cross-sectional images of the annealed Cog.75Cuo25Fe204 thin films grown at (a) 5, (b) 6, (c) 8

and (d) 10 mTorr of argon gas pressure.

4.4.4.4 Transmission electron microscopy

Figure 4.55 shows TEM images and particle size distribution of annealed films. TEM images
confirm the particle sizes of irregular shapes. From the TEM images, we measured the mean
size of particles. The mean size of the films deposited at 5, 6, 8 and 10 mTorr argon pressures
are 62, 67, 49 and 10 nm, respectively. These values are larger than the particle size estimated
from XRD data using Scherrer formula. Figure 4.56 depicts selected area electron diffraction
(SAD) pattern of the annealed films. SAD patterns confirm the polycrystalline nature of
Co00.75Cuo.25Fe204 thin films. Determined radius of different rings show the formation of
different lattice planes.

The high-resolution TEM image of the annealed films in Fig. 4.57 show the lattice fringes of
the nanocrystallites. These micrographs show details of the interplanar distance corresponding
to different planes in spinel structure.
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Fig. 4.55 TEM micrographs of annealed Coo.75Cuo.2sFe204 thin films grown at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of argon gas

pressure.

Fig. 4.56 Selected area diffractions of annealed Coo.75Cuo.25Fe204 thin films grown at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of Ar

gas pressure.
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0.489 nm

Fig. 4.57 HRTEM images of annealed Coo.7sCuo.25Fe204 thin films grown at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of Ar gas
pressure.

4.4.4.5 Magnetic properties

Figure 4.58 shows the magnetization hysteresis loops of as-deposited (Fig.4.58 (i)) and annealed
(Fig.4.58 (ii)) thin films measured at room temperature. The values of coercivity, saturation
magnetization and remanent magnetization were increased significantly after annealed at 800
°C. The loops were obtained with the magnetic field applied parallel to the plane of the film and
corrected by subtracting the diamagnetic contribution from the substrate. Since the
magnetization does not saturate up to a field of 2 T, so magnetization at the highest field value
are compared for different films. The magnetic properties of these films are shown in Table
4.16. From Table 4.16 we observe that, the saturation magnetization (Ms), remanence (M) and
coercivity (Hc) decreases significantly with argon gas pressure for as-deposited films. The
decrease in Hc with increasing argon pressure (Table 4.15), in as-grown Coo.75Cuo.2sFe204 films
probably is related to the increase of grain size.
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For as-deposited films, films deposited at 5 mTorr shows a high coercivity Hc (3716 Oe) and
low saturation magnetization (Ms) (104 emu/cc) compared to that of bulk Cog.75Cuo.25F€204
target. The low saturation magnetization (Ms) (104 emu/cc) is due to reduction in superexchange
interaction between the nearest neighbor A-B ions. Decrease in Ms with increase in argon
pressure is related to the decrease in superexchange because of the occupancy of less magnetic
Cu?* ion on B-sites resulting in a small difference between magnetizations of A and B
sublattices. It is related to the increase in amorphous nature as pressure is increased. After
annealing, the Hc and Ms values of the film increase depending on film thickness. The present
study shows that the He and Ms values strongly depend on thickness and microstructure of the
film after annealing at 800 °C for 3 h. The increase in Ms of the annealed films can be explained
in two ways. It can be due to the change in microstructure of the film as argon pressure increases.
The film deposited at 5 mTorr exhibit loosely connected grains (Fig. 4.53), showing an Ms value
of 137 emu/cm?. For annealed film grown at 6 mTorr, grain size increases leading to an increase
in Ms value to 174 emu/cm?®. As the argon gas pressure is increased to 8 mTorr, grain size
decreased leading to a decrease in Ms to 135 emu/cm?. The film deposited at argon pressure of
10 mTorr exhibits very small particles (Fig. 4.55 (d)) and hence the Ms value is further reduced
to 120 emu/cm®. The variation in Ms can be due to changes in cation distribution among the A
and B sites due to heat treatment. The increase in Ms value of the film grown at 6 mTorr could
be due to the disorder in the distribution of Fe** and Co?* among A and B sites compared with
a perfectly ordered inverse spinel structure. The decrease in Ms of films deposited at 8 and 10
mTorr argon pressure could be related to the increase in cation ordering among A and B sites.
Our Ms value 174 emu/cm? for 392 nm Coo.75Cuo.25Fe204 film deposited at 6 mTorr with H. of
3448 Oe is greater than the reported value. Horng et al. [27] reported Ms of 121 emu/cm? at RT
for 120-nm-thick cobalt ferrite films grown at 300 °C using oxygen-plasma-assisted molecular-

beam epitaxy.

Table 4.16 Magnetic parameters of as-deposited and annealed Cog.75Cuo.2sF€204 thin films deposited

at various argon pressures between 5-10 mTorr using 40 W RF power

Sample For as-deposited films For annealed films

(argon pressure)
M, M, Hc Mg/Ms M, M; Hc Mg/Ms
(emu/cc) (emu/cc) (Oe) (emu/cc) (emu/cc) (Oe)

5 mTorr 53 104 3716 0.50 60 137 2966 0.44

6 62 115 3445 0.54 68 174 3448 0.39

8 17 86 549 0.19 47 135 2658 0.35

10 4 52 137 0.08 50 120 2540 0.41
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Fig. 4.58 The magnetization hysteresis loops of Coo.75Cuo 25F€204 thin films grown at (a) 5, (b) 6, (c) 8 and (d) 10

mTorr of Ar gas pressures for as-deposited (i), annealed at 800 °C (ii).

4.4.4.6 Optical properties

On an average as-deposited films exhibit over 60 % transmittance in visible region 95 % in NIR
region. The absorption edge of the as-deposited films is between 850 and 950 nm. For the
annealed films the absorption edge shifts toward lower wavelength with a remarkable increase
in transmittance (>10%). In the medium absorption region (4 <700 nm), the transmittance
spectra of the annealed films are slightly shifted to shorter-wavelength (blue-shift) as compared
with the as-deposited films.

The thickness of annealed films measured by FESEM cross-sections and surface stylus
profilometer are listed in Table 4.17. The estimated values of energy band gap for the as-
deposited and annealed films are listed in Table 4.17. The optical band gap for as-deposited
films shows a slight increase from 2.13 to 2.06 eV as the argon pressure increases from 5 to 6
mTorr, increased slightly at 8 mTorr and then decreased with further increase in argon pressure

up to 10 mTorr. Similarly, for the post deposition annealed films, the obtained optical band gap
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values are 2.17, 2.16, 2.17 and 2.14 eV for films deposited under different argon gas pressure
of 5, 6, 8 and 10 mTorr, respectively. The error in the optical band gap measurement by linear
curve fitting is £0.01 eV. The increase in the optical band gap of films by annealing may be due
to the removal of defects in the films. This slight decrease in band gap is attributed to the
increase in grain size (Fig. 4.53; Table 4.17) and hence decreased disorder. The estimated direct
band gap values for annealed films are slightly greater than those reported by Rao et al. [12].
The 164 nm-thick-cobalt ferrite film deposited at 80 W in our report [20] also exhibited direct
band gap of 2.16 eV.
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Fig. 4.59 Optical transmittance spectra measured at RT of as-deposited (i), annealed (ii), Coo.75Cug.25Fe204 thin

films grown at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of Ar gas pressure and (e) quartz substrate.

Fig. 4.60 (right) Plots of (ahv)? versus (ho) for as-deposited (i), annealed (ii),Coo.75Cuo 25F€204 thin films grown
at (a) 5, (b) 6, (c) 8 and (d) 10 mTorr of Ar gas pressure.
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Table 4.17 Optical properties thin films of Coo.75Cug.25Fe204 grown at different
argon pressure using 40 W RF power.

Sample Film thickness Band gap, Eq

(argon (x4 nm) (£0.01eV)

pressure) As-grown Annealed As-grown Annealed
Profiler FESEM

5 mTorr 410 407 2.13 2.15

6 392 364 2.06 2.16

8 466 462 2.12 2.18

10 381 370 2.09 1.14

4.4.4.7 Conclusions

Saturation magnetization (M:s) first increases with increase in argon pressure from 5 to 6 mTorr
due to increase in grain size followed by a decrease with further increase in argon pressure up
to 10 mTorr. The 392-nm-thick Coo.75Cuo.2sFe204 film deposited at 6 mTorr exhibited high
coercivity (Hc) of 3448 Oe. The observed changes could be due to change in the cation
distribution over A and B sites of the ferrite lattice and change in grain size on annealing the
films. The optical energy band gap (Eg) of annealed films increased with argon gas pressure
from 5 to 8 mTorr followed by a decrease with increase argon pressure upto 10 mTorr. The
increase in band gap is due to decrease in grain size. The decrease in band gap is due to increase

in grain size as observed from FESEM.
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Chapter 5

Summary and Conclusions

The thesis contains synthesis and properties of nanoparticles, bulk and thin film of Cobalt ferrite
and copper doped cobalt ferrite. The synthesized samples were heat treated at various temperatures
to understand its effect on structure and properties of materials. The structural analysis of the
synthesized samples was carried out by x-ray diffraction (XRD), FE-Scanning Electron Microscopy
(FESEM) and Transmission Electron Microscopy (TEM). The magnetization and dielectric
measurements on the samples heat treated at various temperatures were carried out to optimize these
properties of the materials. The optical studies on the Cu doped and undoped cobalt ferrite thin films
were carried out to estimate the optical band gap of the materials synthesized under various
deposition conditions and subjected to various heat treatment temperatures. These extensive
systematic studies have shown that very different values of physical parameters (like magnetization,
dielectric constant, optical band gap) can be obtained for the nanoparticles, bulk and thin films of

cobalt ferrite samples under different processing conditions of these materials.
Studies on nanoparticles and bulk samples:

Cobalt ferrite (CoFe204) and copper doped cobalt ferrite Co1xCuxFe204 (x=0.0, 0.2, 0.25 and 0.4)
nanoparticles were prepared by co-precipitation method. Rietveld refined XRD patterns show
single phase spinel structure with Fd-3m space group. As-synthesized nanoparticle size is in the
range of 10-14 nm. After annealing particle size increases to 18-22 nm. As-prepared nanoparticles
show saturation magnetization (Ms) values between 134-85 emu-g! and coercivity (Hc)
between 636-58 emu-g*. Nanoparticles of CoFe,O4 heated at 600 °C exhibit very high Ms value
of 137 emu/g and Hc value of 582 G. The copper doped nanoparticles with composition x=0.2,
0.25 and 0.4 annealed at 600 °C exhibit Ms value of 119, 114 and 98 emu-g %, and Hc value of
1217, 1102 and 1081 G repectively. The as-prepared nanoparticles of cobalt ferrite and copper
doped cobalt ferrite were pressed into pellets and heat treated at 100, 600 and 1200°C for 4
hours. The Ms value increases significantly with increasing annealing temperature. The Ms
values of CoFe;O4 heated at 100, 600 and 1200°C are 134, 55 and 175 emu-g 2, respectively.
The Ms value of CoFeO: pellet heated at 600 °C for 3 h is 140 emu-g>.
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The copper doped samples Co1.xCuxFeOs with x = 0.2, 0.25 and 0.4 annealed at 600 °C for 4 h
exhibit Ms values of 50, 48 and 44 emu-g %, and Hcvalue of 891, 717 and 1010 G, respectively.
While samples annealed at 600 °C for 3 h exhibited M values of 122, 120 and 107 emu-g* with
coercivity of 858 , 970 and 939 G, respectively. The Ms values of samples annealed at 1200 °C
for 4 hare 122,120 and 107 emu-g %, with low coercivity of 76 , 83 and 50 G respectively. The
dielectric constant value is in the range 84.943 x 10° to 14 when frequency of applied electric
field increases from 100 Hz to 40 MHz. The dielectric constant and loss tangent show a
decreasing trend with increasing frequency.

The copper-cobalt ferrite Co1-xCuxFe2O4 nanoparticles with x =0.0, 0.2, 0.25, 0.4, 0.9 and 1.0
prepared by co-precipitation (using high concentration solutions of nitrates of Fe3*, Co?* and
Cu?*) were pressed into pellets and heat treated at 100 , 600 and 1200 °C for 4 hours with
3°C/min heating and cooling rates. Rietveld refined X-ray diffraction pattern reveals that the
compositions with x = 0.0 to 0.4 show single phased cubic spinel structure with Fd-3m space
group and the compositions with x = 0.9 to 1.0 show tetragonal spinel-(Cu,Fe) structure with
141/amd space group. The samples with x = 0.9 and 1.0 had trace amounts of CuO, and Fe.O3
in as-synthesized nanoparticles dried at 90 °C and pellets heated at 100 and 600 °C. While
samples heated at 1200°C indicate small amount of delafossite (CuiFe10.) phase. CoFe20a
sample heated at 100, 600 and 1200 °C show Ms value of 48 , 56 and 67 emu/g, and Hc
values1067, 880 and 277 G respectively.

As-prepared CuFe204 nanoparticles of 6 nm thickness heated at 90 °C and CuFe20a4 pellet
heated at 100 °C exhibit superparamagnetism with Ms of 14 emu/g. C0o.1Cuo.9Fe2.04 annealed at
1200 °C also exhibit superparamagnetism with Ms of 37 emu/g, while CuFe,O4 annealed at 1200
°C exhibit Ms of 35 emu/g and low coercivity of 37 G. CuFe;O4 heated at 100 °C exhibits
dielectric constant value of 10 and 9 at 10 MHz and 40 MHz with low loss tangent values of
0.078 and 006, respectively. CuFe>O4 heated at 1200 °C exhibits high dielectric constant of
1015 at 40 MHz with low loss tangent value (0.112). Low dielectric constant materials can be
used for insulating materials application and high dielectric constant materials could be used as

a medium in capacitors.

The properties of synthesized samples also depend on the starting materials for synthesis. Cobalt

ferrite (CoFe204) nanoparticles of size 17 nm synthesized by co-precipitation method using
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anhydrous FeCls and CoCl2-6H20 as precursors and NaOH was compacted into pellets using
mechanical press with 3 ton pressure and heated at 100, 400, 600 and 1200°C for 4 hours. As-
prepared nanoparticles dried at 90 °C show Hc of 2.875 kG and Ms=39 emu/g. Cobalt ferrite
heated at 100 and 1200°C show Hc of 3046 and 118 G and M;s of 39 and 71 emu/g, respectively.
All the samples show a large increase in coercivity and a slight decrease in Ms value at 100 K.
The CoFe,0O4 sample heated at 600 °C exhibit high coercivity of 11.4 kG at 100 K. Dielectric
constant of CoFe204 annealed at 1200 °C is 19 between 1 to 40 MHz with low loss tangent
values (0.021-0.028). This sample can be used as an insulating material in high—frequency

electrical circuits to reduce power losses and skin effect.
Studies on thin films:

Cobalt ferrite (CoFe20g) thin films were deposited on glass substrates under different sputtering
conditions i.e. RF power variation, deposition time (film thickness) and argon gas pressure. As-
deposited films were amorphous and were post-annealed at 500°C for 3 h. Cobalt ferrite target
show an Ms of 272 emu/cm?® with low H. of 162 G.

The thin films of CoFe>O4 deposited on glass substrates by (RF) sputtering using various RF
power 60, 80, 100 and 120 W were post annealed at 500 ‘C. Film thickness of annealed films
are 119, 164, 237 and 300 nm. The magnetic parameters of the film, i.e., in-plane coercivity
(Hc), saturation magnetization (Ms), and remanence (M) increase as RF power is increased from
60 to 80 W followed by a decreasing trend with further increase in RF power to 120 W.
Annealing of the film significantly improves the magnetic properties. The largest grain size and
the best crystallinity of the film is obtained for the film deposited at 80 W of RF power. The Ms
values of annealed films are 246, 274, 164 and 136 emu/cm?®. The thin films exhibited 60-85%
optical transmittance. For the as-deposited films optical band gap decreases with increasing RF
power between 60 and 120 W as 2.16, 2.14, 2.11, 2.08 eV. The increase in the optical band gap
of CoFe2Oq4 thin films by annealing may be due to the removal of defects from the films. For
annealed films the band gap values are 2.3, 2.16, 2.2 and 2.25 eV, respectively. The study shows
that RF power used for depositing the film has strong effect on the microstructure and properties
of the film. The 164 nm (CFF-80) thick cobalt ferrite film has Hc of 442 Oe and Ms of 274

emu/cc which is equal to values for bulk CoFe.O4 target.
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Thin films of CoFe>O4 were deposited using 100 W RF power at 10 mTorr of argon gas pressure
for various deposition duration to study the effect of film thickness on magnetic and optical
properties. The (Ms) of CoFe204 films annealed at 500 °C deposited for 1, 1.5 and 2 h are 164,
53 and 64 emu/cm?®, respectively. The Ms of annealed film decreases by 63% when film
thickness increases from 236 to 482 nm.The annealed films deposited for 1.5 h and 2 h show
superparamagnetism with zero coercivity and remanence. Decrease in Ms is due to decrease in
particle size as observed by TEM and cation distribution. Thickness of annealed films deposited
for 1, 1.5and 2 h are 237, 353 and 472 nm and these values match with the thickness estimated
from transmission measurements. Optical band gap of annealed films decreases with increasing

film thickness due to the increase in grain size.

CoFe>04 thin films were deposited on glass substrates using 110 W RF power at various Ar gas
pressure of 8, 10 and 12 mTorr for 2 h. The M;s values of as-grown films deposited at 8, 10 and
12 mTorr are 78, 45 and 39 emu/cm?, respectively. The Ms values of annealed films are 139,
78, 72 emu/cm®. Decrease in Ms with increase in argon pressure is due to decrease in particle
size. Thickness of annealed films are 410, 650 and 809 nm. The optical band gap for films
annealed at 500 °C are 1.98, 2.10 and 2.16 eV with increasing argon gas pressure. The increase
in band gap is due to decrease in particle size. The study shows that (FC curve) for the 410-nm-
thick annealed cobalt ferrite film deposited at 8 mTorr can be used for temperature sensor

applications in the temperature range of 5-350 K.

The Coo.75CuUo2sFe20;4 target show low Hc of 57 G and Ms of 293 emu/cm?®. Thin films of
C00.75CU0.25Fe204 Were deposited on quartz substrates using 40 W RF power at 12 mTorr of argon
gas pressure. As-deposited films were amorphous having low Ms of 79 emu/cm?. The films were
heat treated at 600, 800 and 1000 °C. The Ms value increases with increasing annealing
temperature due to increase in grain size. The film annealed at 600 °C, show M; of 227 emu/cm?,
A slight decrease in Ms after annealing at 800 °C is because the film is made up of loosely
connected small particles as observed by TEM. The 311-nm-thick film annealed at 1000 °C
exhibits high Ms of 250 emu/cm? (and coercivity of 1.5 kG). With post annealing at 800 °C,
films exhibit a high coercivity of 2670 G. The optical band gap decreases from 2.37 to 2.29 eV
with increasing annealing temperature from 600 °C to 800 °C. This further decreases to 2.04 eV

for film annealed at 1000 °C. The decrease in optical band gap is due to increase in grain size.
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Thin films of Coo.75Cuo.2sFe204 were deposited on quartz substrates using various RF power at 6
mTorr argon gas pressure. As-deposited films were annealed at 800 °C. The M;s values of as-
deposited films are 71, 115, 176 and 205 emu/cm?, respectively, for films deposited using 30,
40, 50 and 60 W. The annealed film exhibit M value of 129, 174, 243 and 300 emu/cm?. The
H. of as-deposited and annealed films are 2753, 3450, 2993 and 2696 Oe, and 2001, 3450, 3866
and 1934 Oe, respectively. The optical band gaps and thickness of the films deposited using 30,
40 and 50 W are 2.07, 2.06 and 1.9 eV and 232, 364, 412 and 430 nm respectively. The optical
band gap of annealed films are 2.14, 2.16, 2.10 and 1.93 eV. The decrease in band gap on

annealing the films is because of increase in grain size.

The Coo.75Cuo.25Fe204 films deposited on quartz substrates using 40 W RF power under
different argon gas pressure of 5, 6, 8 and 10 mTorr, show Ms value of 140, 115, 86 and 52
emu/cm? and Hcof 3716, 3445, 549 and 137 Oe, respectively. The Ms and H, values of annealed
films are 137, 174, 135, 120 emu/cm?® and 2966, 3448, 2658, and 2540 Oe, respectively.
Thickness of annealed films deposited at 5, 6, 8 and 10 mTorr are 407, 364, 462 and 370 nm.
These films can be used in data storage device applications.

Important results and Conclusions:

The detailed studies summarized above provide the clue to obtain materials with desired
properties. CoFe204 nanoparticles of size 18 nm heated at 600 °C for 3 hours gives high
magnetization (Ms) of 137 emu/g and coercivity (H¢) of 582 G. CoFe204 pellets heated at 1200
°C for 4 h show very high Ms of 175 emu/g. The nanoparticles of CoogCuo.2Fe2O4 annealed at
600 °C exhibit high Hc value of 1217 G and Ms value of 119 emu/g.

CuFe204 pellets heated at 1200 °C exhibit high dielectric constant of 1015 at 40 MHz with low
loss tangent of 0.112. This can be used as a filling material in capacitors.

As-prepared CoFe>O4 nanoparticles of size 17 nm show high H¢ value of 2875 G at RT which
can be used in data storage applications. At 100 K, cobalt ferrite pellet heated at 600 °C show
very high Hc= 11.4 kG. CoFe204 pellet annealed at 1200 °C has dielectric constant of 19 in
frequency range of 1IMHz to 40 MHz and very low tangent loss (0.021-0.028). This material
can be used as insulating material for practical applications in high—frequency electrical circuits.
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The 164 nm (CFF-80) thick cobalt ferrite film exhibit Ms value of 274 emu/cc which is equal to
the Ms of bulk CoFe,04 target.

Thin films of Coo.75Cuo 25Fe204 show high saturation magnetization (Ms) of 250 emu/cm? when
annealed at 1000 °C with Hc of 1500 G. The Hc value of (2670 G) is obtained when annealing
of the film is done at 800 °C.

The Ms value for Coo75Cuo2sFe204 thin film increases with increase in RF power (i.e. with
increase in film thickness) from 30 to 60 W. The annealed film deposited at 50 W exhibit high
Hc value of 3866 Oe and Ms of 243 emu/cm?®. The films grown at 40 W show H. of 3449 Oe
and Ms of 174 emu/cm?®. These films can be for data storage applications.

The thin films of doped and undoped cobalt ferrite have 60- 85% optical transmittance with
optical band gap values between 1.90- 2.37 eV. The highest band gap value of 2.37 eV is
obtained for Coo.75Cuo.25Fe204 film deposited on quartz substrate using 40 W RF power at 12

mTorr argon gas pressure and annealed post-deposition at 600°C for 3 h.
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