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ABSTRACT

We have studied temperature dependent magnetic properties of ZrOs coated cobalt ferrite
(CoFe;Q4) nanoparticles prepared by microwave plasma synthesis. Crystal structure of
nanoparticles was determined by using X-ray diffraction which confirms the inverse
spinel structure of CoFe;Q4 nanoparticles. The average crystallite size of nanoparticles
was calculated by Debye Scherer’s formula and found 13 nm. Morphology of
nanoparticles was observed by transmission electron microscopy (TEM). TEM image
showed that the nanoparticles are spherical in shape and less agglomerated. The average
blocking temperature (Tg) was above 300 K as evident by ZFC curve. The saturation
magnetization (M;) value was 20 emuw/g at 5 K which is much lower than bulk value of
CoFe;Q4 (80 emu/g) due to finite size and surface effects. The M, showed an increasing
trend with decreasing temperature from 300 to 5 K due to decrease in thermal
fluctuations of magnetic moments. Bloch’s law was fitted to T-dependent M, data and it
showed lower value of Bloch’s exponent as compared to bulk CoFe;O4. The value of
coercivity increases with decreasing temperature and sharp increase was observed below
50 X due to contribution of large surface anisotropy. Kneller's law showed a good fit for
T-depended coercivity (H.) data. Stretched exponential law ensured slow spin dynamics
in ZFC protocol due to presence of spin glass behavior at 5 K. In summary, non-magnetic
ZrQ, coated CoFeyQ4 nanoparticles showed enhanced surface anisotropy and possible

weak spin glass behavior at low temperature due to pinned surface spins.
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CHAPTER 1 Introduction

chemical, optical and mechanical properties after the manipulation of matter at nano-
scale [3]. Nanotechnology possess diverse promising applications in various fields like
cosmetics, energy, engineering, medicine, defense, semiconductor industry, security and

electronics [4] as shown in Fig. 1.1.
1.2.1 History of Nanotechnology

A word of Nanotechnology was originated from the Greek language in which
"Nano' means "particularly very small” and technology means "scientific knowledge" [5].
The first basic concept of nanotechnology was discussed since 1959 by famous professor,

Richard Feynman. He presented this "There is a plenty of the room at Bottom" [6].
1.3 Nanoparticles

Nanoparticles are particles with diameter in the range from 1 to 100 nm.
Nanoparticles are formed by a collection of atoms bounded together and its radius should
be less than 100 nm [7]. At nano-scale, the inagnetic, mechanical and electric properties
of the nanoparticles are entirely diverse as cbmpared to bulk particles due to large surface
to the volume ratio and high surface emergy. Nanoparticles can be developed by two

process of approaches such as top-down and bottom-up [8].
1.3.1 Top down approach

The development of nanoparticles in the case of top-down approach initially
begins with bulk material and converts it into the smaller particles. Milling is an example
of top down approach for preparing nanoparticles. There is a huge difficulty in the top
down approach which occur due to deficiency in particles structure [9]. Such a deficiency
can contribute in physical properties and, alter the chemistry of surface in nano-structure
and nano-materials. Top down synthesis approach raise internal stress and accumulation

in defects on the surface as well as contamination.
1.3.2 Bottom up approach

If the solid material is developed by combining atom with atom, molecule by

molecule and cluster through cluster then solid material is constructed through bottom up
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CHAPTER 1 Introduction

* M=p/V (1.1)

In addition, the magnetization is a function of magnetic susceptibility (ym) along with
magnetic field intensity (H).

M= ymH (1.2)

In free space, magnetization is the zero relation of magnetic field as given in below

equation,

B = poH (1.3)
where 'ug' is equal to 4x x107 H-m?
In the case of solid material, where M is not equal to zero in equation given below,

B = py (M+H) (1.4)
For the linear magnetization of magnetic materials, we ﬁave

M=yH (1.5)
Using equations (1.4) and (1.5), we have

B = o (H+xH) (1.6)
Finally,

B=po(l+p H (1.7)
Where i, = (1+y) is the value of relative permeability, from equation (1.7)

B=popn,H (1.8)

Equation (1.8) exhibits the linear relation of magnetic induction and magnetic field
strength.
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1.4.1 Origin of magnetism

Magnetic moment plays a vital role in the field of magnetism. It is defined as the
vector product of current T is generated due to electrons revolve around a nucleus and

area 'A' of the circular loop as represented in Fig.1.3.

M=LA (1.9)

|@#

by - - n —

Fig. 1.3: Phenomena of dipole moment [13].

In Fig. 1.3, two arrows indicate the direction of magnetic moment and the current
that revolves in the form of electron orbital motion. Magnetic moment is a vector
quantity. It has standard unit A/m?. There are two sources of magnetic moment involve-in
magnetism. Magnetic moment can be generated by the orbital motion of charge particles

and the magnetic moment generated due to spinning of electrons around its own axis as

shown in Fig. 1.4,
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AE=K,V

v

0° 90° 180°

Angle between easy axis and magnetization

Magnetic energy

Fig. 1.15: Spin-flip mechanism [33].

1.7 Ferrites

Ferrites belong to class of ceramic materials which are composed of iron oxide
and metallic components. Ferrites are basically ferrimagnetic materials and possess
electrically insulating behavior [34]. The chemical formula of ferrites is AB,0O4, where
"A" stands for divalent metal ion like Mg and "B" refers to trivalent ion such as Fe.
Ferrites have diverse and remarkable properties such as high Curie temperature, great
chemical stability, low eddy current loses and low dielectric losses. Ferrites are further

divided into two groups. 1% is soft ferrites and 2°¢ one is hard ferrites.

1.7.1 Soft ferrites

Soft ferrites are those materials which can be easily magnetized or demagnetized.
Soft ferrites have low remanence and coercivity [35]. Moreover, soft ferrites contain
spinel structure with general chemical formula is XFe;O4, where X stands for divalent
ions like Co, Fe and Mg. Soft ferrites have many significant properties including higher
saturation magnetization and low eddy loss of current etc. Soft ferrites material possess
very thin hysteresis loop which is mainly due to possessing low coercivity. Soft ferrites
are iron, manganese and cobalt material that are used in many extensive applications like

transformer, line filter, and excellent power conversion [36].

15
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1.7.2 Hard ferrites

Hard ferrites hardly magnetized and demagnetized. Due to high remanence,
these materials are more appropriate for permanent magnets [37]. Hysteresis loops of
hard ferrites possess larger area as compared to hysteresis loops of soft ferrites due to
high coercivity and high remanence. Hard ferrites are used in refrigerators, air craft's and

loud speakers because of their versatile properties [38].
1.8  Spinel ferrites

Spinel ferrites are also known as cubic ferrites. They are divided into different
categories like normmal spinel, inverse spinel and mixed spinel. Spinel ferrites are
employed innumerous applications such as in magnetic tools, microwave frequencies
because of low eddy current losses and high electrical resistivity. Unit cell of spinel
ferrites contains fifty-six ions. In which, 32 are oxygen anions, 8 divalent cation ions and
16 trivalent cations. There are two different sites over which metallic cation be placed
and these sites are refcrred. as A and B or tetrahedral and octahedral respectively. A site,
which can occupy 64 ions and B can 32 ions for each unit cell of spinel ferrite. General
chemical formula of spinel ferrite is MN,Oy4 , where M is represented to divalent metal

ion and B site referred to trivalent ions [39].
1.9 Types of spinel ferrites
Spinel ferrites are classified into following categories as mentioned below,
1- Normal spinel )
2- Inverse spinel
3- Mixed spinel

1.9.1 Normal spinel ferrites

The normal spinel ferrites possess general formula (G*3)[H";)0s where G

represents to (A) sites and H refers to (B) sites. The divalent cations G are situated at

16
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tetrahedral sites, while trivalent cations H'® occupy the octahedral sites [40]. There are

many examples of normal spinel ferrites such as zinc ferrite (ZnFe,Oq).
1.9.2 Inverse spinel ferrites

Inverse Spinel ferrites possess general formula [H™)[G*H™]Os where half of
trivalent ions (H3+) prefer to go over tetrahedral site and half on octahedral site. While
divalent ions are located on octahedral site of lattice structure. The magnetic moments
both on tetrahedral and octahedral sites are opposite to each other {41]. Inverse spinel

ferrites example is CoFe;Q;.
1.9.3 Mixed spinel ferrites

Mixed Spinel ferrites are also called intermediate spinel ferrites. Both trivalent
and divalent cations present on A and B sites. Mixed Spinel ferrites have compositional
formula [Gs +2H+31_;5]’a‘[G1_;~, H,, 5+3]BO4, in which G and H represent the divalent and
trivalent lattice sites. In mixed spinel, structural formula ‘4’ is known as degree of
inversion [42]. A degree of inversion dependenfs on the preparation method and heat
treatment procedure. For normal spinel ferrites, the degree of inversion '§' is zero,
whereas in case of inverse spinel ferrites '8' it is 1. There are various examples of mixed

spinel fernites like MgFe,Os.

1.10 Cobalt ferrite (CoFe,0,)

Our main research work based upon the study of temperature dependent magnetic
resﬁbnse of Cobalt ferrite (CoFe->Q,) nanoparticles coated with zirconia. We have chosen
CoFe,O, specially for our research work due to its remarkable properties such as
moderate saturation magnetization, high coercivity, excellent chemical stability and
mechanical hardness [43]. CoFe;O4 shows ferrimagnetic behavior below the blocking
temperature and above the blocking temperature shows superparamagnetic state. The
value of saturation magnetization of CoFe;O, is about 80emuw/g for bulk. Curie
temperature of cobalt ferrite is very high about 520°C. CoFe;Q4 possess higher value of

coercivity at bulk level.

17
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1.10.1 Applications of cobalt ferrite

Cobalt ferrite has become attractive material for research purposes because of its
remarkable applications in various fields such as memory storage, gas sensor, ferrofluids,

drug delivery, cancer therapy and magnetic resonance imagining [44].
1.10.2 Crystal structure of cobalt ferrite

Cobalt ferrite has inverse cubic spinel structure. Cations present in spinel structure
can occupy two different lattice sites. In the simple cubic spinel divalent ions possess
tetrahedral and trivalent ions go on octahedral site of the lattice structure. In the case of
cobalt ferrite which possess mverse cubic Spinel structure, divalent ion Co'? and half of
trivalent ions Fe' are situated in octahedral sites and other half of Fe* ions occupy
tetrahedral sits. i.e. [Fe*][Co™Fe"]042. The spin magnetic moments at both sites such
as octahedral and tetrahedral are antiparallel to each other. The net magnetic moment is

3ug[45].
1.11 Zirconia (ZrQO,) and its structure

Zirconium dioxide is a non-magnetic material also known as zirconia. Zirconia
has general chemical formula ZrO,. Melting and boiling point of zirconia are 2715°C and
4300°C respectively. It is possible to synthesize zirconia by various techniques such as
sol-gel method, hydrothermal process, microwave plasma technique and auto-combustion

process.

Zirconia cannot be found in pure form. After performing various refinement
processes, we acquire pure zirconia. Compositional structure of zirconia depends upon
temperature i.e. melting points [46]. Zirconia possess three different structural phases
with different melting points such as monoclinic zirconia which has melting point up to
1170°C, tetragonal zirconia phase with melting point 1170°C to 2370°C and zirconia
cubic phase having melting point from 2370°C to 2680°C. Three structures of zirconia
are represented 1n Fig. 1.16.
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Chapter 2

Literature review

2.1 Literature review

Maaz et al. [50] have studied the magnetic properties of nickel ferrite
nanoparticles with respect to temperature. They prepared nickel ferrite nanoparticles by
using chemical co precipitation techmique and studied temperature dependent of
coercivity (H.). They observed, value of H, increased with decreased temperature. They
fitted Kneller’s law for nickel ferrite nanoparticles which show higher H. value below
blocking temperature (Tg). The reason is, thermal energy overcomes by anisotropy
energy from {0-Tp) region. While above T, it shows superparamagnetic state, in which
thermal fluctuation of magnetic moment increases. They also fitted Bloch's law for

temperature dependent of saturation magnetization as mentioned in equation (2.1).
M(T) = M(0)[!- BT"] 2.1

Where M(T) is temperature dependent saturation magnetization, 'B' is called bloch's
constant and b’ is the bloch's exponent. They observed the value of saturation
magnetization (M) abruptly increased below 50 K due to contribution of surface spins

into net magnetization and enhanced M; at low temperature.

Chithra et al. [51] have studied the magnetic behavior of CoFe;O4 nanoparticles.
They synthesized CoFe;O4 nanoparticles by using sol-gel method. They used different
experimental techniques for the analysis of structural properties of material such as X-ray
diffraction, Raman spectroscopy, Fourier transform infrared spectroscopy. They observed
saturation magnetization (M;) 58.36 (emu/g) at 300 K for as prepared samples. After the
annealing temperature, value of M, showed increasing trend and enhanced M was 80.59
(emu/g) due to less surface effects. They found two steps M-H hysteresis loop at 10 K
which shows the higher values of H, and the remanence due to canted surface spins and

intergranular interactions between nanoparticles.
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Nadeem et al .[52] examined the effect of silica matrix on magnetic and dielectric
properties of cobalt ferrite nanoparticles with different concentration of silica as 10%,
30%, 50% and 60 %. They synthesized cobalt ferrite nanoparticles by using sol gel
method. X-ray diffraction was used to confirm the spinel structure of nanoparticles.
When the concentration of silica matrix is increased, the average crystallite size found to
decrease due to development of large nucleation centers, which restrict to growth of
particle. Saturation magnetization {M;) is decreased with increasing concentration of
silica matrix due to small size of nanoparticles. All magnetic and dielectric properties
depend upon particle size. The concentration of silica matrix decreases magnetic and

dielectric properties of cobalt ferrite nanoparticles due to finite size effect.

Zhang et al. [53] synthesized CoFe;04 nanoparticles by using anto-combustion
method. The properties of developed nanoparticles strongly depend upon particle size.
The large size of particles possesses high blocking temperature and high anisotropy
energy. In case of large particles size, there is less probability of magnetic moment to
crossover the barrier and high energy is required for flipped magnetic moment..
Temperature 1s shifted toward high value of blocking temperature. Magnetic properties of
nanoparticles depend upon the annealing temperature. When annealing temperature is

increased, particle size also increases and value H, found to decrease.

Maaz at el. {54] synthesized cobalt ferrite nanoparticies by using wet chemical
route method. They investigated the magnetic properties of sample with the variation in
particle sizes. The particle size of CoFe;O4 nanoparticles lie in range of 15-48 nm. There
are different parameters such as annealing time, temperature and rate of r¥action used for
the vanations in the size of nanoparticles. It confirms, particle size is increased with
increasing annealing temperature and time. Furthermore, saturation magnetization is
increased with decreasing particle size and small crystallite size possesses lesser value of
magnetization as compared with bulk due to surface spins disordered. They observed
high value of coercivity and less value of saturation magnetization at 77 K due to growth

of magnetic anisotropy at low temperature.

Zeb et al. [55] investigated the surface effect of Si0; coated and uncoated cobalt

ferrite nanoparticles. They synthesized silica coated and uncoated nanoparticles by using
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sol gel process. XRD confirms the inverse spinel structure of cobalt ferrite nanoparticles.
Average crystallite sizes of silica coated nanoparticles are calculated about 25 nm which
is lesser than uncoated nanoparticles. Saturation magnetization M; trend decreased at low
temperature for uncoated nanoparticles due to large surface disordered dead. They fitted
Bloch's law for coated and uncoated nanoparticles. They found that temperature is
decreased with increasing magnetization due to spin wave excitation. They also studied
temperature (T) dependent of coercivity according to Kneller's law. Temperature is
decreased with increasing coercivity H. due to strong surface anmisotropy which is
contributed at low temperature. For silica coated nanoparticles the value of coercivity H,

1s much greater than uncoated nanoparticles due to disordered surface spins at 4.2 K.

Xavier et al. [56] investigated the magnetic and structural behavior of cobalt
ferrite nanoparticles by vanation with sintering temperature. They prepared cobalt ferrite
nanoparticles by using sol gel technique. They prepared cobalt ferrite nanoparticles by
usiﬂg four various sintering temperature at 300°C, 400°C, 500°C and 700°C for the 4
hours. There is different structural characterization techniques used for the sample like
XRD, FT-IR, TEM, and SEM etc. The crystallite size of cobalt ferrite nanoparticles is
depending upon the sintering temperature. When the sintering temperature is increased,
the crystallite size of particle also increases. They investigated the magnetic properties
which depend upon the sintering temperature. The saturation magnetization M; is

increased with decreasing sintering temperature due to large particle size.

Zeb et al. [57] have studied the surface effect of spin glass in the silica coated
cobalt ferrite nanoparticles. They synthesized silica coated nanoparticles by using sol gel
process. Average crystal size varies from 25 to 40 nm, which depend upon the
concentration of silica matnx. Nanoparticles with larger concentration of silica matrix
show two peaks in out phase ac susceptibility. First peak is blocking peak at high
temperature and second peak is spin glass peak at low temperature. Both of peaks depend
on the frequencies. However, the spin glass peak less shifted as compared to block peak
with change in frequency due to presence of spin glass behavior. They fitted Arrhenius
and dynamic scale laws for frequency dependent ac susceptibility.
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T=19 eXp (Ea/ KgTs) (2.2)

Where E, is the activation energy, Kg is Boltzmann constant and Ty is called blocking
temperature. All magnetic measurements ensure the presence of spin glass behavior in

these nanoparticles.

Toksha et al. [58] have studied the structural and magnetic properties of cobalt
ferrite nanoparticles. They synthesized sample by using auto-combustion method. The
particles size depends upon the annealing temperature and annealing time. They
concluded that the particle size is increased with increasing annealing temperature and
time. They estimated higher value of coercivity 10.2 KOe and lesser value of saturation
magnetization (M;) at 77 K due to finite size and surface effect. Large particle size has
large volume so there 1s less probability of magnetic moment to jump over the energy
harrier and blocking temperature Tp shifted to higher temperature. In conclusion, the
magnetic properties are depending upon the particles size.

Nadeem et al. [59] examined the phenomena of exchange bias, memory and
freezing effect of nickel ferrite nanoparticles. They synthesized nickel ferrite
nanoparticles embedded in silica by using sol-gel method. Average particles size varies
from 8 to12 nm. SQUID magnetometer measured the magnetic properties by applied
field up to 7 T. They investigated exchange bias effect in nickel ferrite nanoparticles
due to existence of strong core-shell interaction. The nanoparticles exhibit memory effect
in the ac and de field due to the presence of spin glass behavior at low temperature. At
below (50 K}, the value of coercivity is suddenly increased due to contribution of large
surface anisotropy in them. All these measurements show exchange bias phenomena,

memory and freezing effect presence in nickel ferrite nanoparticles.

Mahboubeh et al [60] investigated magnetic properties of cobalt ferrite
nanoparticles by using three different technique like combustion method, co-precipitation
and precipitation technique. They used different characterization tools such as X-ray
diffraction, SEM and VSM for the analysis of structure, shape and magnetic properties
respectively. Average crystallite size is calculated 69.5 nm for combustion technique,

49.5 nm for the co-precipitation method and 34.7 nm for precipitation by using XRD
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Synthesis and characterization techniques

3.1 Synthesis of ferrite nanoparticles

There is various synthesis techniques for the development of ferrite nanoparticles

are mentioned in given below;
1- Sol gel.

2- Co-precipitation.

3- Hydrothermal.

4- Microwave plasma.
3.2 Synthesis of CoFe;04 nanoparticles

We have synthesized ZrO; coated CoFe;O, nanoparticles by using microwave plasma

technique which explains in given below;
3.2.1 Microwave plasma technique

Microwave plasma technique is used to develop the extremely mono-dispersed
nanoparticles with a very small particle size distribution. Microwave plasma technique
operates at low pressure which prevents agglomeration among nanoparticles. There are
following steps involved in microwave plasma synthesis. First the precursor material
injected into the microwave chamber and it is evaporated by using first evaporation
source. Mixture of 80 % argon and 20 % oxygen fed into the chamber. Argon gas is used
as carrier gas which carries the precursor material into plasma zone. Second evaporation
source is used for the coating material (ZrO;). An electromagnetic radiation having
frequency 2.45 GHz is used to generate plasma which provides energy for the formation

of nanoparticles. Argon gas carries nanoparticles with it and attach on cold glass-finger.
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Cold glass finger located inside the chamber is"used to condense the nanoparticles and
after that these nanoparticles are dried and pump out. Microwave plasma technique

operates at low pressure which prevents agglomeration among nanoparticles. Fig.3.1.

Synthesis and characterization techniques

shows the synthesis process of ZrO, coated cobalt ferrite nanoparticles.
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»
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coating.
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Aftercoated Cofe,0,
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Fig. 3.1: Displays flow chart of ZrO; coated CoFe,04

3.3 Characterization techniques

There are different characterization techniques used for the analysis of sample
such as X-ray diffraction (XRD), Transmission Electron microscope (TEM) and
superconducting quantum interference device (SQUID). XRD is used to determine the

Crystal structure of sample. TEM is used to investigate the particle shape, size and

composition. Magnetic measurements are measured by SQUID magnetometer.
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3.5 X-ray diffraction (XRD)

X-ray diffraction is most important characterization process commonly used for
the phase identification and crystalline structure of material. X-ray diffraction occurs in
the material when magnitude of atomic inter-planer spacing matches with wavelength of
incident radiation. The wavelength of X-rays about 0.1 nm mostly used for get the
information about crystalline structure of material. When X-ray fall on the upper surface
of crystalline material and reflected back to satisfied the constructive interference [65].
Constructive interference always occur when intensity of reflected waves are added with
each other. The intensity of reflected rays depends upon three factors, wavelength of

incident X-rays, incident angle and inter-planer spacing between atoms.
3.5.1 Bragg's law

The crystalline structure of sample often being examined by using X-ray
diffraction which is described by Bragg’s law [66]. The law states that when X-rays
incident on the surface of crystal and it’s angle of incidence reflect back with same angle
of reflection and the constructive interference will occur then Bragg’s law condition is

satisfied as mentioned given below;
nk = 2dsinf 3.1
Where 'n' 1s the integer number.
‘A’ represents to the incident X-ray wavelength.
‘d’ is the inter-planer distance between layer of atoms.

‘@’ 1s the angle of incident.
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INTE ITY

Fig3.9: Particle size determination[74].

The value of B can be estimated by the following relation,
B =1/2 (26, -28,) (3.3)

3.8 Transmission electron microscopy (TEM)

Transmission Electron microscope is most important technique for the analysis of
particle shape and size and composition. Consider high energy beam of electrons are
generated by electron gun in the optical microscope as represented in Fig, 3.10.
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orientation of crystal. If there are some defects as well as impurities in the crystalline
structure, then TEM image would indicate in a contrast of reduction and exhibit
amorphous behavior of the sample [77]. Furthermore dark and light images are generated
as results of the phase contrast. Phase contrast is mainly the difference between diffracted

phase as well as directed beam of electrons.

3.8 Superconducting Quantum interference Device (SQUID)
magnetometer

SQUID magnetometer is used for evaluate the magnetic properties of various
materials which depend upon the phenomena of quantum effect in the superconducting
closed loop as shown in Fig. 3.11. In 1962 Brian Josephson invented the Josephson
junction used in the superconducting quantum interface device (SQUID) [78]. The
construction of Josephson junction is the collection of two superconductors, which are
separated by the thin insulating layer an electron could pass through the tunneling barrier.
The current can be generated that is depending upon the magnetic flux throughout the
loop generated the current around the loop having inner diameter is 100 pm. As résults

loop could be measured across the potential difference [79].

SQUID is a highly sensitive device to be considered for the magnetic
measurement, which consists of magnetic shield, thin film SQUID chip, two feedback
coil linked with external signal to the SQUID along with regulate it, high temperature
superconductor (HTS) and superconducting detection coil are required in it. SQUID
magnetometer is unable to measure magnetic field to sample in the direct way. Super-
conducting coil is linked with SQUID through superconducting wire which is used for
the movement of the sample. The current by the detection coil is inductively with SQUID
by the help of superconducting coil [80]. The working principle of SQUID based upon

current to voltage transducer.
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Results and discussion

Ferrite nanoparticles have received much attention in the area of research due to
their promising applications in data storage, gas sensor and magnetic resonance imaging
[84). Size and shape of nanoparticles can be controlied by various parameters such as
synthesis method, surface coating, reaction time and temperature [85]. Spinel ferrites are
soft and hard magnetic materials. Soft magnetic materials can be easily magnetized or
demagnetized under the application of external magnetic field. While, hard ferrites hardly
magnetized and demagnetized.

CoFe;04 belongs to class of spinel ferrites and it has inverse cubic spinel
structure. Structural formula for cobalt ferrite is [Fe*")a] Co**Fe’* 15042 where tetrahedral
site ‘A’ occupied by half trivalent cations (Fe3+) and octahedral site ‘B’ occupied by
divalent Co®* cations along with rest half of trivalent cations (Fe*"). CoFe,04 is a well-
known hard magnetic material due to its remarkable propertiés such as excellent
mechanical hardness, chemical stability, moderate saturation magnetization and high
coercivity [86]. CoFe,04 nanoparticles exhibit ferrimagnetic behavior below the blocking
temperature (Tp) and above Tg, they show superparamagnetic behavior [87].

There are various methods to prepare ferrite nanoparticles. But in this research
work, 1 have prepared ZrO, coated CoFe;O4 nanoparticles by using microwave plasma
technique. Microwawe plasma is a more convenient technique for synthesizing
nanoparticles due to high degree of excitation and ionization as compared to other formal
methods [88]). Non-magnetic coating of ZrO; is used to protect the materials from
oxidation, improve ability of corrosion resistance and avoid the prepared nanoparticles

from agglomeration.

X-ray diffraction technigue is used to analyze the crystal structure of the cobalt
ferrite nanoparticles. Transmission electron microscope (TEM) is employed to investigate
the shape and size. Magnetic measurements were performed by using SQUID
magnetometer [89].
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4.1 X-ray diffraction (XRD)

X-ray diffraction {(XRD) is generally used to analyzed the crystalline structure of
sample [90]. The crystal structure of ZrO, coated CoFeyO4 nanoparticles are analyzed
through XRD pattern. XRD pattern of ZrO; coated CoFe;O;4 nanoparticle is shown in Fig.

4.1.
_— COF8204 _ZI'02 (Al)
« CoFey0, (Al) (Al) (Al)
¢ ZrO, ey
)
o »
o . g
é . = g:.a
=) 0
» [ ] et
& 3
- o <
= &N N =Y
- N -
V " g &
h 0
T T T y T T T T T y T T T
20 30 40 50 80 70 80

26°
Fig. 4.1: XRD pattern of ZrO, coated CoFe,0, nanoparticles.

The indexed peaks of CoFe;O4 nanoparticles (111), (311), (400), (422), (511), (440) and
(533) comrespond to the diffraction angles 20= 18° 35.3° 43% 57° 62° and 71°
respectively. The other indexed peaks (011}, (112) and (220) at diffraction angles 26 =
30°, 50°, 74° correspond to ZrO; coating. All peaks of CoFe;O4 confirmed inverse spinel
structure with the reference (JCPDS file no.22-1086). The high intensity peaks in XRD
correspond to aluminum substrate. The absence of any other peak confirmed the single

phase of ZrO; coated CoFe;O4 nanoparticles, Average crystallite size of zirconia coated
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CoFe;04 nanoparticles is calculated by using Debye-Scherer’s formula and its

mathematical form is given below,

ka
3 cos By

(4.1)

Where D’ is the average crystallite size, k' is material’s shape constant with value 0.91
for spherical symmetry, A is the incident wavelength of X-rays, '0' is the diffraction angle
and 'B' is the Full width at half maximum. The average crystallite size of ZrQ, coated
CoFe;04 nanoparticles is 13 nm.

4.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is used to investigate morphology and
particles size/shape of nanoparticles. Fig. 4.2 shows the image of transmission electron

microscopy for ZrOQ, coated CoFe,0,4 nanoparticles.

Fig. 4.2: TEM image of ZrO; coated CoFe,O, nanoparticies at 50nm scale.

TEM image revealed that ZrO, coated nanoparticles are nearly spherical in shape
and less agglomerated. Zirconia is non-magnetic material and it has ability to restrict the

particle size and to reduce the interparticle interactions.
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4.3 Magnetic properties

Magnetic measurements were performed by using superconducting quanturn
interference device (SQUID) magnetometer under the presence of applied magnetic field
+5 T and varying temperature [91].

4.3.1 M-H hysteresis loops

Fig. 4.2 shows the M-H loops for ZrO; coated CoFe,O4 nanoparticles at different
temperatures 5, 25, 50, 100, 150 and 300 K with maximum applied magnetic field of
+5T.
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Fig. 4.3: M-H loops of ZrQ, coated CoFe,04 nanoparticles.

We have calculated the different values of coercivity (He) i.e. 11439, 10231,
7871, 3410, 1047, 38 Oe at various temperatures 5, 25, 50, 100, 150 and 300 K,

respectively. It is observed that the value of H; is increasing with decreasing temperature.
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It is mainly due to large surface anisotropy and frozen surface spins which are not giving
any response towards the applied magnetic field at low temperature. Saturation
magnetization (M;) values are 20, 15, 13, 12, 11 and 10 emuw/g at different temperatures
5, 25, 50, 100, 150, 300 K respectively. The M-H curve shows a maximum value of M,
about 20 emw/g at 5 K due to less thermal fluctuation of magnetic moments [92]. The
saturation magnetization was (20 emw/g) at 5 K which is lower than the bulk value (80
emuw/g) and is attributed to enhanced surface disordered in these nanoparticles.

4.3.2 Saturation magnetization and Bloch's law fit

Fig. 4.4 shows Bloch's law fit for ZrO; coated CoFe;O4 nanoparticles. The
saturation magnetization increases monotonically with decreasing temperature from 300
to 5 K. Temperature dependence of saturation magnetization M is explained by Bloch's
law and its mathematical definition is given in equation 4.2 {93].

M(T) = M,(0)(1 - BTY) (4.2)

Where M((T) is the temperature dependence of spontaneous saturation magnetization,
M;(0) is the value of saturation magnetization at 0 K (by extrapolating), 'B' 1s called
Bloch's constant and 'b' is known as Bloch's exponent. B and b are used as fitting
parameters [94]. We bave fitted Bloch's law and best fitting parameters are B=8.04 x 107
K and b =0.3. Bloch's exponent value is b = 0.3 which is lower than bulk value b = 1.5
which is due to no excitation of spin-waves or magnons at low temperatures. The energy
band gap is larger and wavelength of magnon is greater than dimension of particle, so
high threshold energy (temperature) is required for the excitation of spin-wave or magnon
at nano-scale. The value of Bloch's constant 'B' is 8.04x10? K™ which is greater than bulk
value as 3.3x10° K37 for CoFe,04 and is attributed to disordered surface spins are
contributing to reduce the exchange interaction between magnetic moments. The Bloch's
constant 'B' depends upon the particle size. When particle size is decreased it increases
the value of 'B' and exchange interaction is also decreased according to formula B a 1/].
The value of M, shows increasing trend with decreasing temperature and sharply
increased below 50 K due to some extra contribution of the shell-spins moment to the net

magnetization at low temperature [95].
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Fig. 4.4: Bloch's law fit for Zr(O, coated CoFexO4 nanoparticles.
4.3.3 Coereivity and Kneller’s law fit

Fig. 4.5 shows variation of coercivity with temperatures i.e. 5, 25, 50, 100, 150
and 300 K for zirconia coated CoFe;O4 nanoparticles. Temperature dependent coercivity
is studied by using Kneller’s law [50]. .

He=H(O)[1 - (T/Ts) '] 43)

In equation (4.3), 'Hc(0)' is the value of coercivity at temperature 0 K as estimated by
extrapolating the graph and 'Tyg' is the average blocking temperature.
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Fig. 4.5: Kneller's law fit for ZrO, coated CoFe,0, nanoparticles.

We have fitted Kneller's law with the best parameters Tp= 286 K and H {0)=
11642 Oe for coated nanoparticles. In the best fit of zirconia coated CoFe;O,
nanoparticles the value of coercivity is 11642 Oe which is greater than 900 Oe of bulk
CoFe;0, due to surface effects. As temperature is decreased from 300 to 5 K, coercivity
increased due to decrease in thermal fluctuations of blocked moments over the
anisotropy barrier [96]. The value of coercivity increases sharply below 50 K due to
strong surface anisotropy. As surface spins are frozen below 50 K due to which extra
energy is needed to flip the blocked nagnetic moments. As a result, we get enhanced
value of coercivity (H.) at low temperature [97).
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4.3.4 Simulated and experimental ZFC magnetization

Temperature dependence of magnetization for ZrQ, coated CoFe;O4 nanoparticles
1s measured by zero field cooled (ZFC) process. For ZFC measurement, first the sample
1s cooled from room temperature to 5 K under the absence applied field then 500 Oe field
is applied and record the magnetization with increasing temperature. The temperature at
which all magnetic moments are blocked and shows maximum magnetization is called
blocking temperature (Tg) [98]. Below Ty, the magnetic moments are blocked as thermal
energy is less than the anisotropic energy and this state is referred as block state. Above
the Tg, superparamagnetic state is observed where the anisotropic energy overcome by
the thermal energy and the magnetic moments fluctuate in different directions mean they
do not follow the applied field. Fig. 4.6 shows ZFC curve under the presence of 500 Oe
field. No blocking peak is observed in ZFC from 300 to 5 K because CoFe;0;is hard
material and in blocked state till 300K. We have compared the experimental ZFC by
simulation and used Neel-brown relaxation model for uniaxial anisotropy. A@rding to
the Neel-brown model for non-interacting particles, the magnetic susceptibility of ZFC

magnetization is given by,

Xzrc(T)= s In (tafto) [] 2f(Ty) dTs+ [ f (dT3) dT5) @.4)

eff

In equation 4.4 first and second terms representing to super-paraniagnetic and
blocked states respectively. We have done simulation of experimental data and best
fitting parameters are D = 9.9 nm, M, = 18.8 emu/g and K= 1.6x 107 ergs/cc. The value
of M; is 18.8 (emu/g and it is lower than the bulk value which is 80 emu/g for cobalt
ferrite due to surface and finite size effects. The value of K.g=1.6x 10’ erg/cc is greater
than Kggu= 1.8-3.0 x 10° ergs/cc for CoFe;0, due to presence of disordered surface spins

[99].
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Fig. 4.6: ZFC Simulation of Zr0-, coated CoFe,0, nanoparticles.
4.4 Stretched exponential decay model

In stretched exponential model, the time-dependent magnetization of sample was
investigated under ZFC protocol [100]. Fig. 4.6 with black color shows ZFC relaxation
for ZrO; coated with CoFe;04 nanoparticles. The sample is cooled from 300 K to 5 K
under the absence of field (ZFC). At 5 K, 100 Oe ficld is applied and then magnetization
is recorded as a function of time. We have fitted relaxation curved recorded at 5K by
using stretched exponential decay model as given below;

M =M, - (M; -M>) expl (t/1)°] (4.5)

Where ‘M;” and ‘M7’ are the initial and final magnetization, B’ is the shape parameter
and 't' is called relaxation time. The values of shape parameter (B) lies in range of 0< fi<
1 which depends upon the different disordered in the system [101]. Spin-glass systems

nsnally exhibit shape parameter in the range from 0.2 to 0.6 at below the freezing
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temperature. The best fitting parameters of stretched exponential law are 1 = 1394 s and f
= (.6 which signify the slow spin relaxation in our system due to existence of spin-glass
behavior or disorder surface spins. Zirconia coated nanoparticles showed a slow spin
relaxation in ZFC mode, which is due to presence of frozen surface spins and spin glass

behavior in these nanoparticles.
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Fig. 4.7: Stretched exponential decay model for ZrO; coated CoFe,O4 nanoparticles.

4.5  AC-susceptibility

In AC-Susceptibility magnetic measurements, ac field is applied to the sample or

material and resultant magnetic moment is measured. AC-susceptibility can be defined as
o= % 1" (4.6)
Where "' is the response of the magnetic dipole moment when field is applied on the

material. AC- susceptibility x' is the in phase or real component and iy" is the out of

phase or imaginary component of ac-susceptibility [103]. For ac-susceptibility
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measurements the relaxation time is not based vpon the energy barrier. It depends upon
the external excitation frequency. AC-susceptibility gives us information about the

magnetization dynamics of the system.

To measure the frequency dependent ac-susceptibility, first the sample is to be
cooled from room temperature to 5 K in the absence of applied ac field and ac-
susceptibility is measured at constant frequency with varying temperature. Fig 4.8 (a) and
(b) shows the in phase and out of phase AC-susceptibility at different frequencies 1 Hz,
10 Hz and100 Hz.
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Fig. 4.8(a): In-phase frequency dependent AC-Susceptibility of ZrO; coated CoFe, (.
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Fig. 4.8(b): Out of phase frequency dependent AC-Susceptibility of ZrQO, coated CoFe,0,.

These both figures show that value of T is higher than 300K value. Fitting laws
such as Arrhenius, Vogel- Fulcher and dynamic scaling law could not be fitted because in
our experimental data the values of Ty on different frequencies cannot be calculated and
these laws are applicable when we have values of Tp at different frequencies. However

frequency dependence of the AC susceptibility shows the presence of spin-glass and/or

superparamagnetic behavior.
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CHAPTER 4 Results and discussion

Table 4.1: Values of fitted parameter related to the magnetic properties of ZrO, coated CoFe;Oy4
nanoparticles by using Bloch's law, Kneller's law and stretched exponential decay model fit.

Law Parameter Values
Bloch's law B 8.04x 102K™®
b 0.3
Kneller's law Ts 268 K
H. 11642 Oe
Stretched exponential law T 1394 s
B 0.6
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CHAPTER 4 Results and discussion

4.6 Conclusions

In this research, we have studied temperature dependent magnetic properties of
Zr0O, coated CoFe;04 nanoparticles prepared by using microwave plasma synthesis. XRD
was used to analyze the structure properties of material and with average crystallite size
calculated 13 nm. TEM image shows, nanoparticles are spherical in shape and less
agglomerated. The M; value of ZrQ; coated CoFe,0,4 nanoparticles is calculated 20
emw/g which is much lower than the bulk value 80 emw/g due to finite size effects. In
ZFC measurement, the Tp peak is not observed till 300 K which shows the ZrO; coated
CoFe;04 nanoparticles are highly thermal stable close to superparamagnetic region at
room temperature. The temperature dependent M was fitted by using Bloch’s law which
gives very smaller value of Bloch’s exponent and large value of Bloch’s constant B and
is attributed to surface spins disordered and finite size effect. Kneller's law shows a best
fit for zirconia coated nanoparticles. Below 50 K, the value of H, is sharply increased due
to enhanced surface anisotropy at low temperature. The nanoparticles showed a slow spin
relaxation in ZFC mode, which is due to presence of frozen surface spins and spin glass
behavior in these nanoparticles. The best fitting parameters of stretched exponential law
were T = 1394 s and (=0.6, which signify the slow spin relaxation in our system due to
existence of spin glass behavior. We have also measured the frequency dependent ac
susceptibility data which shows that the blocking temperature (Tg) peak is not present till
300 K. However, frequency dependence of AC susceptibility is observed which is due to
presence of spin-glass and/or superparamagnetic .behavior in these particles. In
conclusion, zirconia coated nanoparticles show enhanced surface gnisotropy and possible

weak spin glass behavior at low temperature.
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