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ABSTRACT

Spinel ferrites are one of important magnetic materials which are considered to be the foundation
of various technological industries. Among different spinel ferrites the Magnesium-Zinc spinel
ferrite is considered important due to its remarkable magnetic and electrical properties. But in
Magnesium-Zinc ferrite the presence of diamagnetic zinc and magnesium metal ions reduce the
magnitude of A-B super-exchange interaction and diminishes magnetic behaviour. In the present
work, the diamagnetic zinc ions have been replaced with transition metal ions (Co®*, Ni** and
Mn?*) to enhance the magnetic behavior of magnesium-zinc ferrite. The transition metal doped
magnesium-zinc ferrites synthesized using co-precipitation route have been investigated for
structural, morphological, elemental and magnetic properties. The brief description of thesis
which has been divided into six chapters is given below:

Chapter 1 includes the history of ferrites and various spinel ferrite systems. The role of transition
metal doping, some general applications of spinel ferrites and the motive of the present work has
been given.

Chapter 2 describes the commonly used synthesis methods for the synthesis of ferrite
nanoparticles. The complete reaction mechanism utilized for the synthesis of transition metal
doped magnesium-zinc ferrites have been described in detail. The characterization techniques
used for the analysis of various physical properties of prepared samples are described.

Chapter 3 describes the structural, morphological and elemental properties of transition metal
doped Magnesium-Zinc ferrites. Several structural parameters have been calculated for prepared
samples using the XRD data. The values of atomic % of cations and anions have also been listed.
Chapter 4 includes the proposed cation distribution for transition metal doped Magnesium-Zinc
ferrites. Various structural parameters calculated with the help of proposed cation distribution
have been correlated with the obtained XRD results.

Chapter 5 describes the variation in magnetic properties of Magnesium-Zinc ferrites on transition
metal ion doping. The nature of magnetic exchange interactions investigated with the help of
proposed cation distribution and Yafet —Kittel model have been included.

Chapter 6 summarizes the present work. The future scope of the present work has also been

given.
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INTRODUCTION






Chapter 1

Magnetism and magnetic materials have a long and fascinating history. In ancient times, Magnes
who lived in Magnesia near Greece mount discovered loadstone. Loadstone is a naturally
occurring magnetic material. In middle Ages, Chinese travelers used suspended loadstone as a
compass needle for navigation purpose. In 1088, Shen Kuo described the use of magnetic
compass needle and the first documented use of compass needle was reported by Zheng He. In
modern history, English scientist William Gilbert confirmed observations regarding magnetic
poles and conclude that earth is like a magnet. After that magnetism and magnetic materials have
been explored by many scientists and research groups across the globe. Several theories have
been published by various researchers explaining the magnetic behavior of magnetic materials.
Currently magnetism and magnetic materials are playing a crucial role in making human life
easy. Magnetic materials are an integral part of most of the technologically important devices.
There are different types of magnetic materials present but, among all of them, ferrite are
considered to be one of the most important type of magnetic material. It is because there are no
other magnetic metal oxides equivalent to them in terms of their magnetic and electrical
properties. Snoek in 1936 laid the foundation of physics and technology of ferrites resulting in the
establishment of a new technological industry. Ferrites are utilized in broad range of applications
ranging from electronic materials to biomedical sciences.

1.1 History of ferrites

The ceramic ferromagnetic materials which are mainly composed of ferric oxide are known as
ferrites. The magnetite or the ferrous ferrite (FesO,4) is an example of naturally occurring ferrite
[1]. The magnetite was found in magnesia district located in the Asia Minor and therefore, named
magnetite. In 1909 Hilpert tried to improvise the magnetic properties of ferrites and successfully
prepared several ferrites such as manganese, copper, cobalt, copper and zinc ferrite [2]. In 1928
Forestier prepared various ferrites by precipitation and heat treatment technique and measured
their saturation magnetization and curie temperature [3]. Japanese researcher Kato and Takei
have studied these magnetic materials exhaustively from 1932 to 1933 [4, 5]. In 1932 Japanese
researchers’ Kato and Takei discovered that the solid solution of magnetite and cobalt ferrite was
strongly magnetized at room temperature and have large number of practical applications. They
prepared permanent magnet having a coercive force of about 600 Oe [5]. But the role of ferrites

in modern technology started with the work of Snoek in 1933 [6]. Vermey, Heilalan and some
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other researchers from Philip’s research laboratory have also contributed a lot in the development
of ferrites for their technological applications [7]. The large scale production of televisions in
1950’s was the major reason for the rise of ferrite industry, especially in America and Europe.
Ferrites have been used as a special transformer in television sets [8]. Thereafter various ferrites
have been synthesized and have been found useful in high frequency applications, permanent
magnets and some other fields.

To explain the magnetic behavior of ferrites, some theories have been reported. In this respect the
Neel’s and Kramer’s theory throw a great insight on the magnetic behavior of ferrites [8, 9]. The
fundamental interaction among the magnetic ions mediated with the help of oxygen atoms was
explained by Anderson [9] This type of interaction among the magnetic ions is recognized as A-B
super-exchange interaction. The work by Vermey and Heilalan dealing with the metal cations
distribution in crystallographic lattice sites provides a significant help in understanding the
physics and chemistry of ferrites [10]. During 1940 to 1950 the use of ferrites was mainly focused
on radio and microwave frequency applications. From 1950 onwards ferrites have been utilized in

several consumer goods of technological importance [11].

1.2 Ferrites

Ferrites are the mixed metal oxides (M-Fe) containing ferric oxide as a major component. Ferrites
are usually non-conducting oxides, which are derived from iron oxides such as naturally
occurring magnetite (FesO4) or hematite (Fe,O3) [12]. In anti-ferromagnetic materials the
magnitude of magnetic moment on the two crystallographic lattice sites which are opposite to
each other are equal which results in net cancellation of magnetic moment. But, in case of ferrites
the magnetic moment on crystallographic lattice sites which are opposite to each other is not
equal in magnitude so complete cancelation of magnetic moment is not possible like anti-
ferromagnetic materials. This type of magnetic behaviour is called ferrimagnetism or
uncompenstated anti-ferromagnetism. This is because of the presence of different concentration
of ions of magnetic element at the two different crystallographic lattice sites which are anti
parallel to each other [13]. Ferrites have excellent magnetic and electrical properties, which make
them industrially and technologically an important magnetic material [14]. High magnetic

permeability, soft magnetic nature, chemical and thermal stability and high electrical resistivity
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which prevent loss of energy at high frequency applications are some of the important physical
properties of ferrites [15]. These properties of ferrites make them potential candidate in some
useful applications such as high density information storage, recording heads, microwave
devices, telecommunication systems, transformer cores, antenna rods, ferrite electrodes, magnetic
toner for copiers, electromagnetic wave absorption, choke coils, switched power supplies, ferro-
fluids, magnetically guided drug delivery, hyperthermia and gas sensors etc. [10, 16-18]. Ferrites
have different types, which can be distinguished from each other on account of their magnetic
behavior and crystal structure. The classification of ferrites on the basis of their magnetic

behaviour and crystal structure has been discussed in detail in next section.

1.3 Classification of ferrites

1.3.1 Magnetic behavior (Soft and Hard ferrites)

Ferrites can be classified as Hard and Soft type of ferrites on the account of their magnetic
behaviour. The magnetic materials which have large value of M the saturation magnetization and
low value of H the coercivity (H; < 10A/cm) are known as soft ferrites [19]. Figure 1 (a) shows
the hysteresis loop for soft ferrites. Their strength to retain magnetization is very low, so they can
be easily magnetized as well as demagnetized. Soft ferrites have low magnetic losses at high
applied frequencies [20]. Soft ferrites show application in wide range of applications such as in ac
motors, generators, transformer cores, recording equipments and telecommunication systems etc.
[20]. In soft ferrites the magnetic behavior is due the interaction between magnetic metal ions
situated at two different crystallographic lattice sites. Nickel, Zinc, Manganese, Magnesium and
Copper ferrite etc. are the examples of soft ferrites [21].

On the other hand the magnetic materials having large value of coercivity (H. >300 A/cm) and
low value of saturation magnetization are regarded as hard ferrites. Their strength to retain
magnetization is very high as compare to soft ferrites, so it’s not easy to demagnetize them [20].

Figure 1 (b) shows the hysteresis loop for hard ferrites.

Hard ferrites are made in isotropic and oriented form. The isotropic hard ferrite is firstly formed
in preferred shape, sintered and then magnetized. They mostly find application in cycle dynamos
and ring magnets. On the other hand the oriented type hard ferrite is firstly formed into desired

shape under the influence of strong magnetic field and then sintered. They find application in
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loudspeakers and magnets of automobiles [21]. Most of the permanent magnets belong to

oriented type of hard ferrites. Barium and strontium ferrites are the examples of hard ferrite [21].

(a) M

5

' /Applied Field

Figure 1.1: Hysteresis loop (a) soft ferrites & (b) hard ferrites

1.3.2 Crystal structure

(b)

M

Applied Field

On the basis of crystal structure, the ferrites can be divided into three different categories as

spinel ferrite, hexagonal ferrite and rare earth garnet ferrite.

1.3.2.1 Spinel ferrite

Ferrites crystallizes in the form of spinel structure, the name spinel associated with ferrites is

because of the similarity of the structural formula (MFe,QO,4) of ferrites with Mg Al,O4, which is

known as spinel [13], where M refers to metal ions. The spinel structure belongs to Fd3m space

group. The spinel structure can be described as face centered cubically closed pack arrangement
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of 32 oxygen anions which forms the unit cell. Figure 1.2 shows the crystal structure of spinel
ferrite [22].

. Oxygen

. A (tetrahedral)

@ B (octahedral)

Figure 1.2: Crystal structure of spinel ferrite

The arrangement of these 32 oxygen anions in the unit cell leaves two kinds of crystallographic
lattice sites in the unit cell. These lattice sites are known as tetrahedral (A) and octahedral (B)
sites [22]. The tetrahedral sites have coordination with four oxygen anions and octahedral sites
have coordination with six oxygen anions. In spinel structure, the unit cell which is made up of
32 oxygen anions has 64 A and 32 B sites. The net positive charge will become more in
comparison to net negative charge when all the crystallographic lattice sites have been filled with
2" or 3" metal ions and this will destroy the electrical neutrality of unit cell. So there are only

eight A sites and sixteen B sites in a unit cell of spinel ferrite which are filled with 2% or 3"
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valency metal ions so that the unit cell remains electrically neutral [13]. Nickel, zinc, magnesium,
manganese, lithium and cobalt ferrites are common examples of spinel ferrite.

1.3.2.2 Hexagonal ferrite

The hexagonal ferrite is known as magnetoplumbite. The mineral magnetoplumbite was
discovered in 1925 and in 1938 the crystal structure of magnetoplumbite was found to be
hexagonal [23]. The c axis is the major preferred axis in hexagonal structured ferrite, and a axis is
the minor axis. The length of ¢ and a axis is termed as ¢ and a lattice parameter respectively.

These two lattice parameters are required to give the dimensions of a hexagonal crystal [13].

Figure 1.3 shows hexagonal crystal with two of its lattice parameters [23].
C

Figure 1.3: Hexagonal crystal with its lattice parameter a and ¢

The chemical formula for hexagonal ferrites is M Fe1,019, Where M can be barium, strontium or

lead. In hexagonal ferrites the oxygen anions show close packing similar to the spinel structure
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where some layers of oxygen exist that can accommodate the divalent metal ions of barium,
strontium or lead. The ionic radii of barium, strontium or lead are comparable to oxygen anions,
so they can replace oxygen anions in the crystal lattice [23]. Several workers at Philips Research
Laboratories discovered large number of compounds having hexagonal structure [13]. These
compounds were prepared by mixing magnetoplumbite with other spinel compounds in different
stoichiometric ratios. There are different types of hexagonal ferrites designated as M, W, X, Z, Y
and U ferrites. The hexagonal ferrites have found application in data storage, microwave devices,
electromagnetic wave absorption, actuators, sensors, motors, generators, electronic components

for mobile and wireless communication and stealth technology [23].

1.3.2.3 Rare earth garnet ferrite

In 1956 Bertaut and Forrat discovered Garnet ferrite and after one year Geller and Gilleo (1957)
also invented these garnet ferrites. Geller & Gilleo (1957) have explained the crystal structure of
garnet ferrites [13]. Rare earth garnet ferrites crystallize in the 12-sided structure or dodecahedral,
resemble to the mineral garnet. Garnet structure is similar to spinel structure except the presence
of dodecahedral lattice sites [24]. The rare earth garnets have general formula M3FesO1,, where
yttrium (Y) is represented by M is or some other rare earth ion. Although Y is not a element
belonging to rare earth but it shows behaviour like rare earth. Hence it is placed in the family of
rare earth garnets [25]. In garnet ferrites all the meal ions are trivalent in nature. The three
different lattice sites in garnet ferrites are octahedral, tetrahedral and dodecahedral. The
octahedral, tetrahedral and dodecahedral sites occupy 16 Fe**, 24 Fe** and 24 M*' ions
respectively [25]. In garnet ferrite, every tetrahedron is interconnected with four octahedrons and
every octahedron is connected with six tetrahedrons. The shared corners in this type of structure
are distorted and form a series of dodecahedrons. These dodecahedrons sites provide space for
rare earth metal cations [26]. The rare earth metal cations align them in a direction opposite to
metal cations present at tetrahedral sites and contribute to the magnetization of sublattice. Rare
earth garnet ferrites are suitable in several applications such as isolators, circulators, high
frequency microwave devices, optical isolator, fiber communication and magnetic recording
media etc [27]. YsFesOi1,, SmaFesOq,, EusFesO1,, ThsFesO1p, and LusFesOp, are the common

examples of rare earth garnet ferrites [13].
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1.3.3 Types of spinel ferrites

Spinel ferrites exist in three different types which are normal spinel, inverse spinel and mixed
spinel. The type in which spinel ferrite crystallizes is dictated by the distribution of metal cations
in A and B crystallographic lattice sites. The various types of spinel ferrite are discussed in detail
in the following section.

1.3.3.1 Normal spinel

The spinel structure is said to be normal spinel when divalent metal ions (M**) prefer to occupy
tetrahedral (A) sites. The structural formula for normal spinel ferrite is [M?*]a [Fe**1s04% [20].
The preference of metal ions to occupy lattice site depends on ionic radii of metal ions,
temperature, size of lattice sites and orbital preference [13]. Zinc and cadmium ferrite are the
examples of normal spinel ferrite [28]. In case of zinc and cadmium ferrite, the electronic
configuration of Zn** and Cd?" is favorable for tetrahedral bonding to oxygen anions, so they

prefer to occupy tetrahedral lattice sites.

1.3.3.2 Inverse spinel

The spinel structure is said to be inverse spinel when all the divalent metal ions (M?*) occupy A
sites and trivalent (Fe**) metal ions get equally distributed among A and B sites. Barth and
Posnak discovered that the trivalent metal cations preferred the A sites and occupied them first
[13]. The structural formula for inverse spinel ferrite is [Fe**]a [M?*Fe**]g 04> [20]. Nickel and
cobalt ferrite are the most common examples of inverse spinel ferrite [29-30]. Most of the

commercially important ferrites are inverse spinels.

1.3.3.3 Mixed spinel

The divalent and trivalent metal cations in mixed spinel structure get positioned at both the
tetrahedral and octahedral lattice sites [20]. For mixed spinel ferrites, the structural formula is
[Mi.s 2" Fes *"]a [Ms **Fes.s*]e O4%, where & is the degree of inversion [31]. Magnesium-
Zinc, Manganese-Zinc, Nickel-Zinc and Cobalt-Zinc ferrites belong to family of mixed spinel

ferrites.
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1.4 Some important spinel ferrites

1.4.1 Zinc ferrite

Zinc ferrite has a crystal structure of normal spinel ferrite, in which all divalent zinc metal ions
are positioned at A lattice sites and trivalent iron metal ions take position at B lattice sites. Zinc
ferrite shows anti-ferromagnetic order and zero magnetization below 10 K [32]. In ferrites the
magnetic ordering is controlled by A-B, B-B and A-A magnetic exchange interactions [32]. In
Zinc ferrites, the A-B exchange interaction is not present on account of the presence of non-
magnetic Zn®" metal cations at A lattice sites. The presence of Fe** ions at B lattice sites creates
the intra site B-B exchange interaction which is responsible for anti-ferromagnetic ordering in
Zinc ferrite. But, in nano-crystalline form the Zinc ferrite nanoparticles have shown ferrimagnetic
behaviour due to distribution of some of non-magnetic zinc ions in octahedral lattice sites. Carta
et al. have reported the distribution of divalent zinc ions in octahedral sites for nano-crystalline
Zinc ferrite [33]. The presence of zinc ions in octahedral lattice sites have been confirmed using
X-ray absorption spectroscopy [33]. The transfer of non-magnetic zinc ions from sites A to B
pushes some of magnetic trivalent ions from sites B to A, which enhances the A-B exchange
interaction leading to ferrimagnetism in zinc ferrites. Tanaka et al. have reported large
magnetization of 32 emu/gm for zinc ferrite thin films which indicate the presence of
ferrimagnetic behaviour [34].

Zinc ferrite nano-particles exhibit anomalous properties such as soft magnetic nature, spin glass
state, super-paramagnetic behaviour at room temperature, low dielectric losses, low toxicity,
photocatalytic activity etc. [35, 36]. The interesting properties of zinc ferrite nanoparticles show
that they are useful in different applications such as information storage, supercapacitor, high
frequency devices, electronic and communication devices, MRI contrast agents, magnetic
hyperthermia, degradation of toxic dyes and gas sensing [35-37]. The low toxicity of zinc ferrite
nanoparticles make them more promising magnetic resonance imaging agent in comparison to
other biocompatible magnetic resonance imaging agents [36]. There are several methods
available for the synthesis of zinc ferrites such as microwave assisted combustion, electrophoretic

deposition, sol gel, hydrolysis etc. [32, 33, 35, 36].
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1.4.2 Lithium Ferrite

The exclusive magnetic and electrical properties of lithium ferrite make it an important spinel
ferrite. Lithium ferrite generally crystallizes into ordered and disordered ferrite. Ordered lithium
ferrite is a-LiFesOg in which A lattice sites are only filled by trivalent iron ions and remaining
iron and lithium ions occupy B lattice sites. It is also known as « phase lithium ferrite. In
disordered lithium ferrite the lithium ions are randomly distributed over B lattice sites. The
disordered lithium ferrite is also called as g lithium ferrite. Lithium ferrite also exists in y phase
but mainly crystallizes into « and S phases [38].

Lithium ferrite has large saturation magnetization, high curie temperature and high electrical
resistivity. Lithium ferrite has been regarded as an important candidate for microwave devices,
antennas, read and write heads for high disk digital tapes, cathode material for lithium ion
batteries, ferro fluid, gas sensing etc. [38-40]. There are numerous methods alike solution
combustion, sol-gel, co-precipitation, hydrothermal, mechanical alloying etc. available for the

preparation of lithium ferrite nanoparticles [38, 40].

1.4.3 Nickel ferrite

Nickel ferrite is a soft ferrimagnetic material and has inverse spinel structure. In nickel ferrite, all
the divalent nickel ions are situated at B lattice sites and trivalent iron ions occupy both
tetrahedral and octahedral lattice sites [22]. But, in few studies, it has been reported that on
reducing the grain size to few nano-meters the nickel ferrite becomes mixed spinel ferrite.
Chinnasamy et al. have reported mixed type of spinel structure for NiFe,O4 on reducing the grain
size to few nano-meters [41].

Nickel ferrite is very important for technological industry due to its notable properties such as
high saturation magnetization, soft magnetic character, high permeability, high electrical
resistivity, mechanical hardness, chemical stability, low eddy current losses and cost
effectiveness [42, 43]. Nickel ferrites have been widely used in various technologically important
applications such information storage, inductors cores, magnetic heads, antenna rods, contrast
agent in MRI applications, magnetic refrigeration, anti-bacterial activities and hyperthermia [44-
46]. Bae et al. have observed the nickel ferrites to witness high biocompatibility and appropriate
magnetic characteristics required for hyperthermia applications [45]. Golkhatmi et al. have

observed the nickel ferrite nanoparticles to show good antibacterial activity against gram-negative
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pseudomonas syringae, gram-positive bacillus subtilis and phytopathogenic fungi [46]. There are
number of synthesis techniques available to prepare NiFe,O4 nanoparticles such as chemical
vapor deposition, thermal decomposition, sol gel, co-precipitation, laser ablation, hydrothermal,
ultrasound irradiation, etc. [45, 46].

1.4.4 Magnesium ferrite

Magnesium ferrite crystallizes into normal cubical spinel structure wherein A and B lattice sites
are occupied by Mg®* and Fe*" metal ions respectively [13]. Magnesium ferrite is soft magnetic
in nature. Magnesium ferrite has been regarded as a crucial ferrite material due to its interesting
magnetic and electrical properties such as low saturation magnetization and high resistivity [47].
Apart from magnetic and electrical characteristics, the magnesium ferrite is highly stable, non
toxic and cost effective [48].

Kurian et al. reported that the magnesium ferrite nanoparticles prepared using solvothermal
method have shown desired magnetic properties which make them useful in high density
recording applications [49]. Maensiri et al. [50] shown that the magnesium ferrite nanostructures
prepared using electrospinning method are beneficial in electronic and storage device
applications. Jung et al. have reported that the magnesium ferrite based magnetic composites
have shown potential for removal of phosphates from waste water [48]. Maehara et al. have
shown that the magnesium ferrite has desired magnetic properties which make it suitable for
hyperthermia applications [51]. Tang et al. have reported that the superparamagnetic magnesium
ferrite nanoparticles can be used as effective nanoadsorbent for removal of arsenic from

contaminated water [52].

1.45 Cobalt ferrite

Cobalt ferrite has inverse spinel structure in which half of Fe** metal ions occupy A lattice sites
and other half of Fe** metal ions occupy B lattice sites along with Co** metal ions. Cobalt ferrite
has gained an enormous amount of interest in recent years due to its moderate saturation
magnetization, high magneto-crystalline anisotropy, high coercivity, good chemical stability and
high mechanical hardness [53]. Recently, Amirthavalli et al. have reported a maximum coercivity
of 1769.7 Oe and saturation magnetization of 69.10 emu /gm for cobalt ferrite nano-particles [54].
The high coercivity, saturation magnetization and high chemical and physical stability make

cobalt ferrite suitable in high density information storage, ferro-fluid technology, magnetocaloric
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refrigeration [55, 56]. Jung et al. have described that the functionalization of cobalt ferrite with
organic memory devices enhances memory storage [57]. Cobalt ferrite has also been found to be
beneficial in different biomedical applications such as drug delivery, contrast agent in magnetic
resonance imaging and hyperthermia. Dey et al. showed that the CoFe,O, nanoparticles are
suitable for the drug release applications using hyperthermia technique [58]. Oh et al. studied the
CoFe,04 nanoparticles and suggested their potential use as therapeutic agent for cancer treatment
[59].

1.4.6 Manganese ferrite

Manganese ferrite is a mixed type of spinel, where divalent (Mn?*) and trivalent (Fe**) metal ions
may occupy either A or B sites. The bulk manganese ferrites are found to be 20 % inverse spinel
and nano manganese ferrites have been reported to have 60 % inverse spinel structure [60].
Manganese ferrite is known for higher saturation magnetization, high magnetic permeability, high
curie temperature, low power losses at high frequency and good chemical stability [61].
Manganese ferrites are suitable for different applications such as magnetic recording devices,
super capacitors, biosensors, ferro fluids, drug delivery, contrast enhancement agent in MRI the
magnetic resonance imaging and hyperthermia applications [62, 63].

The electrodes of manganese ferrite nano-particles are excellent for supercapacitor applications
[62]. The manganese ferrite nanoparticles have shown strong antifungal and antibacterial activity
against two gram positive and two gram negative bacteria [64]. Singh et al. have reported that the
enhanced adsorption capacity of manganese ferrite nanoparticles towards harmful dyes make it a
suitable material for water purification [65]. The desirable thermal properties and bio-
compatibility of manganese spinel ferrites make them beneficial for hyperthermia applications
[66].

1.4.7 Nickel-Zinc ferrite

Nickel-Zinc ferrite is one of the most widely studied ferrite material. Nickel —Zinc ferrite has a
mixed spinel structure where A lattice sites are filled by Zn** metal ions and B lattice sites are
filled by Ni** metal ions. The Fe** metal ions in nickel zinc ferrite are distributed among both the
lattice sites [67]. Nickel-Zinc nano-ferrite is mainly known for its application in high frequency

microwave devices due its large electrical resistivity, high curie temperature, good chemical
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stability and excellent soft magnetic characteristics [68]. Nickel-Zinc ferrites are also found to be
practicable in different applications alike memory storage transformer cores, inductors, magneto-
optical devices, magnetic resonance imaging and catalysis [69, 70].

The NipsZnosFe,O4 ferrite based dielectric resonator antenna is suitable for wireless
communication systems at microwave band [71]. The Nickel-Zinc ferrite synthesized by
electrospinning technique have proven to be an excellent microwave absorber [72]. Nickel-Zinc
ferrites have also shown application in removal of toxic dyes from aqueous solutions and gas
sensing. The nickel-zinc ferrite can be used as an efficient adsorbent for the degradation of
cationic and well as anionic dyes [73]. The nickel-zinc ferrites can be used for sensing of chlorine

gas at room temperature [74].

1.4.8 Manganese-Zinc ferrite

Manganese-Zinc ferrite crystallizes into mixed spinel structure [20]. In Manganese-Zinc ferrites
few of the divalent Mn** metal ions occupy A lattice sites and trivalent Fe** metal have
preference for both of the lattice sites. Manganese-Zinc ferrites are of significant interest due to
their high value of permeability, low hysteresis loss, large saturation magnetization, high
resistivity and low power losses [75, 76]. Magnesium-Zinc ferrites are widely utilized in various
applications such as transformer cores, antenna rods, recording heads, magnetic sensor, high
quality filters, radio frequency circuits, electromagnetic wave absorbers, switching devices,
medical diagnosis, photocatalysis etc. [20, 75, 76].

Manganese-Zinc ferrites synthesized using combustion method are suitable for high frequency
electromagnetic device applications [76]. The Manganese-Zinc ferrites having high saturation
magnetization and low hysteresis losses are useful in many important technical devices like
microwave devices, magnetic recording heads, computer memory chips and transformers [77].
Manganese-Zinc based ferrites having high resistivity, high magnetization and low dielectric
losses can be explored as antenna rods, radio frequency circuits, high quality filters, transformer
cores and read and write heads for high digital tapes [78]. The manganese-zinc ferrite synthesized
by one pot co-precipitation method show high specific capacitance and are suitable for
supercapacitor applications [79]. Manganese-Zinc ferrites have also shown potential in
biomedical applications. Phong et al. have shown that the manganese-zinc ferrites having high

intrinsic losses are suitable material for hyperthermia applications [80].
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1.4.9 Magnesium-Zinc ferrite

Magnesium-Zinc ferrites represent an important class of magnetic oxides. Magnesium-Zinc
ferrite crystallizes into mixed spinel structure. The divalent Zn**and Mg®* metal ions preferably
inhabit A and B lattice sites respectively, while Fe** metal ions can inhabit both A and B lattice
sites [13]. Silva et al. have confirmed the presence of Zn®*, Fe** and Mg** ions in A and B lattice
sites respectively in magnesium-zinc ferrite system using Raman spectroscopy [81].
Magnesium-Zinc ferrites are extremely important to technological industry because of their
interesting magnetic and electrical properties. Magnesium-zinc ferrites have soft magnetic
character, high permeability, high saturation magnetization, high electrical resistivity, high curie
temperature, low energy losses at high frequencies, low cost and better environmental stability
[31, 82]. The high permeability, high electrical resistivity and low eddy current losses make them
favorable soft magnetic material among other ferrite systems [83]. Magnesium-Zinc ferrites are
also regarded as a cheap alternative to costly Nickel-Zinc ferrites [84]. Skotyszewska et al. have
obtained soft magnetic properties for magnesium-zinc ferrites assuring high magnetic
permeability and low energy losses [85]. Hajarpour et al. have reported enhancement in
saturation magnetization for Mg sZno4Fe>04 sample with increase in glycine to nitrate ion ratio
[86]. The enhancement in magnetization for MgosZnosFe,O, ferrite sample prepared at different
pH values using hydrothermal method have been reported [87]. Barbosa et al. have observed
enhanced magnetic characteristics for MgoeZno4Fe,O4 nano-ferrite sample synthesized using
combustion reaction method [88]. Choodamani et al. have shown superparamagnetic character
for Mgo.sZnosFe,04 ferrite sample synthesized using combustion method [89]. Singh et al. have
reported soft magnetic characteristics for Magnesium-Zinc ferrite samples synthesized using co-
precipitation route [90]. Rahman et al. have also obtained soft magnetic properties for
Magnesium-zinc ferrites prepared using co-precipitation route. The maximum value of coercivity
has been observed for MgosZnosFe 04 ferrite sample as compared to other stoichiometric
compositions of Mg-Zn ferrite [91].

Magnesium-Zinc ferrites show use in high density storage devices, high frequency devices,
sensing, transformer cores, switched mode power supplies and in biomedical applications [31,
82]. The magnesium-zinc ferrites synthesized by microwave assisted sol-gel combustion method
are useful in energy storage and as writing and reading head for memory storage applications

[92]. The magnesium-zinc spinel ferrites synthesized using solution combustion technique have
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desired magnetic and electrical properties which make them useful in various electromagnetic
applications [93].

Magnesium-zinc spinel ferrites have also shown application in biomedical and sensing
applications [90, 94]. The super-paramagnetic magnesium-zinc ferrite nanoparticles are suitable
for magnetic hyperthermia uses [95]. The magnesium-zinc ferrite based humidity sensors are very
fast and reliable [96]. Mukherjee et al. have reported that the MggsZngsFe,O4 nano-tubes have

shown promising sensing response towards hydrogen, carbon monoxide and nitrous oxide [97].

1.5 Role of transition metal doping

The quantum mechanical phenomenon which is known as A-B super-exchange interaction has a
strong impact on different physical properties of ferrites. The strength of A-B exchange
interaction depends on the metal cations magnetic moment present at lattice sites A and B.

Transition metal ions Co®*, Ni%*

etc. have partially filled d orbital which give rise to magnetic
moment corresponding to number of unpaired electrons. The spin of unpaired electrons of
partially filled d orbital is responsible for magnetic moment [98]. The substitution of transition
metal is of special importance because transition metal ions substitution increases the value of
magnetic moment at lattice sites which result in the enhancement of various physical properties.

There are numerous reports of the substitution of different transition metal ions like copper,
cobalt, chromium, zinc etc. which enhance the various physical properties in spinel ferrites [99-
101]. Abraham et al. have shown increase in coercivity and remnant magnetization for cobalt
doped magnesium ferrites synthesized using combustion method [102]. Ati et al. have also shown
enhancement in magnetic properties of cobalt doped nickel ferrite nanoparticles which make
them appropriate for memory storage and microwave device applications [103]. The cobalt
substituted manganese ferrites synthesized using micro-emulsion route have that desired

magnetic characteristics which make them useful in memory recording applications [104].

Padmapriya et al. have reported enhancement in magnetic properties of zinc ferrites on nickel
substitution. The nickel substitution also enhances the dye degradation efficiency of zinc ferrite
nanoparticles [105]. It has been reported that the magnetic properties of nickel doped ferrites are
suitable for memory storage device applications [106]. The Co-Mn doping enhances the magnetic

properties of Ni-Sn ferrites and have been found to be useful in high density recording media
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[107]. The high permeability and low magnetic losses have been observed for manganese doped
zinc ferrites [76]. The manganese doped La-Ce ferrites show use in memory recording
applications [108]. The manganese substituted magnesium-zinc ferrites synthesized using oxalate
precursor method have shown decrease in dielectric losses with increase in frequency which
makes them highly desirable for high frequency device applications [109]. The manganese
substituted ferrites may be useful in energy storage and other technological applications [110].
Anjana et al. have obtained enhanced magnetic properties with copper substitution in nickel
ferrites [111]. Yadav et al. have found low dielectric losses and increase in dielectric constant for
chromium doped manganese ferrites which makes them advantageous in charge storage device
applications [112].

The transition metal ion substituted ferrites have also shown potential in environmental and
biomedical applications [73, 95, 99]. The substitution of cobalt in zinc spinel ferrites provides a
possible candidate for purification of polluted water [113]. Lassoued et al. have reported
enchaned photo-catalytic dye degradation for nickel doped cobalt-zinc ferrites [114].
Gharibshahian et al. have reported that the magnetic properties along with non toxic nature of
zinc doped cobalt ferrites are useful in biomedical applications [115]. The copper substituted
cobalt ferrites have improved antibacterial activities and are useful as ingredient in creams or
lotions for biomedical applications [116]. The reported results confirm that transition metal
doping enhances the various physical properties of spinel ferrites and make them suitable for
several applications which are of technological, biological and environmental importance.

1.6 General applications of spinel ferrites

1.6.1 Magnetic recording

Magnetic recording is one of the main applications of spinel ferrite nanoparticles. While
recording, the magnetic states are impressed on the magnetic media made up of magnetic
nanoparticles or magnetic thin films. Since 1947 the fine particles of spinel »~Fe,O3 have been
used for memory storage applications. These spinel ferrite magnetic nanoparticles have been used
in digital as well as video and audio recordings. The saturation of spinel ferrite in one direction is
taken as a digital state 1 and saturation in other direction is taken as digital state 0. For this the

material must have some intermediate value of coercivity to sustain digital state, but also do not
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have so much coercivity that a large field is required to demagnetize it [13]. The magnetic
nanoparticles are also utilized in the hard disks to increase the storage density. For high storage
density application, the high coercivity along with high retentivity and appropriate value of
saturation magnetization is desired. The j-Fe,O3 used for tape recording has specific saturation
magnetization of 74-76 emu/gm [13]. Cobalt, Nickel and Manganese-Zinc ferrites based systems
have also been explored for recording purposes. Hu et al. have shown that the spinel ferrites are
beneficial in memory storage device applications [117]. Gilani et al. have described that the

LiCogsPr«Fe,-.O4 ferrites are useful in high density memory recording applications [118].

1.6.2 Microwave devices

Spinel ferrites are useful in several microwave device applications. These materials operate near
the resonance as microwave absorber or electromagnetic wave shielding materials and above
resonance as highly permeable and low loss materials in various devices as isolators, filters,
circulators, phase shifters and inductor cores [119]. The ideal materials for high frequency
microwave device applications require moderate saturation magnetization, high permeability,
high resistivity, low magnetic and dielectric losses [119]. Spinel ferrites are considered as
important materials because they possess all these above mentioned properties. In modern
microwave systems the ferrite circulator is one of the most frequently used device. In ferrite
circulator the ferrite material interacts with the strong electromagnetic wave and provides non-
reciprocal behaviour required for operation of circulator. Ahmed et al. have shown that the Ni-Ti
substituted Mn-Zn ferrites have shown promising electromagnetic properties which make them
useful in various microwave device applications such as high quality filters, transformer cores,
rod antennas, power supplies etc. [120]. The ferrite based materials have also been used for
suppressing unwanted electromagnetic wave signals. Li et al. have shown that the nickel-zinc
ferrites have potential microwave absorbing properties [121].

1.6.3 Entertainment applications

Soft spinel ferrites are utilized on large scale in entertainment applications. They are particularly
useful in radio and television industry. They have been used as television deflection tube yokes,
flyback transformers, interstage and pincushion transformers. The television defection yokes
made up of ferrites are funnel shaped toroids. The properties such as permeability, saturation,
curie temperature, coercivity, loss factor, density and electrical resistivity of ferrites play crucial
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role in deciding their application for television deflection tube yokes. Magnesium-Zinc and
Manganese-Zinc ferrites are preferred for television deflection tube yokes [13]. The interstage
transformers are used in audio and well as video circuits for coupling of different stages of
impedance and isolation matching. Ferrites are also utilized as an antenna in radio and television.
The electromagnetic waves associated with radio and televisions have quite large wavelengths
Which require large antennas’ for operation. The antennas’ made up of ferrite materials which are
also smaller in size have the ability to receive that large wavelengths. This factor makes ferrite
antennas’ important for portable radio and television sets. Mn-Mg-Zn ferrites are useful in high

definition television deflection yokes respectively [109].

1.6.4 Power applications

Ferrites are very useful in dc power supplies especially in integrated circuits and computers. They
are used in circuits where there is a requirement of well regulated DC power supply. In linear and
switched power supplies the ferrite materials are used [13]. In linear power supplies the
transformer, rectifier and choke made up of ferrite materials are used to reduce the residue ac
ripple. In audio frequency applications the transformers, speakers, audio processing instrument
and microphones require several components which are made up of ferrite materials. In
telecommunication application the channel filters and wide band transformers are made up of
ferrite materials. Loading coils made of ferrite are also put in use in transmission lines to enhance
the inductance [13, 20].

1.6.5 Sensing

In present time the gas sensing has become one of the important topic of interest in research.
Spinel ferrites have been found to be useful as gas sensors for sensing of different gases such as
hydrogen sulfide (H.S), carbon dioxide gas (CO,), carbon monoxide (CO) etc. [122]. The
dynamic response is a parameter used to characterize the sensing characteristics of a sensor
device. Abu-Hani et al. have described that the zinc and copper based ferrite have shown
significant sensitivity towards the detection of hydrogen sulfide gas [123]. The zinc ferrites have
shown good response towards the detection of carbon dioxide and liquefied petroleum gas [124].
The Ni-Cu-Zn ferrites can be explored as a chemical sensor for various toxic vapors such as

acetone and ethanol [125]. The cerium substituted cobalt ferrite works as an efficient acetone
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sensor [126]. Spinel ferrites have also worked as an efficient electrochemical biosensor due to
their sensing accuracy and fast analysis time. FesOa, y-Fe;03;, MnFe,0., CoFe;O4 and ZnFe,04

are some of the examples of electrochemical biosensor [127].

1.6.6 Photocatalytic dye degradation

Spinel ferrites are one of the most promising photocatalyst for the degradation of toxic dyes
[128]. Spinel photocatalysts use light energy to carry out the oxidation and reduction reaction
mechanism. The light provides energy which excites electron from the valence to conduction
band generating a hole with creation of electron hole pairs. When this reaction mechanism
proceeds in aqueous solution the hydroxide and water ions react to form hydroxyl radicals which
are the primary source of oxidizing agents in dye degradation process [128]. The most important
advantage of using spinel ferrites for dye degradation is that they can be reused because they are
magnetically separable. In spinel structure there are large number of catalytic reaction sites
available which also helps in the enhancement of dye degradation [129]. Spinel ferrites have been
used for removal of many toxic dyes like bromophenol blue, methyl orange, methylene blue,
rhodamine B, phenol red, eosin yellow etc. [129]. The degradation of methylene blue using
various CuFe,04, NiFe,04, ZnFe,04 and CoFe,O, ferrite photocatalysts has been studied. The
maximum dye degradation efficiency has been obtained for CuFe,O, ferrite followed by
ZnFe,04, NiFe,O, and CoFe,O,4 ferrites [130]. Lassoued et al. have obtained the high dye
degradation efficiency for nickel ferrite nanoparticles against methyl orange [114].

1.6.7 Biomedical applications

Spinel ferrite nanoparticles have shown enormous potential for different biomedical applications
like magnetic hyperthermia, contrast enhancement, magnetic resonance imaging, tissue repair
treatment, targeted and magnetically controlled drug delivery, magnetic carriers in bio-screening
etc. [127]. The magnetic hyperthermia treatment has attracted the attention as a safe technique for
cancer therapy, it includes injection of ferromagnetic / ferrimagnetic nanoparticles into the tumor
tissue followed by the irradiation using an alternating applied magnetic field [131]. Jadhav et al.
have observed the MnZnFe,O, ferrite nanoparticles to show the properties necessary for
hyperthermia applications [132].The spinel ferrite based nanoparticles has been used clinically as
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a T, contrast agents since 1990. Ahmad et al. have reported that the silica coated manganese
nanoparticles act as efficient T, contrast agent [133]. The cobalt ferrite based nano-composite can
be utilized as an efficient drug delivery system [134].

1.6.8 Other applications

There are other applications of ferrites which include magnetostrictive transducers, delay lines
and copier powders. In magnetostrictive transducer applications the high value of
magnetostriction is required. Cobalt added to nickel ferrite have high magnetostriction which
make them potential candidate in magnetostrictive transducer applications [13]. The magnetic
properties of ferrites help to get rid of the carrier powder from the rotating drum.

1.7 Motive and motif of the present work

Spinel ferrites are the materials of present research on account of the interesting magnetic and
electrical behaviour. Spinel ferrites are mainly useful in memory storage, microwave device,
electrode material, photocatalytic dye degradation, sensing and biomedical applications. There
are various spinel ferrite systems such as nickel ferrite, cobalt ferrite, zinc ferrite, manganese-zinc
ferrite, magnesium-zinc ferrite etc [22, 53, 32, 60, 47, 31]. Among various spinel ferrites,
Magnesium-Zinc (Mg-Zn) ferrite is an important system due to its remarkable magnetic and
electrical properties [75, 76]. Several compositions of Mg-Zn ferrites have been studied and
investigated for their properties but, MgosZnosFe.04 shows high saturation magnetization, soft
magnetic nature, low dielectric losses and enhanced sensing characteristics [89, 91, 93, 97].
Therefore, MgosZnosFe,O4 has been chosen for the present study. The preference of Mg®*, Zn**
and Fe** metal ions for crystallographic lattice sites in MgosZnosFe.O4 creates the antiparallel
alignment of ferromagnetic Fe** metal ions observed in case of ferrimagnetism. But, the presence
of diamagnetic Mg®* (0uB) and Zn** (0uB) ions at B and A sites respectively in Mg-Zn ferrite,
reduce the magnitude of most significant A-B super-exchange interaction which lessens magnetic
character. This stresses on the need for the addition of magnetic element which may result in the
enhancement of magnetic characteristics.

The magnetic behaviour of spinel ferrites show dependence on the allocation of metal cations in
crystallographic sites. The replacement of divalent Zn?* metal ions which have strong preference
for tetrahedral lattice sites with magnetic metal ions will create antiparallel alignment of metal
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ions enhancing the A-B exchange interaction. The transition metal substitution plays a vital part
in the modification of magnetic characteristics [102-104]. Mg-Zn spinel ferrite system and its
properties are very sensitive to the method of preparation. In present study the co-precipitation
method has been used for synthesis because its offers inexpensive experimental set up, non toxic
nature and most importantly the availability of different parameters which help in controlling the
nucleation and growth of nanoparticles [135]. The divalent Zn** metal ions have been replaced
with transition metal (Co**, Ni** and Mn?*) to enhance the magnetic characteristic of
Mgo.sZnosFe,04 ferrite. The transition metal doped Mg-Zn ferrites prepared using co-precipitation
path have been characterized for their structural, morphological, elemental and magnetic studies.
The structural study has been carried out using X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FT-IR). The morphological and elemental studies have been investigated
using Field effect scanning electron microscopy (FE-SEM) and Energy dispersive X-ray
spectroscopy (EDS) respectively. The Vibrating sample magnetometer (VSM) has been employed

to study the magnetic behaviour.

1.8 Outline of the thesis

The thesis is composed of six chapters

Chapter 1 includes the history of ferrites, classification of ferrites on the basis of their magnetic
properties and on the basis of their crystal structure. The various types of spinel ferrite systems,
role of transition metal doing in modifying the properties of spinel ferrites and some general
applications of spinel ferrites have been presented. The aim of the present work and outline of the
thesis has been included in the present chapter.

Chapter 2 describes the various methods (sol-gel, micro-emulsion, co-precipitation etc.) utilized
for the synthesis of spinel ferrites. The co-precipitation method utilized for the synthesis of
transition metal doped Magnesium-Zinc ferrites have been discussed in detail. The advantages of
co-precipitation method have also been discussed. The experimental techniques (XRD, FE-SEM,
VSM etc.) utilized for the characterization of various physical properties have been described in
detail.

Chapter 3 explains the structural, morphologic