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Chapter 1 /

Introduction to ferrites

1.1 Introduction

Now a day’s nanotechnology is an important branch of science and
technology and has taken a lead role in the 21* century. In current material
science, nano scale materials have stimulated great interest due to their
importance in basic scientific research and potential technology applications
such as microelectronic devices [1], chemical and biological sensors [2], light
emitting displays [3], catalysis [4], energy storage and conversion devices [5],
water splitting [6], dye sentisitized solar cells (DSSCs) [7, 8], photo catalysis
[9] etc. In the past decade, nano materials have been the subject of enormous
interest because fundamental physical, chemical, electronic, magnetic and
optical properties are also quite different at this nano level when compared to
larger scale materials and they have potential applications in nano scale devices
[10-13]. This opens the new era for scientist, researchers, technologist and
engineers to study the nano materials with different properties.

The chemical and physical properties of nano materials can significantly
differ from those of bulk materials of same chemical composition. The
uniqueness of the structural characteristics, energetics, response, dynamics and
chemistry of nanostructures constitutes the experimental and conceptual
background for the field of nanoscience. Suitable control of properties and
response of nanostructures can lead to new devices and technologies. The
underlying themes of nano science and nanotechnology are dual: first, the
bottom-up approach of the self-assembly of molecular components where each
molecular or nano structured component plugs itself into a superstructure [14];
second, the top-down approach of miniaturization of the components [15].The
deviation of properties of the nano sized materials from the bulk material
properties are due to surface effects which mainly depend upon the ratio of

surface area to volume and size of the particles along with the chemical
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composition and interaction between particles. The increase in surface to
volume ratio, which is a gradual progression as the particle gets smaller, leads
to an increasing dominance of the behavior of atoms on the surface of particles
over that of those in the interior of particle as these atoms have lower
coordination number than the interior atoms. In addition, depending on the
geometry, different sites on the surface will be different in local coordination
number [16].In the last two decades; a class of materials with a nanometer-sized
microstructure have been synthesized and studied. These materials are
assembled from nanometer-sized building blocks, mostly crystallites. The
building blocks may differ in their atomic structure, crystallographic orientation
or chemical composition. In cases where the building blocks are crystallites,
incoherent or coherent interfaces may be formed between them, depending on
the atomic structure, the crystallographic orientation, and the chemical
composition of adjacent crystallites. In other words, materials assembled of
nanometer-sized building blocks are micro-structurally heterogeneous,
consisting of the building blocks (e.g. crystallites) and the regions between
adjacent building blocks (e.g. grain boundaries).The inherently heterogeneous
structure on a nanometer scale that is crucial for many of their properties and
also distinguishes them from glasses, gels etc., that are micro structurally
homogeneous [17].
1.2 Magnetic nano particles

Magnetic nano particles are a class of nano particle which can be
manipulated using magnetic field. Such particles commonly consist of magnetic
elements such as iron, nickel and cobalt and their chemical compounds. While
nano particles are smaller than 1 micrometer in diameter (typically 5-500
nanometers), the larger micro beads are 0.5-500 micrometer in diameter. The
magnetic nano particles have been the focus of much research recently because
they possess attractive properties which could see potential use in catalysis
including nano material-based catalysts [18], biomedicine [19], magnetic

resonance imaging [20], magnetic particle imaging [21], data storage [22],
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environmental remediation [23], nano fluids [24], and optical filters [25], defect

sensor [26] and cation sensors [27].

1.2.1 Types of magnetic nano particles

Currently, three different kinds of magnetic nano particles are being
produced and used
i) Oxides: ferrite

Ferrite nano particles are the most explored magnetic nano particles up
to date. Once the ferrite particles become smaller than 128 nm [28] they
become super paramagnetic which prevents self-agglomeration since they
exhibit their magnetic behavior only when an external magnetic field is applied.
With the external magnetic field switched off, the remanence falls back to zero.
Just like non-magnetic oxide nano particles, the surface of ferrite nano particles
is often modified by surfactants, silicones or phosphoric acid derivatives to
increase their stability in solution [29]
ii) Maetallic

Metallic nano particles have the great disadvantage of being pyrophoric
and reactive to oxidizing agents to various degrees. This makes their handling
difficult and enables unwanted side reactions.
iii)  Metallic with a shell

The metallic core of magnetic nano particles may be passivated by
gentle oxidation, surfactants, polymers and precious metals [30]. In an oxygen
environment, Co nano particles form an anti-ferromagnetic CoO layer on the
surface of the Co nano particle. Recently, work has explored the synthesis and
exchange bias effect in these Co core CoO shell nano particles with a gold outer
shell [31]. Nano particles with a magnetic core consisting either of elementary
Iron or Cobalt with a non reactive shell made of graphene have been
synthesized recently [32]. The advantages compared to ferrite or elemental
nano particles are:
. Higher magnetization

. Higher stability in acidic and basic solution as well as organic solvents
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. Chemistry [33] on the graphene surface via methods already known for

carbon nano tubes

1.2.2 Applications of magnetic nano particles

i) Medical diagnostics and treatments

Magnetic nano particles are used in an experimental cancer treatment
called magnetic hyperthermia [34] in which the fact that nano particles heat
when they are placed in an alternative magnetic field is used.

Another potential treatment of cancer includes attaching magnetic nano
particles to free-floating cancer cells, allowing them to be captured and carried
out of the body. The treatment has been tested in the laboratory on mice and
will be looked at in survival studies [35, 36].

Magnetic nano particles can be used for the detection of cancer. Blood
can be inserted onto a micro fluidic chip with magnetic nano particles in it.
These magnetic nano particles are trapped inside due to an externally applied
magnetic field as the blood is free to flow through. The magnetic nano particles
are coated with antibodies targeting cancer cells or proteins. The magnetic nano
particles can be recovered and the attached cancer-associated molecules can be
assayed to test for their existence.

Magnetic nano particles can be conjugated with carbohydrates and used
for detection of bacteria. Iron oxide particles have been used for the detection
of Gram negative bacteria like Escherichia coli and for detection of Gram
positive bacteria like Streptococcus Suis [37, 38].

ii) Magnetic immunoassay

Magnetic immunoassay[39] (MIA) is a novel type of diagnostic
immunoassay utilizing magnetic beads as labels in lieu of conventional,
enzymes, radioisotopes or fluorescent moieties. This assay involves the specific
binding of an antibody to its antigen, where a magnetic label is conjugated to
one element of the pair. The presence of magnetic beads is then detected by a
magnetic reader (magnetometer) which measures the magnetic field change

induced by the beads. The signal measured by the magnetometer is proportional
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to the analyte (virus, toxin, bacteria, cardiac marker, etc.) quantity in the initial
sample.
iii) Waste water treatment

Thanks to the easy separation by applying a magnetic field and the very
large surface to volume ratio, magnetic nano particles have a good potential for
treatment of contaminated water [40]. In this method, attachment of EDTA-like
chelators to carbon coated metal nano magnets results in a magnetic reagent for
the rapid removal of heavy metals from solutions or contaminated water by
three orders of magnitude to concentrations as low as micrograms per litre.
iv) Chemistry

Magnetic nano particles are being used or have the potential use as a
catalyst or catalyst supports [41]. In chemistry, a catalyst support is the
material, usually a solid with a high surface area, to which a catalyst is affixed.
The reactivity of heterogeneous catalysts occurs at the surface atoms.
Consequently great effort is made to maximize the surface area of a catalyst by
distributing it over the support. The support may be inert or participate in the
catalytic reactions. Typical supports include various kinds of carbon, alumina,
and silica.
V) Biomedical imaging

There are many applications for iron-oxide based nano particles in
concert with magnetic resonance imaging [42]. Magnetic CoPt nano particles
are being used as an MRI contrast agent for transplanted neural stem cell
detection [43].
vi) Information storage

Research is going into the use of using MNPs for magnetic recording
media. The most promising candidate for high-density storage is the face-
centered tetragonal phase FePt alloy. Grain sizes can be as small as 3
nanometers. If it's possible to modify the MNPs at this small scale, the
information density that can be achieved with this media could easily surpass 1

Terabyte per square inch [44].
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vii)  Genetic engineering

Magnetic nano particles can be used for a variety of genetics
applications. One application is the isolation of mRNA. This can be done
quickly — usually within 15 minutes. In this particular application, the magnetic
bead is attached to a poly T tail. When mixed with mRNA, the poly A tail of
the mRNA will attach to the bead's poly T tail and the isolation takes place
simply by placing a magnet on the side of the tube and pouring out the liquid.
Magnetic beads have also been used in plasmid assembly. Rapid genetic circuit
construction has been achieved by the sequential addition of genes onto a
growing genetic chain, using nano beads as an anchor. This method has been
shown to be much faster than previous methods, taking less than an hour to

create functional multi-gene constructs in vitro [45].

1.3 Magnetic materials

Magnetic materials can be divided into two group soft and hard
magnetic materials. The soft magnetic materials are those materials which are
magnetized and demagnetized easily while the hard magnetic materials are
those which are difficult to magnetize and demagnetize. The hard magnetic
materials have high coercively, because the high coercivity resists the
magnetization action. The basic difference of two types of permanent magnets
was described on the basis of hysteresis loop. The soft magnetic materials
exhibit a narrow hysteresis loop, whereas; the hard magnetic materials show a
broad hysteresis loop. In the narrow hysteresis loop magnetization follows the
variation of the applied field without significant loss. The broad hysteresis loop

shows the magnetic energy that can be stored in the materials [46].

1.3.1 Soft magnetic materials

Soft magnetic materials can be easily magnetized and demagnetized.
They retain their magnetization only in presence of a magnetic field. They show
a narrow hysteresisloop, so that the magnetization follows the variation of
applied field nearly without hysteresis loss [47]. They are used to enhance the

flux, produced by an electric current in them. The quality factor of a soft

6
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magnetic material is to measure of its permeability with respect to the applied
magnetic field. The other main parameter is the coercivity, saturation
magnetization and the electrical conductivity. An ideal soft magnetic material
would have low coercivity (Hc), a very large saturation magnetization (Ms),

zero remanence (Br), zero hysteresis loss and very large permeability [48].

1.3.2 Hard magnetic materials

Hard Magnetic materials also called as permanent magnets are used to
produce strong field without applying a current to coil. Permanent magnets
required high coercivity, so they should exhibit a strong net magnetization and
is stable in the presence of external fields, which requires high coercivity. In
hard magnetic materials uniaxial magnetic anisotropy is necessary and the
following magnetic properties are required[49]. Important properties of hard
magnetic materials are mentioned below:

i) High coercivity:

The coercivity, also called the coercive field, of a ferromagnetic material
is the intensity of the applied magnetic field required to reduce the
magnetization of that material to zero after the magnetization of the sample has
been driven to saturation. Coercivity is usually measured in oersted or
ampere/meter units and is denoted Hc. Materials with high coercivity are called
hard ferromagnetic materials, and are used to make permanent magnets [50].

ii) Large magnetization:

The process of making a substance temporarily or permanently
magnetic, as by insertion the material in a magnetic field.
ili)  Rectangular hysteresis loop:

A hysteresis loop shows the relationship between the induced magnetic
flux density (B) and the magnetizing force (H). hard magnetic materials have

rectangular hysteresis loop [51].
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1.4 Ferrites

Ferrites are magnetic ceramics containing iron oxide as a major
constituent in it. It is now some 70 years since ferrites debuted as an important
new category of magnetic materials. These are now very well established group
of magnetic materials. Today ferrites are employed in a truly wide range of
applications, and have contributed materially to the advances in electronics. In
the area of new materials, ferrites with permeabilities up to 30,000 and power
ferrites for frequencies up to 10 MHz have been made available commercially.
Even though, improvements and innovations continue to take place; many new
applications, theories and preparation technologies are currently under
development in field of ferrites.

Ferrites are iron based oxides with technologically fascinating magnetic
properties, making them a prominent category in magnetic materials. The
ferrite particles in nano-regime with significant change of physical properties
provide more advantages over the bulk ferrites [52]. With regards to the rapidly
mounting field of nanotechnology, ferrite nano particles have been the core of
extensive research pertaining to their widespread applications, be it biomedical,
techno- logical or industrial. Nano crystalline particles of magnetic materials
show substantially enhanced magnetic properties.

The unit cell of the spinel ferrite is formed by doubling the face centered
cubic oxygen sub lattice along each of the three dimensions. In this
arrangement 64 tetrahedral or A-sitesand 32 octahedral or B-sites are created in
the unit cell. In stoichio metric spinels only 8 A-sites and16 B-sites are filled by
divalent transition-metal ions. The spine compounds belong to the space group
Fd3m (F*,3,m No. 227 in the International Tables for X-ray
Crystallography)with lattice parameter 8.5 A. Tn mixed spinel ferrites the
concentrations of ferrous, ferric and substituted metal ions and their distribution
over tetrahedral and octahedral sites play a vital role in determining their
magnetic and electrical properties. In normal spinels, all the A-sites are
occupied by divalent transition metal ions while in inverse spinels; the divalent

ions occupy B-sites. In disordered spinels the divalent ions are present on both

8
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A and B-sites. The normal and inverse spinels are two extremes between which
the cation distribution may vary. When the origin of the unit cell is taken at the
centers of symmetry43m and 3 m, then oxygen positional parameter ‘u’ (the
distance between the oxygen ion and the face of the cube edge along the cube
diagonal of the spinel sub cell) has ideal values 0.375 (3/8) and 0.250 (1/4)
respectively, for a perfect cubic close-packed arrangement of oxygen ions. In
this case the octahedral cation—anion distance or bond length is 1.155 times
larger than the tetrahedral bond length. A deviation from the ideal structure
occurs when oxygen is displaced along [111] direction to accommodate the
constituent cations, the tetrahedral site with smaller volume enlarges at the
expense of the octahedral site and then u a value greater than 0.375.In order to
control the domain of ferrite’s applications, the investigation of cation
distribution on A and B sites and oxygen positional parameter u, is most

important [53, 54].

1.4.1 Applications of ferrites

The field of spinel ferrites is well cultivated because of their various
potential applications and the interesting physics involved in it. Even after more
than half of the century the scientist, researchers, technologist, and engineers
are still excited in various types of bulk as well as nano crystalline ferrite
materials. The recent trend is focused on the doped ferrites prepared using
various synthesis techniques with different cation concentrations which intern
affects the various properties like, electrical, dielectric, and magnetic behavior.
Ferrite materials are important magnetic materials, which have various
applications in power conditioning and conversion. Due to their distinct
magnetic properties, ferrite materials have been widely used to prepare many
electromagnetic devices such as inductors, converters, phase shifters and
electromagnetic wave absorbers [55, 56].

Industrial applications of magnetic nano particles cover abroad spectrum

such as magnetic seals in motors, magnetic inks for bank cards, magnetic
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recording media and biomedical applications such as magnetic resonance
contrast media and therapeutic agents in cancer treatment [57-61].Each
potential application requires the magnetic nano particles to have different
properties. For example, in data storage applications, the particles need to have
a stable, switchable magnetic state to represent bits of information, a state that

is not affected by temperature fluctuations.

Inductors: Ferrites are primarily used as inductive components in a large
variety of electronic circuits such as lownoise amplifiers, filters, voltage-
controlled oscillators, impedance matching networks, for instance. Their recent
applications as inductors obey, among other tendencies, to the general trend of
miniaturization and integration as ferrite multilayers for passive functional
electronic devices. The multilayer technology has become a key technology for
mass production of integrated devices; multilayers allow a high degree of
integration density. Multilayer capacitors penetrated the market a few decades

ago, while inductors started in the 1980s.

High Frequency: There has been an increasing demand of magnetic materials
for high-frequency applications such as telecommunications and radar systems,
as microwave technology requires higher frequencies and bandwidths up to100
GHz. Ferrites are non conducting oxides and therefore allow total penetration
of electromagnetic fields, in contrast with metals, where the skin effect severely

limits the penetration of high-frequency fields [62].

Power Application: Power applications of ferrites are dominated by the power
supplies for a large variety of devices such as computers, all kinds of
peripherals, TV and video systems, and all types of small and medium
instruments. The main applications in the systems known as switched-mode
power supplies (SMPS). In this application, the mains power signal is first
rectified it is then switched as regular pulses (typically rectangular) at a high
frequency to feed into a ferrite transformer, and finally it is rectified again to
provide the required power to the instrument. An increase in power delivery

and efficiency can be obtained by increasing the working frequency of the

10
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transformer.

Electromagnetic Interference (EMI) Suppression: The significant increase in
the amount of electronic equipment such as high-speed digital interfaces in
notebooks and computers, digital cameras, scanners, and so forth, in small
areas, has seriously enhanced the possibility of disturbing each other by
electromagnetic interference (EMI). In particular, the fast development of
wireless communications has led to interference induced by electric and
magnetic fields. Electromagnetic interference can be defined as the degradation
in performance of an electronic system caused by an electromagnetic
disturbance [63]. The noise from electric devices is usually produced at
frequencies higher than circuit signals. To avoid, or at least reduce EMI,
suppressors should work as low-pass filters, that is, circuits that block signals
with frequencies higher than a given frequency value. There are several
approaches to build EMI suppressors: soft ferrites [64], ferromagnetic metals
[65], ferromagnetic metal/hexaferrite composites [66], encapsulated magnetic

particles [67], and carbon nano tube composites [68].

High-density write-once optical recording: Thin films of defect spinel ferrites
can be used as write-once read-many media working with blue wavelengths. In
fact, because these non-stoichio metric ferrites are meta stable, they can be
transformed into corundum phases at moderate temperatures by a laser spot.
The transformed regions have different optical indices from the starting ferrite

film, making the readout process possible.

Magnetic sensors: These are used for temperature control and these can be
made using ferrite with sharp and definite Curie temperature. Position and
rotational angle sensors (proximity switches) have also been designed using

ferrites.

Magnetic shielding: A radar absorbing paint containing ferrite has been

developed to render an aircraft of submarine invisible to radar.

Pollution control: There are several Japanese installations which use

precipitation of ferrite precursors to scavenge pollutant materials such as

11
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mercury from waste streams. The ferrites produced subsequently can be

separated magnetically along with the pollutant.

Ferrite electrodes: Because of their high corrosion resistance, ferrites having
the appropriate conductivities have been used as electrode in applications such

as chromium plating.

Entertainment ferrites: Ferrites are widely used in radio and television circuits.
Typically applications include deflection Yokes, fly back transformers and

SMPS transformer for power applications.

1.5 Literature survey and aim of the present work

The structural, magnetic and dielectric properties of ferrites are of great
importance to select materials for specific applications. Some factors which
affect the properties of ferrites are the type and amount of substitution,
chemical composition, methods of preparation and different types of irradiation.
Since the research on ferrites is so vast, it is very difficult to collect all the
experimental results and information’s about all types of ferrites in every aspect
that’s why restrict our self to present a systematic review of different theoretical
and experimental facts related to this present study. This literature survey not
only highlights the various modifications attempted by various researchers and
to mention the updated research activities in this important field but also to
recognize the possible potential applications for which this material is of crucial
significance.

Cobalt ferrite (CoFe,0,4) a well-known hard ferromagnetic material, in
its bulk form crystallizes in mixed spinel structure with space group Fd3m
represented as (CD«% +F€%ix)[ca%ixf? lE"%jrr«*-']{:l", where round and square
brackets indicate A and B sites, respectively, and x depends on the thermal

history and preparation conditions [69]. The anti parallel alignment of magnetic

moments of A-site with B-site is coupled by super exchange interaction through
- . . . . 2 2
the O jons, which shows ferri magnetism [70]. Since the F ei” - Fez® super

. . . i+ I+, . . L.
exchange interactions differs from theC01™ — Fe€: interactions, variation of

12
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the cation distribution over the A and B sites in the spinel leads to different
magnetic properties of this ferrite even though the chemical compositions of the
compounds do not change [71]. It has a curie temperature around ~ 520 °C, and
exhibits high coercivity, moderate saturation magnetisation and good chemical
stability [72]. Hence this material is a promising candidate for most
technological applications at room temperature such as data storage devices,
magnetic sensors, actuators, targeted drug delivery, medical diagnosis, etc.
[73-76]. The cubic CoFe,0, has large magneto crystalline anisotropy energy
with positive anisotropy constant. It has six easy directions along the cube
edges of the crystal represented as <100>, four hard directions across the body
diagonals denoted as <111> and twelve saddle points across the face diagonals,
which lead to positive magneto crystalline anisotropy constant [77,78]. The
large magneto crystalline anisotropy energy of cobalt ferrite is mainly attributed
to the Co”" ions on the B sites of the spinel. As the crystal field is not capable to
quench the orbital magnetic moment, there is a strong spin-orbit coupling
(L-S coupling) and due to this coupling there is large magneto crystalline
anisotropy energy (MAE) [79].

The properties of ferrites are greatly depends upon the type and amount
of do pant. Cr’* and Al** ions are known to change the properties of ferrite and
are invested by several workers. Jianxun Qiu et al. studied the Effect of Cr
substitution on microwave absorption of BaFe;O9 [80]. Vasambekar et al.
studied cation distribution and susceptibility study of Cd-Co and
Cr’*substituted Cd-Co ferrites [81]. Radhapiyari etal. studied magnetic
properties of Cr’* substituted Li-Sb ferrites [82]. The effect of Al-substitution
on the magnetic and electrical properties of different ferrites was studied by
many authors [83-87]. Influence of AI’* jon concentration on the crystal
structure and magnetic anisotropy of nano crystalline spinel cobalt ferrite has
been studied by Lawrence Kumar and Manoranjan Kar [88]. Gul et. al. studied
Optical, magnetic and electrical investigation of cobalt ferrite nano particles
synthesized by co-precipitation route [89].

The substitutional effect of Cr’* ions, when they replaces Fe** ions show

13
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some interesting results [90,91]. The effect of replacement of Fe’* ions by Cr’*
ion have been studied by various workers [92, 93]. Lee et al. studied the
magnetic properties and showed magnetic moment and Curie temperature
decreases with Cr’* substitution [94]. Magnetic properties like remanence and
coercivity which are of utmost technological importance could be modified and
controlled by Cr’* substitution [95]. It was also found that the crystallographic
transport and magnetic properties were also affected for Cr-substituted ferrites
[96].

Manganese ferrite (MnFe,0,), Mn-Fe-O has received a great attention in
the area of magnetic storage device, microwave, and electronic device because
it has high magnetic permeability and high electrical resistance. Many research
groups have investigated to enhance the magnetic property of magnetic
materials such as manganese ferrite. MnFe,O, is a ferrimagnet (7y= 560 K)
having the spinel structure with two in equivalnt sub lattices of tetrahedral (A)
and octahedral [B] symmetries for the magnetic ions sites [97-100].Mn cation
in spinel is at its high spin state. Its five d electrons display the configurations
e’t,’ and t2g3eg2 at the tetrahedral and octahedral lattice site, respectively. As a
result, the coupling between the electron spin and the angular momentum of its
orbital should be rather small in Mn cations [101].

By considering the above facts and importance of cobalt ferrite,
manganese ferrite and AI**/Cr’*substitution it was decided that to prepare the
CoMn,_,Al,FeO, and CoMn,_Cr,FeQO, ferrite systems where x = 0.0-1.0 in steps

of x = 0.25, in order to investigate structural and magnetic properties.
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Chapter 2

7

Crystal structure and properties of ferrites

2.1 Spinel compounds

2.1.1 Introduction to spinel compounds

The word spinel is derived from Italian spinella, diminutive of spine,
thorn(from its sharply pointed crystals). Spinel crystallizes in the cubic system,
forming octahedral crystals. There are at least 30 oxide minerals included in
spinel supergroup. The majority of spinel compounds belong to the space group
Fd3m. The principal member of the group has the formula, AB,O,; the ‘A’
represents a divalent metal ion such as magnesium, iron, nickel, manganese and
zinc. The quadrovalent lead ion can also occupy this site. The ‘B’ represents
trivalent metal ions such as aluminum, iron, chromium and/or manganese.
However, titanium Ti*" and Pb?* etc.may also occupy this site. Solid solutioning
IS common in this group of minerals meaning that they may contain certain
percentages of different ions in any particular specimen [1]. In most oxide
structures, the oxygen ions are appreciably larger than the metallic ions and the
spinel structure can be approximated by a cubic close packing of O ions in
which the cations (e.g. Co®*, Fe**) occupy certain interstices.

The structure of a spinel compound is similar to the highly symmetric
structure of diamond. The position of the A ions is nearly identical to the
positions occupied by carbon atoms in the diamond structure. This could
explain the relatively high hardness and high density typical of this group. The
arrangement of the other ions in the structure conforms to the symmetry of the
diamond structure. The arrangement of the ions also favors the octahedral
crystal structure, which is the predominant crystal form and is in fact the
trademark of the spinels. There are well over a hundred compounds with the
spinel structure reported to date. Most are oxides, some are sulphides, selenides
and tellurides and few are halides. Many different cations may be introduced

into the spinel structure and several different charge combinations are possible;
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almost any combination that adds up to eight positive charges to balance eight
anionic charges [1], for example Co®'Fe,*"0,Mg,**Ti**0,, Li**APFTi**0,,
Lios'"Al, "0, and Na,»'W®*Q,, etc.

In oxide spinels, the two types of cations do not usually differ greatly in
size, because the spinel structure is stable only if the cations are rather medium
sized and, in addition, the radii of the different ionic species in the same
compound do not differ too much. Similar cation combinations occur in
sulphides, e.g. Zn**AlL**S, and Cu,**Sn**S,. However, in halide spinels e.g.
Li,"*Ni**F, and Li**Mn,*" **F,, cations are limited to charges of +1 and +2, in
order to give an overall cation: anion ratio of 3:4.

Most spinels fall into three series determined by a B metal: aluminate
series with APP* (Hercynite, Gahnite, Galaxite); a magnetite series with Fe®*
(Magnetite, Magnesio ferrite, Franklinite); a chromite series with Cr**
(Chromite,Magnesio chromite). There is extensive cationic exchange (solid
solution) within each series but very little between the series [2]. Spinels are
classified on the basis of the distribution of cations in the two principal sites,
tetrahedral site (T-) and octahedral site (O-) [3], into three types.

2.1.2 Types of spinel

The spinels are any of a class of minerals of general formulation
A?*B,**0,% which crystallise in the cubic (isometric) crystal system, with the
oxide anions arranged in a cubic packed lattice and the cations A and B
occupying some or all of the octahedral and tetrahedral sites in the lattice. A
and B can be divalent, trivalent, or quadrivalent cations, including magnesium,
zinc, iron, manganese, aluminium, chromium, titanium, and silicon. Although
the anion is normally oxide, structures are also known for the rest of the
chalcogenides. A and B can also be the same metal under different charges,
such as the case in Fe;0, (as Fe**Fe,*"0,?).

Members of the spinel group include:

O Aluminium spinels:
v Spinel — MgAl,0,, after which this class of minerals is named
v Gahnite- ZnAl,O,
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v Hercynite - FeAl,O,
O Iron spinels:
Cuprospinel - CuFe,0,
Franklinite - (Fe,Mn,Zn)(Fe,Mn),0,
Jacobsite - MnFe,O,
Magnetite - Fe;0,

Trevorite - NiFe,0,

AN NN Y N N

Ulvospinel - TiFe,0O4
v Zinc ferrite - (Zn, Fe) Fe,O,
O Chromium spinels:
v Chromite - FeCr,0,
v Magnesiochromite - MgCr,0,
O Others with the spinel structure:
v' Forsterite - Mg,SiO,
v" Ring woodite - (Mg,Fe),SiO,, an abundant olivine polymorph
within the Earth's mantle from about 520 to 660 km depth, and a
rare mineral in meteorites

Cation disorder in multi-site oxides is quantified in terms of an
"Inversion parameter™ (3). The spinel structure is cubic, with two distinct cation
sites characterized by different oxygen coordination (octahedral and
tetrahedral). There are twice as many octahedral sites as tetrahedral sites.
Normal spinel:

The cation disorder is defined in terms of a "normal” spinel structure,
such as that for ideal MgAIl,O, in which all the Mg resides on sites
tetrahedrally coordinated with oxygen, and all the Al resides on sites
octahedrally coordinated with oxygen. The inversion parameter is defined
relative to this configuration, and is the ratio of the atomic fraction of Al on
tetrahedral sites to the atomic fraction of Al on octahedral sites. For a perfect
normal spinel, the inversion parameter is 0.0. Normal spinel structures are
usually cubic closed-packed oxides with one octahedral and two tetrahedral

sites per oxide. The tetrahedral points are smaller than the octahedral points.
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B** ions occupy the octahedral holes because of a charge factor, but can only
occupy half of the octahedral holes. A%* ions occupy 1/8" of the tetrahedral
holes. This maximises the lattice energy if the ions are similar in size. A
common example of a normal spinel is MgAI,O,.
Inverse spinel:

For an ideal "inverse" spinel structure (such as for MgFe,0,), all of the
Mg resides on octahedral sites, and the Fe is distributed equally over the
remaining octahedral sites and all of the tetrahedral sites. In this case the
inversion parameter would be 1.0. Inverse spinel structures however are slightly
different in that one must take into account the crystal field stabilization
energies (CFSE) of the transition metals present. Some ions may have a distinct
preference on the octahedral site which is dependent on the d-electron count. If
the A* ions have a strong preference for the octahedral site, they will force
their way into it and displace half of the B** ions from the octahedral sites to the
tetrahedral sites. If the B®* ions have a low or zero octahedral site stabilization
energy (OSSE), then they have no preference and will adopt the tetrahedral site.
A common example of an inverse spinel is Fe;0,, if the Fe** (A%*) ions are d°
high-spin and the Fe** (B*") ions are d° high-spin.
Random spinel:

For a "random" spinel structure, the cations are equally distributed over
the two sites in ratios proportional to their stoichiometry and the site ratios. A
random spinel structure has an inversion parameter of (2/3), or 0.667. In spinel
ferrites if the divalent metal ions and trivalent Fe** ions are distributed
randomly over the tetrahedral and octahedral B-sites, then the spinel ferrite is
called random spinel.

A whole range of possible distribution is observed. This can be

represented in general terms by
I =all VA I 1B ~2-
(Mes Fe. s )" [Me_s Fe,5]1" Of .
where the ions inside the bracket are located in octahedral sites and the ions

outside the brackets in tetrahedral sites.
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2.2 Chemical composition of spinel ferrite

Complex oxides with the spinel structure often called “spinels” belong
to the group of strategic materials which are used in the wide area of modern
technologies. They exhibit excellent magnetic, refractory, semi conducting,
catalytic and sorptionproperties.The general chemical formula of ferrites
possessing the structure of the mineral spinel, MeAl,O,, is MeFe,0,, where Me
represents a divalent metal ion with an ionic radius approximately between 0.6
and 1A. In the case of simple ferrites, Me is one of the transition elements Mn,
Fe, Co, Ni, Cu and Zn, or Mg and Cd. A combination of these ions is also
possible, a mixed ferrite. The symbol Me can represent a combination of ions
which have an average valency of two e.g. Li** and Fe** in lithium ferrite,
LiysFe,s0,.The trivalent iron ions (Fe3+) in MeFe,O, can be completely or
partly replaced by another trivalent ion such as A" or Cr¥*, giving rise to
mixed crystals with aluminates and chromites. These compounds are also
ferrimagnetic at room temperature if large amount of non-magnetic ions are not
present. If the ferric ions are replaced by a tetravalent ion like Ti*", an equal
part of the Fe*" are changed into Fe**.A great variety of the chemical

composition of ferrimagnetic oxide with spinel structure is possible.

2.3 Crystal structure of ferrite
2.3.1 Spinel ferrite

Spinel ferrite crystallizes in the cubic structure. The spinel lattice is

composed of a close-packed oxygen anions arrangement in which 32 oxygen
ions form the unit cell (the smallest repeating unit in the crystal network).
These anions are packed in a face centered cubic (FCC) arrangement leaving
two kinds of spaces between anions:tetrahedrally coordinated sites (A),
surrounded by four nearest oxygen atoms, and octahedrally coordinated sites
(B), surrounded by six nearest neighbor oxygen atoms (Figure 2.1). There are
total 64 tetrahedral sites and 32 octahedral sites in the unit cell, of which only 8
tetrahedral sites and 16 octahedral sites are occupied, resulting in a structure

that is electrically neutral [4].
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Spinels have general formula M(Fe,0,4), where M is usually a divalent
cation such as manganese (Mn®), nickel (Ni**), cobalt (Co®*), zinc (Zn*"),
copper (Cu?), or magnesium (Mg?). M can also represent the mono valent
lithium cation (Li*) or even vacancies, as long as these absences of positive
charge are compensated for by additional trivalent iron cations (Fe**). The ionic
distribution in this kind of structure may be represented by [MsFe,;]*[M..
sFe1.5]0,, where & is the inversion parameter and & = 0 and 1 stand for the

inverse and normal cases respectively.

(h)

| O Oxygen
© Octahedral site

@ letrahedral site
(c)

Fig. 2.1: (a) Spinel structure, (b) octahedral interstice (B site: 32 per unit cell,16

occupied), and (c) tetrahedral interstice (A site: 64 per unit cell, 8 occupied).

Fig. 2.2: Spinel unit cell structure
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Although most spinel ferrites are cubic, there are some exceptions like
CuFe,0, that can have tetragonal unit cell symmetry if the sample is slowly
cooled from high temperatures. There exists a super exchange interaction

between the cations occupied in different interstitial sites through oxygen anion.

2.3.2 _Garnet structure

The garnets have orthorhombic crystal structure (oxygen polyhedra,
surrounding the cations) but with trivalent cations (including rare earth and
Fe®*") occupying tetrahedral (d), octahedral (a), or dodecahedral—a 12-sided
distorted polyhedral—(c) sites. Specifically, the interaction between tetrahedral
and octahedral sites is anti parallel, and the net magnetic moment is anti parallel
to the rare earth ions on the c sites. The garnet structure is one of the most
complicated crystal structures and it is difficult to draw a two dimensional
representation that shows clearly all the ions (160) in the unit cell. For
simplicity, only an octant of a garnet structure that shows just the cation
positions is shown in Fig. 2.3. The garnet structure is composed of a
combination of octahedral (trivalent cation surrounded by six oxygen ions),
tetrahedral (trivalent cations surrounded by four oxygen ions), and 12-
sidedpolyhedral - dodecahedral - (trivalent cations surrounded by 8 oxygen

atoms) sites,the orientations of which are shown in Fig. 2.4 (a) [5]. The

chemical formula for garnets is 3Me,03* 5Fe,O; where Me represents the

trivalent rare earth ions like nonmagnetic yttrium or a magnetic rare earth such

as from lanthanum through ytterbium.
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Fig. 2.3:Schematic representation of an ‘octant’ of a garnet crystal

structure(lattice constant ‘a’) showing cation positions.
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Fig. 2.4: (a) An ‘octant’ of a garnet crystal structure (b) Unit cell of a rare earth

garnet.

Fig. 2.4 (b) shows a unit cell of rare earth garnet. In YIG, the five iron
(lMions occupy two octahedral and three tetrahedral sites, with the yttrium (111)
ions coordinated by eight oxygen ions in an irregular cube. The iron ions in the
two coordination sites exhibit different spins, resulting in magnetic behavior.
By substituting specific sites with rare earth elements, interesting magnetic
properties can be obtained. Trivalent iron ions on Tetrahedral (d) and
Octahedral (a) are important for magnetic property. These two sites are coupled

anti-ferromagnetically [6] and yields a Ferrimagnetic crystal [7].
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2.3.3 Ortho ferrite

Rare earth ortho ferrites are classified as ferrites, although they are

cantedantiferromagnets. The magnetic oxides with perovskite structure, which
have been studied by Jonker and Van Santen [8], are an exception in the group
of oxides. The perovskite structure is shown schematically in Fig. 2.5. Large
divalent or trivalent ions (A) occupy the corners of a cube and small trivalent or
tetravalent metal ions (B)occupy the centre of the cube. The oxygen ions are
situated centrally on the faces of the cube. The general chemical formula is
ABQO3, where A represents yttrium or a rare earth.

Fig. 2.5: A Perovskite structure of an orthoferrite

The magnetic structure inside of a sublattice is usually collinear
ferromagnetic, but the different sub lattices are coupled antiferromagnetically.
Due to the different number of magnetic ions in different sublattices, there is a
net resulting magnetic moment, giving rise to ferrimagnetism. The nature of the
superexchangeinteraction depends not only on the type of the magnetic ion, but

rather strongly on the bond length and bonding angle.

2.3.4 Hexaqgonal ferrite

The regular barium hexaferrite has the crystal structure of the mineral
magnet oplumbite, as shown in Fig. 2.6. It belongs to the group of hexagonal
ferrite of the so-called M-type. The crystallographic unit cell corresponds to the

space group P6s/mmc and contains two molecules of the chemical composition
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BaFe;,0,o. The dimensions of the unit cell are approximately a = b =6A and ¢ =
23 A.
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Fig. 2.6:Unit cell of barium hexaferrite based on two cells of BaFe;,01,.

The basic structure of the unit cell is built up by ten layers of oxygen
ions which are formed by a close packing of cubic or hexagonal stacked layers
alternately. One OZion is replaced by barium in every fifth layer (Fig. 2.6).

The crystal structure of M-type barium can be divided into several
blocks. The structure of M-type barium ferrite is symbolically described as
RSR*S*, where R is a one-layer block with composition Ba*"Fe;**0;* and S is
a four O* layers block with composition Fey>*O;5”, where the asterisk means
that the corresponding block has been turned 180° around the hexagonal c-axis.
All the metal ions are arranged in the interstices of oxygen atom. There are five
Fe sites: two ions have tetrahedral surroundings (4f;), and one Fe ion is located
in a trigonal bipyramid (2b) with five-fold coordination [9] three octahedral
positions (2a, 4f, and 12k) are occupied by one, two and six Fe ions,

respectively, as shown in Fig. 2.7.
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According to Fig. 2.7, it can also be seen that Fe** ions with up-spin are
distributed on the 2a, 2b and 12k sites and the ions with down-spin are located
on the 4f; and 4f, sites. Due to antiparallel spin direction of ions, the magnetic
moment can be expressed as following:

M=12k+2a+2b+4f,+4f,2.1
According to Eq. (2.1), the more Fe** ions with up-spin exist, the larger
magnetization will be. But, the excessive displacements of Fe ions will destroy
the matching distribution of Fe ions between A site (tetrahedral positions) and
B site (octahedral positions), which will weaken the super exchange

interactions.
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Fig. 2.7:The magnetic structure of Barium hexaferrite.

2.4 Cation distribution in spinel ferrite

2.4.1 lonic radius

Since the tetrahedral site is the smaller, one might expect that the
smaller ions will prefer to occupy the tetrahedral sites. Trivalent ions are

usually smaller than the divalent ions and this favours the inverse structure.

2.4.2 Electronic configuration

Certain ions have special preference for a certain environment. For
example ,Zn?* and Cd** show a marked preference for tetrahedral sites where

their 4s, p or 5s, p electrons respectively can form a covalent bond with the six
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2p electrons of the oxygen ion. This produces four bonds oriented towards the
corner of a tetrahedron. A marked preference of Ni**, Co®* and Cr** for
octahedral environment is due to favorable fit of the charge distribution of these

ions in the crystal field at an octahedral site [10].

2.4.3 Electrostatic energy

The electrostatic energy is gained when the ions are brought close
together to form the spinel cubic lattice from infinity. In the normal spinel, the
cation with the smallest positive charge is surrounded by four oxygen atoms
while the cation with the higher positive charge by six oxygen atoms, being
electrostatically more favorable. In the spinels the inverse structure is
electrostatically more favorable and has the lowest energy when the oxygen
parameter value (u) is smaller than the normal value (u =0.379) while normal

spinel has the lowest energy when ‘u’ is larger than the normal[10].

2.5 Magnetic properties

Magnetic material exhibits different kind of magnetic ordering
depending upon spin orientation. The magnetic behaviour is caused by spinning
of electrons of ‘d’ orbital about their own axis gives rise to spin magnetic
moments. The motion of electron in the orbit around the nucleus results in
orbital magnetic moments. In case of transition element, this orbital magnetic
moments get quenched by crystalline electrical field. The different magnetic

behaviour observed is due to different contribution of electron spin.

2.5.1 Classification of magnetic properties

On the basis of electron spin magnetism is classified in number of
classes as diamagnetism, paramagnetism, ferromagnetism, anti-ferromagnetism

and ferrimagnetism.
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1) Diamagnetism

Diamagnetism is a fundamental property of all matter, although it is
usually very weak. It is due to the non-cooperative behavior of orbiting
electrons when exposed to an applied magnetic field. Diamagnetic substances
are composed of atoms which have no net magnetic moments (i.e., all the
orbital shells are filled and there are no unpaired electrons). However, when
exposed to a field, a negative magnetization is produced and thus the
susceptibility is negative. If we plot M vs H, we see (Fig. 2.8):

M
A —
+ M=yH
%<0

- >
H o = constant

W slope=y  peeeeeeemeeemeeooee-

Fig. 2.8: M-H plot of diamagnetic material
When the field is zero the magnetization is zero. The other characteristic
behavior of diamagnetic materials is that the susceptibility is temperature
independent.
2) Paramagnetism:

This class of materials, some of the atoms or ions in the material have a
net magnetic moment due to unpaired electrons in partially filled orbitals. One
of the most important atoms with unpaired electrons is iron. However, the
individual magnetic moments do not interact magnetically, and like
diamagnetism, the magnetization is zero when the field is removed. In the
presence of a field, there is now a partial alignment of the atomic magnetic
moments in the direction of the field, resulting in a net positive magnetization

and positive susceptibility.
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Fig. 2.9:M-H plot of paramagnetic material

In addition, the efficiency of the field in aligning the moments is
opposed by the randomizing effects of temperature. This results in a
temperature dependent susceptibility, known as the Curie Law.At normal
temperatures and in moderate fields, the paramagnetic susceptibility is small
(but larger than the diamagnetic contribution). Unless the temperature is very
low (<<100 K) or the field is very high paramagnetic susceptibility is
independent of the applied field. Under these conditions, paramagnetic
susceptibility is proportional to the total iron content.

3) Ferromagnetism

Unlike paramagnetic materials, the atomic moments in these materials
exhibit very strong interactions. These interactions are produced by electronic
exchange forces and result in a parallel or antiparallel alignment of atomic
moments. Exchange forces are very large, equivalent to a field on the order of
1000 Tesla, or approximately a 100 million times the strength of the earth's
field. The exchange force is a quantum mechanical phenomenon due to the
relative orientation of the spins of two electron. Ferromagnetic materials exhibit
parallel alignment of moments resulting in large net magnetization even in the

absence of a magnetic field.
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Fig. 2.10:Spin alignment in ferromagnetic material

Two distinct characteristics of ferromagnetic materials are their
(1) spontaneous magnetization and the existence of
(2) magnetic ordering temperature
Spontaneous Magnetization

The spontaneous magnetization is the net magnetization that exists
inside a uniformly magnetized microscopic volume in the absence of a field.
The magnitude of this magnetization, at 0 K, is dependent on the spin magnetic
moments of electrons. A related term is the saturation magnetization which we
can measure in the laboratory. The saturation magnetization is the maximum
induced magnetic moment that can be obtained in a magnetic field (Hgy);
beyond this field no further increase in magnetization occurs. The difference
between spontaneous magnetization and the saturation magnetization has to do
with magnetic domains (more about domains later). Saturation magnetization is
an intrinsic property, independent of particle size but dependent on temperature.
There is a big difference between paramagnetic and ferromagnetic
susceptibility. As compared to paramagnetic materials, the magnetization in
ferromagnetic materials is saturated in moderate magnetic fields and at high

(room-temperature) temperatures:

4) Ferrimagnetism
In ionic compounds, such as oxides, more complex forms of magnetic
ordering can occur as a result of the crystal structure. One type of magnetic

ordering is call ferrimagnetism. A simple representation of the magnetic spins
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in a ferrimagnetic oxide is shown here. The magnetic structure is composed of
two magnetic sub lattices (called A and B) separated by oxygens. The exchange
interactions are mediated by the oxygen anions. When this happens, the
interactions are called indirect or super exchange interactions. The strongest
super exchange interactions result in an anti parallel alignment of spins between
the A and B sublattice.In ferrimagnets, the magnetic moments of the A and B
sub lattices are not equal and result in a net magnetic moment. Ferrimagnetism
Is therefore similar to ferromagnetism. It exhibits all the hallmarks of
ferromagnetic behavior- spontaneous magnetization, Curie temperatures,
hysteresis, and remanence. However, ferro- and ferrimagnets have very
different magnetic ordering. Magnetite is a well-known ferrimagnetic material.
Indeed, magnetite was considered a ferromagnet until Néel in the 1940's,

provided the theoretical framework for understanding ferrimagnetism.

OxO- 00O
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Ferrimagnetism
A A
Fig. 2.11:Spin alignment in ferrimagnetic materials

2.5.2 Magnetization

The magnetization is a powerful tool to study the different parameters
such as domain wall rotation, anisotropy, magnetic hardness or softness of
material, magnetic ordering etc. Ferrites exhibit almost all the properties similar

to that of ferromagnetic materials. When the magnetic field is applied to the
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ferromagnetic material, the magnetization may vary from zero to saturation
value. This behaviour is expressed by Weiss [11] by introducing the idea of
existence of domains. According to Weiss, though each domain is
spontaneously magnetized in the direction of field, magnetization may vary
from one domain to another domain. In general, specimen consists of many
domains, in domain configuration i.e. a function of applied field. The magnetic
moment of specimen is a vector sum of magnetic moment of each domain. As a
result the magnetization or average magnetic moment per unit volume may
have value between zero to saturation.

Studies on magnetic hysteresis of ferrite provide useful information of
the magnetic parameter like saturation magnetization (Ms) coercive force (Hc)
and remanence ratio (Mr/Ms). According to the values of these parameters, the
ferrites can be classified as soft and hard ferrites. The ferrites with low coercive
force are called soft ferrites and ferrites with high Hc are called hard ferrites.
Soft ferrites are those material which do not retain permanent magnetism,
which provide easy magnetic path. Hard ferrites retain permanent magnetism
and are difficult to magnetize and demagnetize. According to Neel [12] the
coercive force (Hc) is related to saturation magnetization, internal stress,
porosity [13] and anisotropy [14]. The Hysteresis properties are highly sensitive
to crystal structure, heat treatment, chemical composition, porosity and grain

size.

2.5.3 Hysteresis

The lag or delay of a magnetic material known commonly as magnetic

hysteresis, relates to the magnetisation properties of a material by which it
firstly becomes magnetised and then de-magnetised. The magnetic flux
generated by an electromagnetic coil is the amount of magnetic field or lines of
force produced within a given area and that it is more commonly called "Flux
Density". Given the symbol B with the unit of flux density being the Tesla, T.
The magnetic strength of an electromagnet depends upon the number of

turns of the coil, the current flowing through the coil or the type of core
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material being used, and if we increase either the current or the number of turns
we can increase the magnetic field strength, symbol H.

The relative permeability, symbol u, was defined as the product of the
absolute permeability p and the permeability of free space p, (a vacuum) and
this was given as a constant. However, the relationship between the flux
density, B and the magnetic field strength, H can be defined by the fact that the
relative permeability, p, iS not a constant but a function of the magnetic field
intensity thereby giving magnetic flux density as: B = p H. Then the magnetic
flux density in the material will be increased by a larger factor as a result of its
relative permeability for the material compared to the magnetic flux density in
vacuum, p,H and for an air-cored coil this relationship is given as:

B =®/Aand u0 = B/H

So for ferromagnetic materials the ratio of flux density to field strength (B/H )
IS not constant but varies with flux density. However, for air cored coils or any
non-magnetic medium core such as woods or plastics, this ratio can be
considered as a constant and this constant is known as p,, the permeability of
free space, (o = 4.1.107 H/m).

The magnetic hysteresis loop (Fig. 2.12), shows the behavior of a
ferromagnetic core graphically as the relationship between B and H is non-
linear. Starting with an unmagnetised core both B and H will be at zero, point 0

on the magnetisation curve.
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Fig. 2.12: Magnetic hysteresis loop

If the magnetisation current, i is increased in a positive direction to some
value the magnetic field strength H increases linearly with i and the flux density
B will also increase as shown by the curve from point O to point a as it heads
towards saturation. Now if the magnetising current in the coil is reduced to zero
the magnetic field around the core reduces to zero but the magnetic flux does
not reach zero due to the residual magnetism present within the core and this is
shown on the curve from point a to point b.To reduce the flux density at point b
to zero we need to reverse the current flowing through the coil. The
magnetising force which must be applied to null the residual flux density is
called a "Coercive Force". This coercive force reverses the magnetic field re-
arranging the molecular magnets until the core becomes unmagnetised at point
c. An increase in the reverse current causes the core to be magnetised in the
opposite direction and increasing this magnetisation current will cause the core
to reach saturation but in the opposite direction, point d on the cure which is
symmetrical to point b. If the magnetising current is reduced again to zero the
residual magnetism present in the core will be equal to the previous value but in

reverse at point e.
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Again reversing the magnetising current flowing through the coil this
time into a positive direction will cause the magnetic flux to reach zero, point f
on the curve and as before increasing the magnetisation current further in a
positive direction will cause the core to reach saturation at point a. Then the B-
H curve follows the path of a-b-c-d-e-f-a as the magnetising current flowing
through the coil alternates between a positive and negative value such as the
cycle of an AC voltage. This path is called a magnetic hysteresis loop.

The effect of magnetic hysteresis shows that the magnetisation process
of a ferromagnetic core and therefore the flux density depends on which part of
the curve the ferromagnetic core is magnetised on as this depends upon the
circuits past history giving the core a form of "memory". Then ferromagnetic
materials have memory because they remain magnetised after the external
magnetic field has been removed. However, soft ferromagnetic materials such
as iron or silicon steel have very narrow magnetic hysteresis loops resulting in
very small amounts of residual magnetism making them ideal for use in relays,
solenoids and transformers as they can be easily magnetised and demagnetised.
Since a coercive force must be applied to overcome this residual magnetism,
work must be done in closing the hysteresis loop with the energy being used
being dissipated as heat in the magnetic material. This heat is known as
hysteresis loss, the amount of loss depends on the material's value of coercive
force. By adding addictive's to the iron metal such as silicon, materials with a
very small coercive force can be made that have a very narrow hysteresis loop.
Materials with narrow hysteresis loops are easily magnetised and demagnetised

and known as soft magnetic materials.
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Fig. 2.13:Hysteresis loops of soft and hard magnetic material
Magnetic hysteresis results in the dissipation of wasted energy in the form of
heat with the energy wasted being in proportion to the area of the magnetic
hysteresis loop. Hysteresis losses will always be a problem in AC transformers
where the current is constantly changing direction and thus the magnetic poles
in the core will cause losses because they constantly reverse direction.Rotating
coils in DC machines will also incur hysteresis losses as they are alternately
passing north the south magnetic poles. The shape of the hysteresis loop
depends upon the nature of the iron or steel used and in the case of iron which
Is subjected to massive reversals of magnetism, for example transformer cores,

it is important that the B-H hysteresis loop is as small as possible.

2.5.4 Exchange interactions

Magnetism in transition metal oxides is observed to be rather complex
than that of individual isolated atoms because of the presence of coupling of
atomic moments. This coupling of moments is responsible for cooperative
nature of magnetism in transition metal oxides. The statistical correlation for
electrons of likes pin, with each surrounded by a void due to local depletion of
parallel spin electrons, is called exchange. There exist three types of magnetic

interactions direct exchange, double exchange and super-exchange.

41




[CHAPTER 2] Ph.D. Thesis

2.5.4.1 Direct exchange interaction

When the individual moments are located close enough to allow
sufficient overlap of their wave functions, the direct exchange can occur. In
such conditions minimum Coulomb’s interactions will be experienced when
electrons are located between the nuclei. The electrons in such a condition
should have opposite spins which results in anti-ferromagnetism. While
ferromagnetism is observed when the moments are arranged parallel to each
other, which is possible only when the electrons are located far from one
another. Such a magnetic dipole-dipole interaction would be too small by a
factor at least 103 to explain the observed Curie temperatures. The interaction
can be explained on the basis of an exchange force, which is quantum
mechanical in origin; according to Heisenberg. The exchange energy
Eexbetween two atoms having spins Si and Sjis given simply by

Eex = -2Jex §;-S;

= -2Jex Si .Sjcosd (2.2)
Where Jexis called exchange integral which occurs in the calculation of the
exchange effect and it is a measure of the extent to which the electronic charge
distributions of the two atoms concerned overlap one another, and 0 is the angle
between the spins. If Jexhas a positive value then the exchange energy Eexis
minimum when electron spins are parallel i.e., 6 = 0 (ferromagnetism). If
Jexhas negative value, then Eexis minimum when electron spins are anti-

parallel; i.e., 6 = 180°(antiferromagnetism).

2.5.4.2 Super-exchange interaction

The oxide ion has a very small interaction magnitude with metallic ions
in its ground state because of a completely filled 2p orbital. The super exchange
interaction has been proposed for the case in which there is a mechanism of
excitation from this ground state as the interaction can only take place in the
excited state with the metallic ion. The possible excitation mechanism involves
the temporary transfer of one oxide 2p electron to a neighboring metal ion.

Qualitatively we can describe the superexchange interaction by considering the
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following example of ferric ions in an oxide (Fig 2.5). We go from a ground
state of these ferric ions in which the five 3delectrons according to Hand’s rule
are all aligned parallel to each other. The six 2pelectrons of the oxygen ion
form three pairs. The spin of electrons in each of these pairs is paired and they
reside in a dumb-bell shape p-orbital. In an excited state the electron from the
nearby oxide ion leaves the p-orbital and becomes (temporarily) part of Fe**
ion, which becomes Fe** on gaining Néel electron. The transfer process in
which we have one Fe** ion on one side of the oxygen and another Fe** ion on
the other side is given as shown in (Figure 2.14).

The one Fe** ion now becomes a Fe** ion. The unpaired electron of the
oxygen p orbital which was directed toward the Fe** ions now can interact with

theFe®* ion present on the opposite side.

Fe''(3d”) 0%(2p® Fe''(3d°) » Fe''(3d”) 0"(2p’) Fe*'(3d°)

L Tl L W1l L
Tl Tl T
Tl l

Fig.2.14. Super-exchange Interactions [15]

The overall coupling between the cationsdepends on a combination of
direct exchange, excitation and intra-atomic (Hund’sRule) coupling, and is
known as super exchange. If the 3d orbital of the metal ions are less than half
full, the super exchange should favour a positive interaction; for 3dshells which
are half filled or more than half filled, e.g. Fe** ion, a negative interaction with
anti-parallel spin is probable. It is generally assumed that this super exchange
interaction diminishes rapidly as the distance between the ions increases. The
dumbbell shape of the 2p orbital makes it reasonable to assume that the
interaction for a given ionic separation is greatest when the metal oxygen-metal
angle is 180° and is least when this angle is 90°. Thus in a spinel lattice the A
interaction is relatively strong, the A-Ainteraction is relatively weak and the B-

Binteraction is probably intermediate [15].
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2.5.5 Magnetic anisotropy

In most magnetic materials, to varying degree, the magnetization tends
to align itself along one of the main crystal directions. That direction is called
the easy direction of magnetization. All ferromagnetic and ferrimagnetic
materials possess, to a lesser or greater degree, a crystal direction or a set of
directions in which the magnetization prefers to be oriented [16].

This magnetic anisotropy can have various causes. The most important
In magnetic materials are the shape and magneto crystalline anisotropies. Shape
anisotropy is associated with the geometrical shape of a magnetized body, and
refers to the preference that the polarization in a long body is for the direction
of the major axis. The magneto crystalline anisotropy is associated with the
crystal symmetry of thematerial. There are three situations that give rise to this
anisotropy as an intrinsic crystal property. The first and most important one is
that in which the atoms possess an electron-orbital moment in addition to an
electron-spin moment. In such a situation the spin direction may be coupled to
the crystal axis. This arises through the coupling between spin and orbital
moments and the interaction between the charge distribution over the orbit and
the electrostatic field of the surrounding atoms. There will then be one or more
axes or surfaces along which magnetization requires relatively little work. The
crystal will then be preferentially magnetized along such an easy axis or
plane.he second situation is encountered in non-cubic crystal lattices. In these
crystals the magneto-static interaction between the atomic moments is also
anisotropic, which may give rise to easy directions or planes of magnetization.
The third possibility of crystal anisotropy is found in the directional ordering of
atoms as described by Néel [12]. This typically involves solid solutions of
atoms of two kinds, A and B, linked by the atomic bonds A-A, A-B and B-B. In
the presence of a strong external magnetic field the internal energy of these
bonds may be to some extent direction-dependent. Given a sufficient degree of
atomic diffusion-as a result of raising the temperature, for example-a certain
ordering can be brought about in the distribution of the bonds; in this way it is

possible to "bake™ the direction of this field into the material as the easy axis of
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magnetization. In addition to these sources of magnet to crystalline anisotropy
mechanical stresses may contribute through the magneto-elastic (magneto-
strictive) properties ofthe crystal. This contribution, however, is considered to

be negligible in hard magnetic materials [16].

2.6 Neel’s theory

Neither ferromagnetism nor antiferromagnetism could explain the
magnetic behavior of ferrite Material. If the situation is assumed as
ferromagnetic, one Fe™ and the two Fe™™ ions per molecule were lined up
parallel to one another would give 14 ug per molecule but the experimental
value comes around 4.2 pug. To explain this observed behavior Neel assumed
that a ferrimagnetic crystal lattice could be divided into two sub lattice such as
would be formed by the A (tetrahedral) and B (octahedral) sites in the spinel
structure [12]. He supposed the existence in the material of one type of
magnetic ion only, of which a fraction A appeared on A site and a fraction p on
B-sites. Thus,

Au =1 2.3

The remaining occupied lattice sites were assumed to have only ions of
zero magnetic moment. Considering a simple ferrite of the form MFe,O,, which
satisfies Neel's assumption, the magnetic ions are trivalent ferric Fe**, M is
non-magnetic and the formula might be written as,

Fex M2, [Fer2.Mz] O4 or
FexM2y[Fe2uM2,] O,
Where the bracketed ions are those on the octahedral sites.

Since an A- ion has near neighbors of both A and B types, as has a B-
ion, there are several interactions between magnetic ion to be considered and
these may be classified as A-A, B-B, A-B and B-A (where A-A refers the
interaction of an ion on an A site with its neighbors also on A site, with similar
definitions of the other terms). In the Neel theory it is assumed that the A-B, B-
A interactions are identical and predominant over A-A, B-B interactions, and

are such as to favor the alignment of the magnetic moment of each A- on more
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or less anti-parallel with the moment of each B-ion. Thus, for the ferrite
considered above, assuming each ferric ion to have a movement of 5 Bohr
magnet on (ug), the moment of the ferrite “molecule” would be 2(A-p)5ug
instead 2(A+p)5ug, which would occur with parallel orientation of all the
moments. The Neel theory predicts magnetic moments which may be much
smaller than the sum of the moments of the constituent ions. This is
experimentally observed. Clearly Neel’s assumption that only one type of
magnetic ion is present will rarely be met, but it has been found that the general
features of ferrites may be adequately represented on the Neel model, with
suitable qualitative modifications.

Neel defined the interactions within the material from the Weiss
molecular field view point. The magnetic field action upon an ion is written in
the form

H=H,+Hp 2.4
Where Hy is the externally applied field andH,, is the internal or molecular field
which arises due to interactions with other atoms or ions within the material.

When the molecular field concept is applied to a ferrimagnetic material,
we have,

Ha=Haa + Hag 2.5
Hg = Hgg + Hga 2.6
Here, the molecular field H, acting on an ion on A-site is represented as the
sum of the molecular field Haa due to neighbouring A-sites, and Hag due to its
neighbours on B-Sites. A similar definition holds for the molecular field Hg,
acting on a B-ion. The molecular field components may then be written as,
Haa =yaaMa Hag=71a8 Mg 2.7
Hee=vee Mg Hea=v8aMa 2.8
where, the y’sare the appropriate molecular coefficients and M, Mg are the
magnetic moments of the A and B sub-lattices. It may be shown that,

YBA = Yas: DUt Yas#VEB,

Unless the two sub lattices were identical. Neel showed that y,g< 0, favouring

anti parallel arrangement of M and Mg, gives rise to ferrimagnetism.
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In the presence of an applied field Ho, the total magnetic fields acting on
each sub lattice may be written, using equations (2.5) and (2.8)
H.=Hy+ Ha = Hy + yan Ma + yasMp 2.9
Hy, = H, + Hg = Hy + ygs Mg + yasMa 2.10

2.7 Yafet-Kittel theory

Experimentally it is observed that the saturation magnetization of a
ferrite initially increases up to certain value and then decreases rapidly. Neel’s
model successfully explains the initial rise in saturation magnetization, but fails
to explain the further decrease in it. This discrepancy between observed and
calculated values of saturation magnetization can be explained by Yafet-Kittel
model. According to Yafet Kittel model, in spinel ferrites, nonmagnetic
substitution in one sub-lattice could lead to non-collinear or canted spin
arrangement. It is possible only if A-B magnetic interaction is equal to or
smaller than that of A-A and B-B interactions. When non-magnetic ion like
Zn** and Cd*" is substituted in spinel ferrite the B sub-lattice splits into B; and
B, with equal magnetic moments with an angle 6yx with the direction of net
magnetization of B sub-lattices at OK. To calculate the uniform canting angle
Oy« a split sub-lattice model was developed by Y afet-Kittel.

Y afet-Kittel model can be understood from Niy_Zn,Fe,O, ferrite system.
For pure nickel ferrite (NiFe,O,) the A-B interaction is dominant. As Zn
concentration (x) is increased, magnetic moment on A site decreases to zero.
The B-B interaction will give rise to anti-ferromagnetic order in B sub-lattice
with Zn concentration, and then the intermediate arrangement is expected. At a
particular value of (x), the A-A interaction and B-B interaction are comparable.
The B-B interaction arranges magnetic moments on B lattice in anti-parallel
direction whereas A-B interaction arranges them in parallel direction on B site.
This leads to a canted spin arrangement on B-site. The Yafet-Kittel model splits
B sub-lattice into B; and B, sub-lattices each making an angle 6y with the

direction of net magnetization of B sub-lattices. The moment on B site is anti-
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parallel to moment on A site. The net magnetic moment for the system can be
expressed as
W) = MgCo0SOyk — M4 2.11

Where M, is magnetic moment on A site, Mg is magnetic moment on B site.
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Chapter 3 /

Preparation and characterization

3.1 Synthesis method

3.1.1 Solid state reaction

The most common method of preparing metal oxides and other solid
materials is by the ceramic method which involves grinding powders oxides,
carbonates, oxalates or other compounds containing the relevant metals and
heating the mixture at a desired temperature. Several oxides, sulphides,
phosphides etc. have been prepared by this technique. The most common
method of preparing metal oxides and other solid materials is by the ceramic
method .In the ceramic method very pure and fine grains constituents in oxide
forms are taken. Then they are thoroughly and uniformly mixed. This mixture
is sintered for prolonged time at specific temperature so as to facilitate solid-
state chemical reaction among the oxides and the formation of chemical
compound. Pre-sintering of the samples can be done at about 900°C and final
sintering of the ferrite sample can be done at above 1200°C depending on the

constituents.

3.1.2 Hydrothermal synthesis

Hydrothermal synthesis includes the various techniques of crystallizing
substances from high-temperature aqueous solutions at high vapor pressures;
also termed "hydrothermal method". The term "hydrothermal" is of geologic
origin. Geochemists and mineralogists have studied hydrothermal phase
equilibria since the beginning of the 20™ century. George W. Morey at the
Carnegie Institution and later, Percy W. Bridgman at Harvard University did
much of the work to lay the foundations necessary to containment of reactive
media in the temperature and pressure range where most of the hydrothermal

work is conducted.
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Hydrothermal synthesis can be defined as a method of synthesis of
single crystals that depends on the solubility of minerals in hot water under high
pressure. The crystal growth is performed in an apparatus consisting of a steel
pressure vessel called an autoclave, in which a nutrient is supplied along with
water. A temperature gradient is maintained between the opposite ends of the
growth chamber. At the hotter end the nutrient solute dissolves, while at the
cooler end it is deposited on a seed crystal, growing the desired crystal.

Possible advantages of the hydrothermal method over other types of
crystal growth include the ability to create crystalline phases which are not
stable at the melting point. Also, materials which have a high vapour pressure
near their melting points can also be grown by the hydrothermal method. The
method is also particularly suitable for the growth of large good-quality crystals
while maintaining good control over their composition. Disadvantages of the
method include the need of expensive autoclaves, and the impossibility of

observing the crystal as it grows.

3.1.3 Micro emulsions synthesis

Micro emulsions are clear, thermodynamically stable, isotropic liquid
mixtures of oil, water and surfactant, frequently in combination with a
cosurfactant. The aqueous phase may contain salt(s) or other ingredients, and
the "oil" may actually be a complex mixture of different hydrocarbons and
olefins. In contrast to ordinary emulsions, micro emulsions form upon simple
mixing of the components and do not require the high shear conditions
generally used in the formation of ordinary emulsions. The three basic types of
micro emulsions are direct (oil dispersed in water, o/w), reversed (water
dispersed in oil, w/0) and bicontinuous.

In ternary systems such as micro emulsions, where two immiscible
phases (water and ‘oil’) are present with a surfactant, the surfactant molecules
may form a monolayer at the interface between the oil and water, with the
hydrophobic tails of the surfactant molecules dissolved in the oil phase and the

hydrophilic head groups in the aqueous phase
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Much of the work done on these systems have been motivated by their
possible use to mobilize petroleum trapped in porous sandstone for enhanced
oil recovery A fundamental reason for the uses of these systems is that a micro
emulsion phase sometimes has an ultra low interfacial tension with a separate
oil or aqueous phase, which may release or mobilize them from solid phases
even in conditions of slow flow or low pressure gradients. Microemulsions also
have industrial applications, one of them being the synthesis of polymers.
Microemulsion polymerization is a complex heterogeneous process where
transport of monomers, free radicals and other species (such as chain transfer
agent, co-surfactant and inhibitors) between the aqueous and organic phases,
takes place. Compared with other heterogeneous polymerization processes
(suspension or emulsion) microemulsion polymerization is a more complicated
system. Polymerization rate is controlled by monomer partitioning between the
phases, particle nucleation, and adsorption and desorption of radicals. Particle
stability is affected by the amount and type of surfactant and pH of dispersing
medium. It is also used in the process of creating nano particles. The kinetics of
microemulsion polymerization has much in common with emulsion
polymerization kinetics, the most characteristic feature of which is the
compartmentalization, where the radicals growing inside the particles are
separated from each other, thus suppressing termination to a high extent and, as

a consequence, providing high rates of polymerization.

3.1.4 Citrate precursor synthesis

In the citrate precursor technique, the individual cations in the stoichio
metric ratio are reacted with the poly functional organic acid, citric acid under
controlled pH conditions to obtain a precursor at an atomic level bending of the
constituent elements in the required stoichiometric ratio is achieved during the
reaction in the solution state to form the citrate complex.

This precursor on proper thermal decomposition at right temperatures
indicated by thermal analysis data loses all the organic moiety to give rise to the

final ternary oxide It is important to note that the diffusion controlled solid state
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reaction between constituent compounds involved in ceramic method and
co-precipitation method is not present in the precursor method. The final
reaction is the decomposition process and it depend on the decomposition
temperature of the precursor. The citrate precursors decompose at temperature
less than 700°C and hence it has been possible to prepare barium hexaferrite
and series of rare earth garnet at these relatively low temperatures [18].
Therefore in principle, if one can prepare precursor complexes using
organic completing materials other than citrates, which decompose at lower
temperatures than citrate, It may be possible to further reduce the preparation
temperature .Lowering of preparation temperature will be extremely useful

from the point of view of producing nano particles of the hexaferrite system.

3.1.5 Spray pyrolysis technigue

The ferrite thin films can be prepared by spray pyrolysis technique using
a citrate complex precursor. The preparation essentially consists of two stages,
namely, the preparation of the citrate complex precursor and spray deposition
of the "films using the precursor solution. At first aqueous solutions of stoichio
metric amounts of nitrates of Ba and Fe were prepared. These solutions were
reacted with 1:1 molar ratio of citric acid under controlled pH conditions. The
reaction takes place in a slightly alkaline solution. Ammonia solution was
added drop by drop to the reaction mixture with constant stirring until the
desired pH is obtained. This solution was then refluxed for 6 h under controlled
pH condition for completion of the reaction to form the citrate complex
precursor. The preparation of the citrate complex is a crucial step in obtaining
homogeneous single-phase films. Once the right complex was formed, ternary
oxide phase could be obtained at relatively low temperatures by thermal
decomposition of the complex at appropriate temperatures. Diluted precursor
solution was sprayed onto the cleaned quartz plates previously heated to
350-400°C, using a sprayer and dry nitrogen as carrier gas. A highly adherent

and homogeneous film of barium ferrite was formed by pyrolytic
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decomposition of sprayed precursor. For crystallization the films were annealed

in a tubular furnace at a temperature +70°C for about 3 h in air.

3.1.6. Co-precipitation technique

In chemistry, coprecipitation (CPT) or co-precipitation is the carrying
down by a precipitate of substances normally soluble under the conditions
employed. Analogously, in medicine, coprecipitation is specifically the
precipitation of an unbound "antigen along with an antigen-antibody
complex".Coprecipitation is an important issue in chemical analysis, where it is
often undesirable, but in some cases it can be exploited. In gravimetric analysis,
which consists on precipitating the analyte and measuring its mass to determine
its concentration or purity, coprecipitation is a problem because undesired
impurities often coprecipitate with the analyte, resulting in excess mass. This
problem can often be mitigated by "digestion" (waiting for the precipitate to
equilibrate and form larger, purer particles) or by redissolving the sample and
precipitating it again.

On the other hand, in the analysis of trace elements, as is often the case
in radiochemistry, coprecipitation is often the only way of separating an
element. Since the trace element is too dilute (sometimes less than parts per
trillion) to precipitate by conventional means, it is typically coprecipitated with
a carrier, a substance that has a similar crystalline structure that can incorporate
the desired element. An example is the separation of francium from other
radioactive elements by coprecipitating it with caesium salts such as caesium
perchlorate. Otto Hahn is credited for promoting the use of co precipitation in
radiochemistry. There are three main mechanisms of co precipitation: inclusion,
occlusion, and adsorption. An inclusion occurs when the impurity occupies a
lattice site in the crystal structure of the carrier, resulting in a crystallographic
defect; this can happen when the ionic radius and charge of the impurity are
similar to those of the carrier. An adsorbate is an impurity that is weakly bound
(adsorbed) to the surface of the precipitate. An occlusion occurs when an

adsorbed impurity gets physically trapped inside the crystal as it grows. Besides
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its applications in chemical analysis and in radiochemistry, co precipitation is
also "potentially important to many environmental issues closely related to
water resources, including acid mine drainage, radionuclide migration in fouled
waste repositories, metal contaminant transport at industrial and defense sites,
metal concentrations in aquatic systems, and wastewater treatment technology".
Co-precipitation is mainly used as a method of magnetic nano particle

synthesis.

3.1.7 Sol-gel synthesis

In materials science, the sol-gel process is a method for producing solid
materials from small molecules. The method is used for the fabrication of metal
oxides, especially the oxides of silicon and titanium. The process involves
conversion of monomers into a colloidal solution (sol) that acts as the precursor
for an integrated network (or gel) of either discrete particles or network
polymers.

The sol-gel process may be described as: Formation of an oxide network
through polycondensation reactions of a molecular precursor in a liquid. A sol
is a stable dispersion of colloidal particles or polymers in a solvent. The
particles may be amorphous or crystalline. An aerosol is particles in a gas
phase, while a sol is particles in a liquid, A gel consists of a three dimensional
continuous network, which encloses a liquid phase, in a colloidal gel, the
network is built from agglomeration of colloidal particles. In a polymer gel the
particles have a polymeric sub-structure made by aggregates of sub-colloidal
particles. Generally, the sol particles may interact by van der Wails forces or
hydrogen bonds. A gel may also be formed from linking polymer chains. In
most gel systems used for materials synthesis, the interactions are of a covalent
nature and the gel process is irreversible. The gelation process may be
reversible if other interactions are involved.

In this chemical procedure, the 'sol' (or solution) gradually evolves
towards the formation of a gel-like diphasic system containing both a liquid

phase and solid phase whose morphologies range from discrete particles to
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continuous polymer networks. In the case of the colloid, the volume fraction of
particles (or particle density) may be so low that a significant amount of fluid
may need to be removed initially for the gel-like properties to be recognized.
This can be accomplished in any number of ways. The simplest method is to
allow time for sedimentation to occur, and then pour off the remaining liquid.
Centrifugation can also be used to accelerate the process of phase separation.

Removal of the remaining liquid (solvent) phase requires a drying
process, which is typically accompanied by a significant amount of shrinkage
and densification. The rate at which the solvent can be removed is ultimately
determined by the distribution of porosity in the gel. The ultimate
microstructure of the final component will clearly be strongly influenced by
changes imposed upon the structural template during this phase of processing.

Afterwards, a thermal treatment, or firing process, is often necessary in
order to favor further polycondensation and enhance mechanical properties and
structural stability via final sintering, densification and grain growth. One of the
distinct advantages of using this methodology as opposed to the more
traditional processing techniques is that densification is often achieved at a
much lower temperature.

The precursor sol can be either deposited on a substrate to form a film
(e.g., by dip coating or spin coating), cast into a suitable container with the
desired shape (e.g., to obtain monolithic ceramics, glasses, fibers, membranes,
aerogels), or used to synthesize powders (e.g., microspheres, nanospheres). The
sol-gel approach is a cheap and low-temperature technique that allows for the
fine control of the product’s chemical composition. Even small quantities of do
pants, such as organic dyes and rare earth elements, can be introduced in the sol
and end up uniformly dispersed in the final product. It can be used in ceramics
processing and manufacturing as an investment casting material, or as a means
of producing very thin films of metal oxides for various purposes. Sol-gel
derived materials have diverse applications in optics, electronics, energy, space,
(bio) sensors, medicine (e.g., controlled drug release), reactive material and

separation (e.g., chromatography) technology.
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The interest in sol-gel processing can be traced back in the mid-1800s
with the observation that the hydrolysis of tetraethyl or thosilicate (TEOS)
under acidic conditions led to the formation of SiO, in the form of fibers and
monoliths. Sol-gel research grew to be so important that in the 1990s more than
35,000 papers were published worldwide on the process.

The sol-gel process is a wet-chemical technique used for the fabrication
of both glassy and ceramic materials. In this process, the sol (or solution)
evolves gradually towards the formation of a gel-like network containing both a
liquid phase and a solid phase. Typical precursors are metal alkoxides and
metal chlorides, which undergo hydrolysis and polycondensation reactions to
form a colloid. The basic structure or morphology of the solid phase can range
anywhere from discrete colloidal particles to continuous chain-like polymer
networks.

The term colloid is used primarily to describe a broad range of solid-
liquid (and/or liquid-liquid) mixtures, all of which contain distinct solid
(and/or liquid) particles which are dispersed to various degrees in a liquid
medium. The term is specific to the size of the individual particles, which are
larger than atomic dimensions but small enough to exhibit Brownian motion. If
the particles are large enough, then their dynamic behavior in any given period
of time in suspension would be governed by forces of gravity and
sedimentation. But if they are small enough to be colloids, then their irregular
motion in suspension can be attributed to the collective bombardment of a
myriad of thermally agitated molecules in the liquid suspending medium, as
described originally by Albert Einstein in his dissertation. Einstein concluded
that this erratic behavior could adequately be described using the theory of
Brownian motion, with sedimentation being a possible long term result. This
critical size range (or particle diameter) typically ranges from tens of angstroms
(10-10 m) to a few micrometres (10—6 m).

Under certain chemical conditions (typically in base-catalyzed sols), the
particles may grow to sufficient size to become colloids, which are affected
both by sedimentation and forces of gravity. Stabilized suspensions of such

sub-micrometre spherical particles may eventually result in their self-assembly

57




[CHAPTER 3] Ph.D. Thesis

yielding highly ordered microstructures reminiscent of the prototype colloidal
crystal: precious opal. Under certain chemical conditions (typically in acid-
catalyzed sols), the interparticle forces have sufficient strength to cause
considerable aggregation and/or flocculation prior to their growth. The
formation of a more open continuous network of low density polymers exhibits
certain advantages with regard to physical properties in the formation of high
performance glass and glass/ceramic components in 2 and 3 dimensions.In
either case (discrete particles or continuous polymer network) the sol evolves
then towards the formation of an inorganic network containing a liquid phase
(gel). Formation of a metal oxide involves connecting the metal centers with
oxo (M-O-M) or hydroxo (M-OH-M) bridges, therefore generating metal-oxo
or metal-hydroxo polymers in solution.In both cases (discrete particles or
continuous polymer network), the drying process serves to remove the liquid
phase from the gel, yielding a micro-porous amorphous glass or micro-
crystalline ceramic. Subsequent thermal treatment (firing) may be performed in
order to favor further polycondensation and enhance mechanical
properties.With the viscosity of a sol adjusted into a proper range, both optical
quality glass fiber and refractory ceramic fiber can be drawn which are used for
fiber optic sensors and thermal insulation, respectively. In addition, uniform
ceramic powders of a wide range of chemical composition can be formed by

precipitation.
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Fig. 3.1: Schematic representation of the different stages and routes of the sol-

gel technology.

In the processing of fine ceramics, the irregular particle sizes and shapes
in a typical powder often lead to non-uniform packing morphologies that result
in packing density variations in the powder compact. Uncontrolled flocculation
of powders due to attractive Vander Walls forces can also give rise to
microstructural in homogeneities.

Differential stresses that develop as a result of non-uniform drying
shrinkage are directly related to the rate at which the solvent can be removed,
and thus highly dependent upon the distribution of porosity. Such stresses have
been associated with a plastic-to-brittle transition in consolidated bodies, and
can yield to crack propagation in the unfired body if not relieved.

In addition, any fluctuations in packing density in the compact as it is
prepared for the kiln are often amplified during the sintering process, yielding
inhomogeneous densification. Some pores and other structural defects
associated with density variations have been shown to play a detrimental role in
the sintering process by growing and thus limiting end-point densities.

Differential stresses arising from inhomogeneous densification have also been
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shown to result in the propagation of internal cracks, thus becoming the
strength-controlling flaws.

It would therefore appear desirable to process a material in such a way
that it is physically uniform with regard to the distribution of components and
porosity, rather than using particle size distributions which will maximize the
green density. The containment of a uniformly dispersed assembly of strongly
interacting particles in suspension requires total control over particle-particle
interactions. Monodisperse colloids provide this potential.

Monodisperse powders of colloidal silica, for example, may therefore be
stabilized sufficiently to ensure a high degree of order in the colloidal crystal or
polycrystalline colloidal solid which results from aggregation. The degree of
order appears to be limited by the time and space allowed for longer-range
correlations to be established. Such defective polycrystalline structures would
appear to be the basic elements of nano scale materials science, and, therefore,
provide the first step in developing a more rigorous understanding of the
mechanisms involved in micro structural evolution in inorganic systems such as

sintered ceramic nano materials.

3.2 Characterization techniques

3.2.1 X-ray diffraction
A) Crystallography:

X-ray crystallography is a tool used for determining the atomic and
molecular structure of a crystal, in which the crystalline atoms cause a beam of
X-rays to diffract into many specific directions. By measuring the angles and
intensities of these diffracted beams, a crystallographer can produce a three-
dimensional picture of the density of electrons within the crystal. From this
electron density, the mean positions of the atoms in the crystal can be
determined, as well as their chemical bonds, their disorder and various other
information.

Since many materials can form crystals such as salts, metals, minerals,

semiconductors, as well as various inorganic, organic and biological molecules.
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X-ray crystallography has been fundamental in the development of many
scientific fields. In its first decades of use, this method determined the size of
atoms, the lengths and types of chemical bonds, and the atomic-scale
differences among various materials, especially minerals and alloys. The
method also revealed the structure and function of many biological molecules,
including vitamins, drugs, proteins and nucleic acids such as DNA. X-ray
crystallography is still the chief method for characterizing the atomic structure
of new materials and in discerning materials that appear similar by other
experiments. X-ray crystal structures can also account for unusual electronic or
elastic properties of a material, shed light on chemical interactions and
processes, or serve as the basis for designing pharmaceuticals against diseases.

In an X-ray diffraction measurement, a crystal is mounted on a
goniometer and gradually rotated while being bombarded with X-rays,
producing a diffraction pattern of regularly spaced spots known as reflections.
The two-dimensional images taken at different rotations are converted into a
three-dimensional model of the density of electrons within the crystal using the
mathematical method of Fourier transforms, combined with chemical data
known for the sample. Poor resolution (fuzziness) or even errors may result if
the crystals are too small, or not uniform enough in their internal makeup.

X-ray crystallography is related to several other methods for determining
atomic structures. Similar diffraction patterns can be produced by scattering
electrons or neutrons, which are likewise interpreted as a Fourier transform. If
single crystals of sufficient size cannot be obtained, various other X-ray
methods can be applied to obtain less detailed information; such methods
include fiber diffraction, powder diffraction and small-angle X-ray scattering
(SAXS). If the material under investigation is only available in the form of
nano crystalline powders or suffers from poor crystallinity, the methods of
electron crystallography can be applied for determining the atomic structure.

For all above mentioned X-ray diffraction methods, the scattering is
elastic; the scattered X-rays have the same wavelength as the incoming X-ray.
By contrast, inelastic X-ray scattering methods are useful in studying

excitations of the sample, rather than the distribution of its atoms
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B) Principle of technique

X-rays are electromagnetic radiation with wavelengths in the range
0.5-2.5 °A. Since this is of the same order of magnitude as the interatomic
distances in solids, X-rays are frequently used to study the internal (crystalline)
structure of materials. An X-ray beam impinging on a crystal will be scattered
in all directions by the atoms of the crystal. In some directions, an increased
intensity is observed due to the constructive interference of the scattered waves.

The conditions for constructive interference are easily derived from the
simple geometrical picture for the scattering of an X-ray beam by planes of
atoms in a crystal, shown in Fig. 3.2. Imagine the X-ray beam of wavelength A,
incident on the crystal at an angle 0 with respect to equidistant hkl lattice-
planes, with interplanar distance d;;;. Constructive interference will be observed
for X-rays that are reflected from the lattice planes at the specular angle, if the
path length difference between X-rays scattered from different hkl-planes is an
integer times the wavelength. This condition is summarized in the Bragg law:

ni = 2d,y, sin (0) (3.1)
where
d is the spacing between diffracting planes, Ois the incident angle, n is any

integer, and A is the wavelength of the beam

Fig. 3.2.Scheme of X-ray diffraction pattern
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From Fig. 3.2, it i1s clear that diffraction from a set of planes will only
occur if the normal to these planes is bisecting the angle between the incident
and the scattered beam. Alternatively, one defines a scattering vector K =k, - k;
as the difference between the wave vector k. of the scattered wave, and the
wave vector k; of the incident X-ray, as shown in the inset of Fig.
3.2.Diffraction (i.e. constructive interference of the scattered X-rays) will occur
if the Bragg condition (eq. 3.1) is fulfilled and of the scattering vector K is
parallel to the normal of the hkl-planes. By scanning crystalline samples in
search of interference peaks, one can obtain information about the lattice
parameters, strain, texture, etc.

(0] Principle of analysis:

A whole gamma of X-ray diffraction measurements can be performed
with an X-ray setup. Each of these measurements reveals a different property of
the specimen under investigation.

i) 0-20measurement

A 0-20 scan allows to determine the interplanar distance d. This can
beachieved in several geometries, corresponding to the orientation of the set(s)
of planes. A symmetric 6-26 scan is used to determine the interplanar distance
of the planes parallel to the sample surface [see Fig. 3.3(a)]. In this type of scan,
the angle 0 of the incoming beam with respect to the sample surface is varied,
while simultaneously keeping the detector at an angle of 20 with respect to the
incoming beam. The angle 6 at which a diffraction peak is observed, can then
be inserted into (eq. 3.1) to give the interplanar distance.

In order to determine the interplanar distance of a set of planes that are
tilted by an angle with respect to the sample surface, an asymmetric 6-20 scan
can be performed [see Fig. Eq. 3.3(b)]. As in the case of a symmetric scan, the
detector is placed at an angle of 20 with respect to the incoming beam. The
incoming beam, however, makes an angle of ¥ with respect to the sample
surface. Note that 0-Y is a fixed offset when scanning through 6 values.

An alternative to the asymmetric scan method is the skew-symmetric
measuring geometry [Fig. 3.3(c)]. As in the case of the symmetric scan, the

incoming beam forms an angle ¥ with respect to the sample surface, while the
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detector is put at 20. The difference is that the sample is tilted over a fixed
angle =¥ around the axis that is parallel to the sample surface and the plane of

the incoming and outgoing beam.

(@) symmetric scan

Kooy source
o Detectar

Crystal 4

(b) asymmetric scan

(C) skew-syrmmetric scan

Detector and
X-ray source

side-view front-view

Fig. 3.3: Steps of asymmetric 6-20 scan
The determination of the interplanar distance with a 6-26 measurement
does not only allow to identify the phases present in the specimen. In thin film
studies in particular, this type of scan is used to determine stress and strain
epitaxial or implatend layers. Stress and/or strain result in the deviation of the
interplanar distances within a crystal from the situation for a completely relaxed

thin film. This stress can be induced by the presence of implanted impurities,
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the match of an epitaxial thin film with a substrate of slightly different lattice
parameter, etc. Not only the peak position in a 6-20 measurement contains
valuable information on the specimen under investigation, the width or full
width at half maximum of the diffraction peak contains information on the as
well. In case of a perfect crystal, the width of the interference peak (as a
function of 0) is inversely proportional to the thickness of the crystalline layer.
The full width at half maximum (FWHM) of the peak is given by the Scherer
formula:

FWHM =0.9 A/ t cos(0g) (3.2)
where the FWHM is expressed in radians, A is the wavelength of the X-rays, t is
the thickness of the layer and Og the Bragg angle of the reflection. A non-
perfect crystal can be divided into different crystalline domains (crystallites)
that all have a slightly different orientation. This will be the case when long-
range stacking faults and other extended defects are present in the sample. The
thickness t in the Scherer formula will, in that case, be related to the crystallite
particle size.

ii) Reflectivity measurements

A special type of symmetric 6-20 scan is the reflectivity measurement.
In a normal 6-20 measurement the distance between crystallographic planes,
which is of the order of 0.5—5A, is measured. In a reflectivity measurement one
measures thickness of a thin film which is of the order of tens of nanometer.
The principle of the measurement is the same as for the 0-20 scan described
above, apart that the measurement is now performed at much lower reflection
angles, due to the larger thickness involved. Scattering of the X-rays now does
not occur at the atomic planes, but at the interface between the layers in the film
due to the difference in electron density between adjacent layers. This type of
measurement does not only allow determining the distance between adjacent
layers, it also enables the determination of the roughness of the films.
iti)  Rocking curve measurement

Another type of scan that is closely related to a 6-20 scan is a rocking

curve (RC) scan. From a rocking curve measurement it is possible to determine
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the mean spread in orientation of the different crystalline domains of a non
perfect crystal. If the crystalline particles are very small, it is also possible to
determine their size by measuring a RC scan. In order to obtain a rocking curve
scan, one first performs a 0-20 scan. Note that this can be carried out in
symmetric, asymmetric or skew-symmetric geometry. In the next step, the
angle 6, and the detector position 26, is fixed at the Bragg angle of the
corresponding reflection. A rocking curve scan is then acquired by varying the
orientation of the sample by an angle Aw around its equilibrium position, while
keeping the detector position fixed. The situation for a skew-symmetric
geometry is schematically depicted in Fig. 3.4. For Ao = 0 the sample and
detector are at the exact positions for constructive interference, so a peak will
be observed. The width of this peak W will be determined by several factors.
The first and most interesting contribution comes from the spread in crystalline
orientation between the different domains. The corresponding rocking curve
peak will have a full width at half-maximum (FWHM) W, where W, is the
mean spread in orientation for the set of planes belonging to the chosen Bragg
reflection. The second factor is based on the lateral size of the crystalline
domains. This is similar to the Scherrer broadening described above for 06-20
scans, but depends here on the lateral size of the crystallites instead of their
thickness. It can be calculated that this leads to a broadening with FWHM W;,.:

Wine =1/ 2b sin(0g) (3.3)
where b is the mean width of a crystalline particle. For example, for 6B = 30°,
b =500 A and A = 1:54 A, the rocking curve will have a width W;,. = 0.2°. A
last contribution comes from the detector resolution Wy. Our D8 Discover from
Bruker, has an angular resolution of < 0.005° when the monochromator is
mounted. Since the other two contributions are usually far larger than the
detector resolution, this factor can often be neglected. The total width of the
rocking curve peak then depends on a combination of these three factors, and is
given by the convolution.
iv) Pole figure measurements

In a 0-20 scan only to the planes that are parallel to the surface will be

detected. The number of peaks in an experimental 6-26 XRD spectrum and
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their relative intensity give an indication of the texture, i.e. the statistical
distribution of grain orientations, of the film. However, the complete texture of
a thin film is accessible only with pole figure measurements.

In this kind of measurement, a certain set of hkl-planes is selected. This
fixes dhkl in (eq. 3.1), which is achieved by fixing the detector (20) and
incident beam (0) angle. Hence, the scattering vector K is fixed in space, as can
be seen from Fig. 3.4. Diffraction will only occur if the normal to the selected
hkl-planes N is parallel to the diffraction vector. Therefore, the sample has to be
tilted and rotated in space. The situation is shown for the middle grain in Fig.
34

Detector
X-ray source

Substrate

(a)

Fig. 3.4
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On the same figure, the tilt ¥ and the rotation angle @ are defined. Pole
figures can be interpreted by considering the intersections of the normal to the
selected hkl-planes with an imaginary hemisphere, situated above the sample
surface (see Fig. 3.5). The projection of this hemisphere on a planar surface
results in a pole figure, for which the intensity in each point is proportional to
the number of grains in the film that have their normal to the selected hkl-
planes pointing to the point with coordinates (yx,®) on the hemisphere. For a
random orientation of the grains in the thin film, the pole figure will be feature-
less. No preferred orientation for the normal to the hkl-planes is observed.
Fiber texture can be identified by the occurrence of circles centered around the
origin of the pole figure (Fig. 3.5 (¢)). For an epitaxial thin film, only one grain
orientation will be present in the film and the pole figure is characterized by a
small, discrete number of spots (Fig. 3.5 (d)). In the case of axiotaxy, the pole
figure shows a pattern of symmetrical lines (Fig. 3.5 (b)).

V) Contributions to chemistry and material science

X-ray crystallography has led to a better understanding of chemical

bonds and non-covalent interactions. The initial studies revealed the typical

radii of atoms, and confirmed many theoretical models of chemical bonding,
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such as the tetrahedral bonding of carbon in the diamond structure, the
octahedral bonding of metals observed in ammonium hexachloroplatinate (IV),
and the resonance observed in the planar carbonate group and in aromatic
molecules. Kathleen Lonsdale's 1928 structure of hexamethyl benzene
established the hexagonal symmetry of benzene and showed a clear difference
in bond length between the aliphatic C—C bonds and aromatic C—C bonds; this
finding led to the idea of resonance between chemical bonds, which had
profound consequences for the development of chemistry. Her conclusions
were anticipated by William Henry Bragg, who published models of
naphthalene and anthracene in 1921 based on other molecules, an early form of
molecular replacement.

Also in the 1920s, Victor Moritz Goldschmidt and later Linus Pauling
developed rules for eliminating chemically unlikely structures and for
determining the relative sizes of atoms. These rules led to the structure of
brookite (1928) and an understanding of the relative stability of the rutile,
brookite and anatase forms of titanium dioxide.

The distance between two bonded atoms is a sensitive measure of the
bond strength and its bond order; thus, X-ray crystallographic studies have led
to the discovery of even more exotic types of bonding in inorganic chemistry,
such as metal-metal double bonds, metal-metal quadruple bonds, and three-
center, two-electron bonds. X-ray crystallography or, strictly speaking, an
inelastic Compton scattering experiment has also provided evidence for the
partly covalent character of hydrogen bonds. In the field of organometallic
chemistry, the X-ray structure of ferrocene initiated scientific studies of
sandwich compounds, while that of Zeise's salt stimulated research into "back
bonding" and metal-pi complexes. Finally, X-ray crystallography had a
pioneering role in the development of super a molecular chemistry, particularly
in clarifying the structures of the crown ethers and the principles of host-guest
chemistry.

In material sciences, many complicated inorganic and organ metallic
systems have been analyzed using single-crystal methods, such as fullerenes,

metalloporphyrins, and other complicated compounds. Single-crystal

69




[CHAPTER 3] Ph.D. Thesis

diffraction is also used in the pharmaceutical industry, due to recent problems
with polymorphs. The major factors affecting the quality of single-crystal
structures are the crystal's size and regularity; recrystallization is a commonly
used technique to improve these factors in small-molecule crystals. The
Cambridge Structural Database contains over 500,000 structures; over 99% of

these structures were determined by X-ray diffraction.

3.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a well-known technique
for imaging solid materials at atomic resolution. Structural information can be
acquired both by (high resolution) imaging as well as by electron diffraction.
Additional detectors allow for elemental and chemical analysis down to this
sub-nanometer scale.

Basic principles

The design of a transmission electron microscope (TEM) is analogous to
that of an optical microscope. In a TEM high-energy (>100 kV) electrons are
used instead of photons and electromagnetic lenses instead of glass lenses. The
electron beam passes an electron-transparent sample and a magnified image is
formed using a set of lenses. This image is projected onto a fluorescent screen
or a CCD camera. Whereas the use of visible light limits the lateral resolution
in an optical microscope to a few tenths of a micrometer, the much smaller
wavelength of electrons allows for a resolution of 0.2 nm in a TEM.

Imaging

Image contrast is obtained by interaction of the electron beam with the
sample. Several contrast effects play a role. In the resulting TEM image denser
areas and areas containing heavier elements appear darker due to scattering of
the electrons in the sample. In addition, scattering from crystal planes
introduces diffraction contrast. This contrast depends on the orientation of a
crystalline area in the sample with respect to the electron beam. As a result, in a
TEM image of a sample consisting of randomly oriented crystals each crystal

will have its own grey-level. In this way one can distinguish between different
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materials, as well as image individual crystals and crystal defects. Because of
the high resolution of the TEM, atomic arrangements in crystalline structures

can be imaged in large detail.

Electron Diffraction

By adjusting the magnetic lenses such that the back focal plane of the
lens rather than the imaging plane is placed on the imaging apparatus a
diffraction pattern can be generated. For thin crystalline samples, this produces
an image that consists of a pattern of dots in the case of a single crystal, or a
series of rings in the case of a polycrystalline or amorphous solid material. For
the single crystal case the diffraction pattern is dependent upon the orientation
of the specimen and the structure of the sample illuminated by the electron
beam. This image provides the investigator with information about the space
group symmetries in the crystal and the crystal's orientation to the beam path.
This is typically done without utilising any information but the position at
which the diffraction spots appear and the observed image symmetries.

Diffraction patterns can have a large dynamic range, and for crystalline
samples, may have intensities greater than those recordable by CCD. As such,
TEMs may still be equipped with film cartridges for the purpose of obtaining

these images, as the film is a single use detector.
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Fig. 3.6 (a): Crystalline diffraction Fig. 3.6 (b): Electron diffraction
pattern from a twinned grain of FCC patterns of an as-deposited (room
Austenitic steel temperature) and an annealed (300 °C)
Al-Ge film. The left part shows a set
of a few, broad rings, characteristic of
an amorphous film. The right part
shows a large number of sharp rings.
The diameters of these rings are
characteristic for the crystal structure
present. In this case a mixture of
crystalline Al and crystalline Ge.
In case of a crystalline material, electron diffraction will only occur at specific
angles, which are characteristic for the crystal structure present. As a result, a
diffraction pattern of the irradiated area is created that can be projected onto the
CCD camera. In this way, electron diffraction can provide crystallographic
information from thin films, bulk materials as well as from nanometer sized
particles (figure 3.6).
Chemical analysis
As a result of the interaction of the electron beam with the specimen,
some energy is transferred from the electrons to the sample. The excitation and
de-excitation of atoms and molecules in the sample allow (local) chemical
analysis. This analysis can either be performed using the broad beam used for
normal imaging, or by focusing the beam size down to 0.2 nm. The

combination of Scanning TEM (STEM), a mode in which this narrow beam

scans a selected area of the specimen, with chemical analysis techniques such
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as Electron Energy Loss Spectroscopy (EELS) and Energy Dispersive X-Ray
analysis (EDX) allows for mapping of the lateral distribution of elements with

high spatial resolution.

3.2.3 Scanning electron microscope (SEM)

A scanning electron microscope is a type of electron microscope that
images a sample by scanning it with a high-energy beam of electrons in a raster
scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface
topography, composition, and other properties such as electrical conductivity.

The types of signals produced by the SEM include secondary electrons,
back-scattered electrons (BSE), characteristic X-rays, light (cathode), specimen
current and transmitted electrons. Secondary electron detectors are common in
all SEMs, but it is rare that a single machine would have detectors for all
possible signals. The signals result from interactions of the electron beam with
atoms at or near the surface of the sample. In the most common or standard
detection mode, secondary electron imaging or SEI, the SEM can produce very
high-resolution images of a sample surface, revealing details about less than 1
to 5 nm in size. Due to the very narrow electron beam, SEM micrographs have
a large depth of field yielding a characteristic three-dimensional appearance
useful for understanding the surface structure of a sample. This is exemplified
by the micrograph of pollen shown to the right. A wide range of magnifications
is possible, from about 10 times (about equivalent to that of a powerful hand-
lens) to more than 500,000 times, about 250 times the magnification limit of the
best light microscopes. Back-scattered electrons (BSE) are beam electrons that
are reflected from the sample by elastic scattering. BSE are often used in
analytical SEM along with the spectra made from the characteristic X-rays.
Because the intensity of the BSE signal is strongly related to the atomic number
(Z) of the specimen, BSE images can provide information about the distribution
of different elements in the sample. For the same reason, BSE imaging can

image colloidal goldimmuno-labels of 5 or 10 nm diameter which would
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otherwise be difficult or impossible to detect in secondary electron images in
biological specimens. Characteristic X-rays are emitted when the electron beam
removes an inner shell electron from the sample, causing a higher energy
electron to fill the shell and release energy. These characteristic X-rays are used
to identify the composition and measure the abundance of elements in the

sample.
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Fig. 3.7:Schematic diagram of scanning electron microscope.

The electron beam comes from a filament, made of various types of materials.
The most common is the Tungsten hairpin gun. This filament is a loop of
tungsten which functions as the cathode. A voltage is applied to the loop,
causing it to heat up. The anode, which is positive with respect to the filament,
forms powerful attractive forces for electrons. This causes electrons to
accelerate toward the anode. Some accelerate right by the anode and on down
the column, to the sample. Other examples of filaments are Lanthanum

hexaboride filaments and field emission guns.
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Fig 3.8:Electron specimen interaction.

The SEM uses electrons instead of light to form an image. A beam of
electrons is produced at the top of the microscope by heating of a metallic
filament. The electron beam follows a vertical path through the column of the
microscope. It makes its way through electromagnetic lenses which focus and
direct the beam down towards the sample. Once it hits the sample, other
electrons ( backscattered or secondary ) are ejected from the sample. Detectors
collect the secondary or backscattered electrons, and convert them to a signal
that is sent to a viewing screen similar to the one in an ordinary television,

producing an image.

3.2.4 Infrared Spectroscopy (IR)

Infrared spectroscopy is the method of choice of qualitative analysis of

organic material and it has wide application to inorganic substances as well.
The infrared spectrum of a material has aptitude for the fingerprint, a unique
property of that material and of its physical state. The spectrum is unique
because it reflects the vibration between atoms within the molecule, and even
slight changes in geometry or bond strength between atoms cause noticeable
shift in the infrared absorption pattern.

When a molecule interacts with the radiation of the proper frequency, it
absorbs energy and molecule is set into vibration. By measuring the transmitted

energy as a function of radiation frequency, we can determine which frequency
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has been absorbed by the sample. The resulting plots of energy versus
frequency are the infrared spectrum of the sample.

The infrared spectra of all the samples of the present series were
recorded at room temperature in the range 300 - 800cm™ on a Perkin Elemer
spectrometer (Model 783). To study the IR spectra of all the samples, about one
gram of fine powder of each sample was mixed with KBr in the ratio 1:250 by
weight to ensure uniform distribution in the KBr pellet. The mixed powder was
then pressed in a cylindrical die to obtain clean disc of approximately 1 mm
thickness. The IR spectra were used to locate the band position. The IR spectra
were used to determine bond length R, and Rg, in a cubic crystal for tetrahedral
(A) and octahedral [B] site using formula given by Gorter [1]. Using the

analysis of Waldron [2], the force constant K, and K, were calculated.

3.2.5 Vibrating sample magnetometer (VSM)

A vibrating sample magnetometer or VSM is a scientific instrument that
measures magnetic properties invented in 1955 by Simon Foner at Lincoln
Laboratory MIT. The paper about his work was published shortly afterward in
1959 [3]. A sample is placed inside a uniform magnetic field to magnetize the
sample. The sample is then physically vibrated sinusoidally, typically through
the use of a piezoelectric material. Commercial systems use linear actuators of
some form and historically the development of these systems was done using
modified audio speakers, though this approached was dropped due to the
interference through the in-phase magnetic noise produced, as the magnetic flux
through a nearby pickup coil varies sinusoidally. The induced voltage in the
pickup coil is proportional to the sample's magnetic moment, but does not
depend on the strength of the applied magnetic field. In a typical setup, the
induced voltage is measured through the use of a lock-in amplifier using the
piezoelectric signal as its reference signal. By measuring in the field of an
external electromagnet, it is possible to obtain the hysteresis curve of a

material.
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Fig. 3.9: A typical hysteresis curve of a spinel ferrite.

A typical hysteresis curve of a spinel ferrite is also shown in Fig. 3.9. A
great deal of information can be learned about the magnetic properties of a
material by studying its hysteresis loop. A hysteresis loop shows the
relationship between the induced magnetic flux density (B) and the magnetizing
force (H). It is often referred to as the B-H or M-H loop. From the hysteresis
loop, a number of primary magnetic properties of a material can be determined
such as magnetization (Ms), coercivity (Hc), remanence magnetization (Mr)

etc.
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Chapter 4 /

Results and discussion onCoMn4.,Al,FeQO,

4.1 Introduction

Magnetic nano particles have received increasing attention recently due
to their unusual properties, while the interest in hard magnetic materials is
growing because of the various technological applications in microwave
devices, high-density magnetic recording, electronic devices and medical
instruments [1-4]. The field of spinel ferrites magnetic nano particles is well
cultivated because of their various potential applications and the interesting
physics and chemistry involved in it. Even after more than half of the century
the scientist, researchers, technologist, and engineers are still excited in various
types of bulk as well as nano crystalline ferrite materials. The recent trend is
focused on the doped ferrites prepared using various synthesis techniques with
different cation concentrations which in turn affects the various properties like,
electrical, dielectric, and magnetic behavior[5-8].

Ferrite materials are important magnetic materials, which have various
applications in power conditioning and conversion. Due to their distinct
magnetic properties, ferrite materials have been widely used to prepare many
electromagnetic devices such as inductors, converters, phase shifters and
electromagnetic wave absorbers [9,10].Nano sized ferrite particles exhibit
unusual magnetic properties which are not observed in the bulk material, e.g.
single domain behavior, super paramagnetism, and reduced Curie temperature
and magnetization. The spatial confinement at nano scale enhances the role of
surface atoms with reduced symmetry and the consequent larger number of
broken exchange bonds can result in surface anisotropy, frustration and spin
disorder [11-14].

The magnetic and structural properties of soft ferrites could be easily
turned by incorporation and suitable addition of divalent or trivalent cations in

the spinel structure. Cobalt ferrite (CoFe,0,), a well-known hard ferri magnetic
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material, in its bulk form crystallizes in mixed spinel structure with space group
Fd3m. Since the red -red* super exchange interactions differs from the
Cco3" —co}' Interactions, variation of the cation distribution over the A and B sites
in the spinel leads to different magnetic properties of this ferrite even though
the chemical compositions of the compounds do not change CoFe,0;has large
magneto crystalline anisotropy energy with positive anisotropy constant. It has
six easy directions along the cube edges of the crystal represented as
<100>,four hard directions across the body diagonals denoted as <111> and
twelve saddle points across the face diagonals, which lead to positive magneto
crystalline anisotropy constant [15-17].The large magneto crystalline
anisotropy energy of cobalt ferrite is mainly attributed to the Co?*ions on the B-
sites of the spinel. As the crystal field is not capable to quench the orbital
magnetic moment, there is a strong spin—orbit coupling (L-S coupling) and due
to this coupling there is large magneto crystal- line anisotropy energy (MAE)
[18].Thus large multi axial positive magneto crystalline anisotropy constant
makes it a hard magnetic material. This magneto crystalline anisotropy is a very
important parameter in connection with the characterisation of the materials
utilised in technological applications, particularly magnetic recording media
and, it can be tuned by replacing a site and/or B site by different transition
elements.

Manganese doped cobalt ferrites are promising ones for magnetic stress
sensors, non contact torque sensing, magnet optical, magneto mechanical, and
high magnetostriction applications [19-22].The magnetization in Mn doped
cobalt ferrites is expected to depend on the cation distribution of the magnetic
Fe**, Mn®"and Co®" ions among the A- and B-sites. Recently, the temperature
dependence of the magnetic anisotropy of a series of mixed cobalt ferrites has
been investigated and it was found that substituting M for Fe in cobalt ferrite
allows adjustment of the Curie temperature (Tc) of the material,there by
influencing the temperature dependence of its stress sensitivity and magneto
mechanical response of these materials. It has been shown that manganese

substituted cobalt ferrites, are excellent candidates for stress sensors due to a
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large magneto mechanical effect and high sensitivity to stress. This is because
weakening of the exchange coupling results in a decrease of the magneto
crystalline anisotropy which also results in a steeper response of strain to
applied magnetic field [23]. From the studies on the magnetic and
magnetostrictive properties of Mn substituted cobalt ferrites it has been found
that substitution of Mn enhances the saturation magnetization as well as the
magnetostrictive properties of the cobalt ferrite; when Mn is substituted byCo?*
in the B-site as compared to the displacement of Co*" from the B- to A-sites
when Mn**is substituted by Fe**in the Co—-Mn ferrite system. This is because;
the high magneto crystalline anisotropy of the cobalt ferrite is due to the Co?" at
B-site. It has also been reported [24] that the direct substitution of Mn?*/ Mn®*
for Co?" in the cobalt ferrite, showed a comparatively higher magnetostriction
and strain derivative at relatively low magnetic fields for a peculiar
composition, which depicts the importance of Mn®*/Mn** substitution for Co?*
in tuning the magneto elastic response of cobalt ferrite [25].

Since, the temperature dependence of the magneto elastic properties is
strongly dependent on the magnetostriction and magnetic anisotropy, as well as
coercivity, permeability, and chemical composition of the material. As the per
the literature review these properties appeared excellent with Co-Mn ferrite,
therefore in our present study we have kept Co-MnFeQ, as a basic composition
for further investigation.

AlF*ionic size is comparable to Fe**ions. Hence, doping on magnetic
Al*in place of Fe*'ion will even the material with magnetic defects without
changing the crystal structure. The magnetic properties of Al**substituted
ferrites have been reported by various groups. The structural and magnetic
studies on nano size aluminum substituted ferrites synthesized by aerosol route
were carried out in the literature and the results revealed that the lattice
parameter and saturation magnetisation decrease with increase of the
Al¥*substitution [26].N. Ravah et al. [27] synthesized the AI** substituted cobalt
ferrite by ceramic route and found that the magneto crystalline anisotropy
constant decreased with the increasing magnetic annealing temperature. The

magneto- crystalline anisotropic constant is highly size dependent.
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The properties of this magnetic material depend on the purity, size and
morphology of the precursor powder. Thus obtaining fine, high chemical
homogeneity and mono dispersed particles is the most important process in
material manufacturing. Conventional ceramic powder preparation using mixed
oxides presents various disadvantages, including the introduction of impurities
during the grinding process, low-chemical homogeneity and high sintering
temperatures. A variety of techniques have been used to prepare ferrite
materials of nano-scale including co-precipitation method [28-32], sol-gel
process [33-35], glass crystallization[36], the mechanical alloying method [37-
39], self-propagation[40,41], micro emulsion [42], microwave [43-45],
hydrothermal [46] and ultrasound-assisted synthesis [47].

Keeping the importance of Co-Mn ferrite and the need to prepared these
samples in  nanometer dimensions it was decided to synthesized
CoMn.,AlFeO,4 (x = 0.0, 0.25, 0.5, 0.75, 1.0) ferrite system. The structural and
magnetic changes in the Co-Mn ferrite brought by the AI®** substitution

synthesized via sol-gel auto-combustion method is discussed here.

4.2 Experimental

Sol-gel auto-combustion route was adopted to achieve the homogeneous
mixing of the chemical constituents at the atomic scale and better sinter ability.
AR grade cobalt nitrate (Co(NO;),-3H,0), aluminum nitrate (Al(NOs);-9H,0),
manganese nitrate (Mn(NOj3),:6H,0),iron nitrate (Fe(NO3);-9H,0) and citric
acid (C¢HgO;-H,0),were used to prepare the CoMn,,Al,FeO, (x = 0.0, 0.25,
0.5, 0.75, 1.0) ferrite compositions. Reaction procedure was carried out in air
atmosphere without protection of inert gases. The molar ratio of metal nitrates
to citric acid was taken as 1:3. The metal nitrates were dissolved together in a
minimum amount of double distilled water to get a clear solution. An aqueous
solution of citric acid was mixed with metal nitrates solution, then ammonia
solution was slowly added to adjust the pH at 7. Then the solution was heated at
90 °C to transform into gel. When ignited at any point of the gel, the dried gel

burnt in a self-propagating combustion manner until all gels were completely
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burnt out to form a fluffy loose powder. The auto-combustion was completed
within a minute, yielding the brown-colored ashes termed as a precursor.
Finally, the as prepared ferrite powder was annealed at 600 °C for 4 h in order
to complete the crystallization. Theoretical percentage of the elements in the
finally synthesized CoMny_,Al,FeO, ferrite sample is shown in Table 4.1.

The crystal structure of the as prepared samples was characterized by
X-ray diffraction technique using Phillips X-ray diffract meter (Model 3710)
equipped with Cu-K,, radiation (A=1.5405A). The microstructure was examined
on the fracture surfaces of the samples using thermal field emission scanning
electron microscope (SEM). Transmission electron microscope (TEM)
measurements were recorded on Philips (Model CM 200). The samples were
prepared by dispersing the powders in acetone and dropping the suspension on
a lacey carbon film supported on a 300-mesh copper grid. The infrared spectra
of all the samples were recorded at room temperature in the range 300 cm™ to
800 cm™ using Perkin Elmer infrared spectrophotometer. Room temperature
magnetization of the samples was measured using the pulse field magnetization

set-up.

4.3 Results and discussion
4.3.1 Structural Analysis

Prepared samples were tested by X-ray diffraction. Fig. 4.1 (a-c) shows
the XRD patterns of the samples with different doping levels of AI**
substitution. The reflection from the planes, (22 0), 311), (22 2), (40 0),
(4 2 2), (333) and (4 4 0) appeared for all samples. The patterns indicate well-
defined peaks of crystalline FCC phase which confirm spinel cubic structure
formation for the samples and belong to the (Fd3m) cubic spinel space group.
No additional impurity reflections were observed ensuring the phase purity
which indicates the formation of the single-phase spinel ferrite structure.

The lattice parameters have been computed using the d-spacing values
and the respective (h k I) parameters from the classical formula given in Eq.4.1

[48]:
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a4 k2 41?)
a=7 sin@ 41

Where
d is the inter-planer spacing and (hkl) is the index of the XRD reflection peak.
The lattice constant is affected by the cationic stoichiometry. The lattice
parameters are found to decrease almost linearly by increasing AI®*
substitution. The values of the lattice parameter exhibit an almost linear
dependence, thus obeying Vegard’s law [49] as shown in Table 4. 2 and Fig.
4.2.

The X-ray density (dx) of all the samples of the series was obtained by
the following relation:

_8M

Na® 4.2

dx

where ‘8’ is the number of molecules per unit cell, ‘M’ is the molecular weight
of sample, ‘N’ is the Avogadro’s number and ‘a’ is lattice constant. It can be
observed from Table 4.2and Fig. 4.3 that the value of dx decreases with AlI**
substitution. This may be due to the fact that the density and atomic weight of
A" are smaller than that of Mn®* ions. The density and atomic weight of AI**
is 2.70 g-cm™® and 26.98 respectively whereas it is 7.23 g-cm® and 54.93
respectively for Mn** ion.

However, the bulk density (dg) calculated from the Archimedes
principle depicted in Table 4.2and Fig. 4.4 shows the smaller value as
compared to that of dx. The smaller value of dB than that of the dx is due to the
existence of pores that depend on the sintering and pressing conditions. The
peaks 0f (220),(311),(222),(400), (422), (333) and (4 4 0) have been
deconvoluted to Lorentzian curves for the determination of the crystallite size
using full-width at half maximum value. The crystallite size of the nano
crystalline samples were measured from XRD line broadening analysis

applying Scherrer’s formula [48]:

kA
Dyrp = 4.3
XRD pcos o

Where
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Dxrp IS the dimension of the crystallites, A the wavelength of the X-ray
radiation, 6 the Bragg angle, k is a shape factor taken to be 0.94 and (3 the peak
width measured at half of the maximum intensity.

The variation of Dygp is shown in Fig. 4.5 and the values are presented in
Table 4.2.The values of the Dygp is in the range of 18 to 9 nm and showed
reasonable decreasing trend with the increase in AI®* substitution in Co-Mn
ferrite.

The percentage porosity (P) is calculated using the following relation:

(dy —d,
P_[ - Jxloo 44

X

Where
dx and dg are the X-ray density and bulk density respectively.
Table 4.2 and Fig. 4.6 shows that the porosity of the samples increases with
AI** substitution; this may be due to the release of oxygen from the samples
during interring i.e., the decrease in oxygen ion (anion) diffusion would retard
the densification. The increase in porosity with AI** substitution is also related
to the decrease in bulk density and decrease in crystallite size.

LA and Lg i.e. the hopping length for tetrahedral A- and octahedral

B-sites respectively were calculated using the following relation:

3

LAZaJ; 45
2

LAZaJ; 46

The variation of hopping lengths L, and Lg with Al**substitution is depicted in
Fig. 4.7 and Table 4.3. It is observed from Table 4.3 and Fig. 4.7 that the
distance between the magnetic ions (hopping length) decreased with AI**
substitution. This behavior of hopping lengths with AI** substitution is in
agreement with the variation in lattice constant with AI** substitution. The
variation of L, and Lg may be related to the difference in the ionic radii
between AI** and Mn** ions. The substitution of AI** ions instead of Mn** ions
makes the magnetic ions become smaller to each other and the hopping length

decreased.
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Transmission electron microscopy

The shape, size and morphology of the particles were examined by
direct observation via transmission electron microscopy (Figs. 4.8(a) and 4.9
(@)). The observations reveal that the particles are approximately spherical in
shape and agglomerated. The selected area diffraction pattern (SAED) collected
from agglomerates is shown in Figs. 4.8(b) and 4.9 (b).Rings in SAED
correspond to lattice plains and reveal presence of spinel phase. It was not

possible to distinguish two similar ferrites from SAED and XRD.

Scanning electron microscopy

Fig. 4.10 (a and b) shows the SEM micrographs of the samples with
x = 0.0 and 1.0 respectively. It is observed that majority of grains are spherical
in shape. The SEM micrograph for x = 0.0 shows well dispersed grains with
identical shape and size. It is interesting to note that, as the amount of
Al**content increases, the nature of microstructure gets modulated. In the case
of x = 1.0 the grains are non-identical in size and grains are slightly
agglomerated. Nano particles are dense and distributed regularly on the whole
area. In addition to this, although these smaller crystallites are so closely
arranged together, a clear boundary between neighboring crystallites can yet be
observed.

Using the experimental values of lattice constant ‘a’, oxygen positional
parameter ‘u’ (0.375 A) and substituting using the following equations, the
allied parameters such as tetrahedral and octahedral bond length (da, and dgy),
tetrahedral edge, shared and unshared octahedral edge (daxe, dexe and dgyey)

were calculated.

dAX=a\/§[u—%j 4.7
1
2
dgy =a 3u2—(EJu+£ 4.8
4 64
1
d axe :aﬁ[Zu —Ej 4.9
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dBXEshairedza\/E(l_ ZU) 4.10

1

2 11)2
d BxEunshair ed = a(“'u -3u +Ej 411

Table4.4 and Figs. 4.11-4.15shows that tetrahedral bond length and octahedral
bond length decreases as AI** ion substitution increases. The tetrahedral edge,
shared and unshared octahedral edge decreases as AI** content ‘x’ increases.

This could be related to the smaller radius of AI** ion as compared to Mn®" ion.

4.3.2 Infrared spectroscopy (IR)

The IR spectra in the range of 200 to 1000 cm™at room temperature are
shown in Figs. 4.16 (a-c). The band positions are listed in Table 4.5.The two
wide bandsv; and v, are characteristic of spinel ferrites, where their existence
reveals that these samples are a single- phase spinel ferrites. The band v, lies in
the range 742 cm™ to 816 cm™and is assigned to the complexes Fe**~0% on the
A-sites and v;, lies in the range of 299 cm™ to 364 cm™and is assigned to Fe*'-
O?on the B-sites vibration modes [50]. The difference in the position of the two
strong bands v, and v, could be related to the difference in Fe**~0® distance for
A-sites and B-sites. It was found that Fe-O distance of A-site (0.189 nm) is
smaller than that of the B-site (0.199 nm). The bandv; appeared around
527-550 cm™can be attributed to the divalent metal oxygen complexes Fe**-0*
, Co**—0%nd Mn*-0% on the A-sites. The band v, appeared around 229-283
cm™may be assigned to the lattice vibrations of the system and is dependent on
the A-site complexes Fe**~0%, Co**-0? [51, 52]. The existence of Fe?'ions
amongst the sub lattice causes a splitting of its band producingv; at viand v, at
v,. This results from the distortion of the Jan-teller effect of Fe*"ions [53,54].
The Fe?* ions may result from the hopping process;Co?* +Fe**«<>Co** +Fe?",
Mn? +Fe**«<>Mn®*" +Fe?* whereCo®* may migration to the A-sites and Fe**ions

remains in their sites.
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4.3.3 Cation distribution

The ideal spinel structure, AB,O, can be described as a cubic closed-

packed array of oxygen ions. There are eight molecules per unit cell and
oxygen is located at the (32e) position of the space group (Fd3m). The A
cations occupy the tetrahedral sites (8a) and the B cations occupy the octahedral
sites (16d). The anions occupy the general positions 32e, which require an
additional parameter, generally designated as u and known in oxide spinels as
the oxygen parameter [55].

The cation distribution in spinel ferrite can be obtained from the analysis
of X-ray diffraction pattern. In the present work, the Bertaut method [56] is
used to determine the cation distribution. This method selects a few pairs of
reflections according to the expression:

(I rENObs. ) (Lr(k(IC(0bsy)y = (LREL (Cale. )kl (Cale.y) 4.12
Where

I35 and IS8 are the observed and calculated intensities for reflection (hkI),
respectively.

The best information on cation distribution is achieved when comparing
experimental and calculated intensity ratios for reflections whose intensities (i)
are nearly independent of the oxygen parameter, (ii) vary with the cation
distribution in opposite ways and (iii) do not differ significantly.

The distribution of divalent and trivalent cations among octahedral and
tetrahedral sites in the presently investigated samples were determined from
the ratio of XRD lines lyo/lue and 14./1400. These planes are assumed to be
sensitive to the cation distribution. The temperature and absorption factors are
not taken into account in our calculations as they do not affect the intensity
calculation. If an agreement factor (R) is defined as in Eq. (4.13), the best-
simulated structure which matches the actual structure of the sample will lead
to a minimum value of R and the corresponding cation distribution is obtained
for each hkl and &Ck(lC reflection pair considered:

I .EE."I"F'

(E__. - |
s K{1cmie) 413
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For the calculation of the relative integrated intensity (l) of a given diffraction
line from powder specimens as observed in a diffract meter with a flat-plate
sample holder, the following formula is valid,

Ingr = \Fl§ PLp 4.14
Where F is the structure factor, P is the multiplicity factor, Ly is the Lorentz-
polarization factor and

_1 +cosi28
F T Sin*Bcosh 4.15

The atomic scattering factors for various ions were taken from the literature
[49].

It should be added that the calculated integrated intensities are valid at O
K. Because the observed values are obtained at room temperature, a suitable
correction is in principle necessary for precise comparison. However, the
spinels are high-melting compounds, the thermal vibration of the atoms at room
temperature should not differ greatly from that at absolute zero. Therefore, in
our intensity calculations no temperature correction was deemed necessary.

The estimated cation distribution is shown in Table 4.6. The estimated
cation distributions show that the structure is really that of a mixed spinel phase
where Co?, Fe**, Mn®*" and AI*" ions are distributed in a non statistic way over
the A- and B-sites. However, as light difference in the estimated values of
cation distributions attributed to the different production method and also on
heat treatment procedure. Therefore, the cation distribution produces a
significant effect on the magnetic properties, which is discussed in the magnetic
section.

Theoretical lattice parameter (a;) were calculated using the following

equation [57]:
an =2 V3l(ta +Ro)43(1 +Ro )] 4.16

Wherer
r and rg are radii of tetrahedral (A) site and octahedral [B] site, Ry is radius of
oxygen i.e. (Ro=1.32 A).
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The values of ay, for various Al**substitution is presented in Table 4.7 and their
variation is shown in Fig. 4.17. The variation of a;, with AI** substitution is in
conformity with the variation of lattice constant ‘a’ calculated from XRD data.
The mean ionic radius of the tetrahedral A- and octahedral B-sites
(ra and rg) were be calculated using the estimated cation distribution. The
values are given in Table 4.7 and its variation is shown in Figs. 4.18 and 4.19. It
is observed that the ionic radii of B-sites decreased with the increase in AI**
substitution. The ionic site radii of B site (rg) is decreased due to the
increasingly occupation of the smaller Al**ions of ionic radii of 0.51 A (Fig.
4.19).This Al**ions replaced Mn*‘ions of 0.66 ". Further, it is observed from
Fig. 4.18 that the mean ionic radii of tetrahedral A-site (ra) increased with the

increase in AI®

substitution in Co-Mn ferrite. This increase in rp IS associated
with the migration of some of the Co?* ions from B site to A site with the
Al¥*substitution.

Table 4.7and Fig. 4.20 shows the calculated values of oxygen positional
parameter ‘u’. The value of oxygen position parameter were calculated using

the relation [58]:

u:{(rA+RO)%+%} 4.17

Where

‘a’ is the lattice constant, Ro= 1.32 " is the radius of oxygen ion and ra is the
mean ionic radii of tetrahedral A-site.

The oxygen parameter ‘u’depends on the chemical composition, preparation
conditions and sintering procedure. The ideal ‘u’ value is close to 0.375A in
spinel ferrites.The values of ‘u’ for the investigated samples were higher than
the ideal one. This indicates that the crystal lattice deviates from the ideal spinel
ferrite because of the difference in the chemical composition. However, the
deviation from the ideal crystal structure (A) found to vary with AIF*

substitution.
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4.3.4 Magnetization

Magnetic hysteresis loops for CoMn,_,Al,FeO,with amaximum applied
field of 0.9 T is shown in Figs. 4.21 (a-c).All data of the magnetization
parameters are included in Table 4.8 and Figs. 4.22-4.26.The values of
saturation magnetization (Ms) is appeared to be lower as compared to that of
bulk values of Co-Mn ferrite. Lower saturation magnetisation can be considered
as a consequence of the smaller crystallite size, which leads to structural
distortion in the external surface. This structural distortion occurs because at the
external surface the surface spins have nearest neighbours only on one side and
none on the other side (broken exchange bonds)

The variation of saturation magnetization with AI** substitution is
presented in Fig. 4.22. Decrease of saturation magnetization with the
Al**concentration depends upon the three facts:

(1) In spinel ferrite the saturation magnetisation (Ms) depends upon
strongest super- exchange coupling (anti parallel coupling) between the
tetrahedral A and octahedral B site. The strength of super exchange
coupling depends on the bond angles and bond lengths between the
cations. The exchange coupling decreases with the decrease of effective
bond lengths. In the present samples we have observed from XRD
analysis the effective bond lengths. Decrease with the increase of
Al**concentration, which leads to weakening the exchange coupling and
hence saturation magnetisation decreases.

(2)  AP**is a nonmagnetic ion, which does not take part in the exchange
interaction to the nearest neighbour ions and hence the saturation

I**concentration.

magnetisation affects with the increase of A
(3)  Porosity affects the magnetization process because the pore works as a
generator of the demagnetization field. The pores tend to hinder the free
movement of the magnetic walls during the magnetization process [59].
As a consequence, the intensity of the effective magnetic field applied to
the material is reduced [60]. Increased density reduces the material’s

porosity. Therefore, a homogeneous and denser microstructure should
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favor the flow of the magnetic field through the material, improving its
magnetic induction. The increase in porosity of the presently

I3

investigated samples with AI®" substitution may also play the role in

declining the Ms of CoMn,_,Al,FeO,spinel ferrite.

The observed variation in the saturation magnetization can also be
explained due to the difference in the contributions from the magnetic moment
of the substituted ion on the A- and B-sites of the CoMn,_,Al,FeO,spinel ferrite
i.e.

Npca = Mg-Mga 4.18
Where
Mg and M, are the B and A sub-lattice magnetic moments in pg, Ngea. IS
termed as calculated magnetic moment.

In the presently investigated ferrite system, decrease in the ngg,.(Fig. 4.23) is
expected after the substitution of AI** for Mn*' ions, since Al*is a non-
magnetic ion with magnetic moment of Opg as compared magnetic Mn** ion
with a large magnetic moment of 4.

The observed magnetic moment (ngobs.) per formula unit in the Bohr
magneton (ug) was calculated using a relation 4.20 [61]:

s = (Mw)y x (Ms)
s h585 4.19
Where
MW is molecular weight of the sample and Ms is the saturation magnetization.
It is obvious from Table 4.8 and Fig. 4.23 that the calculated and observed
values of the magneton number are in good agreement with each other.
Remanence magnetization (Mr) is also decline (Fig. 4.24) due to AI**
has no remanence; again since it is a soft magnetic material. So, the remanence
magnetization comes from the Co, Mn and Fe ions present in the samples.
Fig. 4.25 depicts the compositional variation of the ratio of remnant
magnetization (Mr) over saturation magnetization (Ms) at room temperature
measurement. In other words, this ratio (Mr/Ms) is called square ness ratio or

remanence ratio (R). Remanence ratio is a characteristic parameter of the
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material and is dependent on the anisotropy, indicating the ease with which the
magnetization direction is reoriented to the nearest easy axis magnetization
direction after the magnetic field is removed. The lower the R value is, the more
isotropic the material will be. The values of R varied from 0.28 (x = 0.00) to
0.62(x = 1.0) with increasing AI** substitution. This high remanent ratio is
desirable for magnetic recording and memory devices.

Coercivity (Hc) in a ferrite system is known to depend on several
parameters such as anisotropy constant, lattice imperfections, internal strains
and grain size etc. It can be seen from Fig. 4.26 that the coercivity decreased for
x = 0.25, which may be attributed to some extrinsic parameters such as
microstructure sand large grain size. However, it should be mentioned here that
the observed coercivity variation invariably points out that the variation in the
net anisotropy in the system due to the presence of Co?* and ions is the
dominant mechanism responsible for determining the coercivity parameters.
Further it can be concluded that the substitution of AI**in Co-Mn ferrite
changing material to a soft magnetic materials, which means that AI** has

almost no coercivity.

4.4 Conclusions

e AlF*substituted Co-Mn ferrites nano particles with a chemical
formula CoMny_Al,FeO,where x = 0.0, 0.25, 0.5, 0.75, 1.0 were
synthesized via the sol-gel auto-combustion method.

e Co-Mn ferrites nano particles synthesized by sol-gel auto-
combustion method has been characterized to be single phased
cubic spinel belonging to the space group Fd3m.

e The lattice constant of Co-Mn ferrite decreased linearly with the
increase of AIP*substitution and may be related to the smaller ionic
radii of AI** ions as compared to that of Mn®" ions.

e The surface morphology were investigated by scanning electron
microscopy, shows uniform grain growth of nanometer dimension

grains.
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Transmission electron microscopy confirmed the AI** substituted
Co-Mn ferrite particles are in nanometer dimensions.

Selected area electron diffraction patterns evident the synthesized
samples are well crystallized.

Particle and crystallite size decreased with the AI** substitution.
This eventually increases the porosity and declined the bulk density.

I** and Fe® ions over the

The occupation number of Co*, Mn*, A
tetrahedral A- and octahedral B-sites are affected by the substitution
of AI*" ions. Co*" and AI** ions preferentially occupy octahedral B
site. Mn®" ions shows their marked preference towards tetrahedral
A-site whereas Fe*" ions are randomly distributed over both A and
B sites.

The variation in occupancies of Co?*, Mn**, AlI** and Fe** ions affect
the mean ionic radii of tetrahedral (r,) and octahedral (rg) site.

The distribution of the magnetic Co®*, Mn** and Fe®*" ions thus
affected by AI** substitution has interesting effects on magnetic
structure. The system maintains ferrimagnetic ordering at room
temperature for the whole range of the composition studied. The
strength of the magnetic coupling, however, decreases
monotonously with increasing AI** substitution. The increase in
non-magnetic AI** for magnetic Mn®* ions led to a considerable
reduction in the saturation magnetization of Co-Mn ferrite.

Magnetic parameters; remanent magnetization, magnet on number

3

and coercivity is strongly affected with the Al*"substitution. These

variations in magnetic parameters were co-related to magnetic

I3

structure of Al°" ions and their site occupancies.
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Fig. 4.1 (a): X-Ray diffraction patterns of x = 0.0 and x = 0.025 for CoMn;.
JALFeO,
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Fig. 4.1 (b): X-Ray diffraction patterns of x = 0.50 and x = 0.075 for CoMn_
JALFeO,
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Fig. 4.1 (c): X-Ray diffraction patterns of x = 1.00 for CoMn,_,Al,FeQO,
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Fig. 4.8 (a). Transmission electron micrograph (TEM) image of x = 0.0 for
CoMn,Al,FeO,
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Fig. 4.8 (b). Selected area electron diffraction (SAED) image of x = 0.0 for
CoMny,AlFeO,
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Fig. 4.9 (a). Transmission electron micrograph (TEM) image of x = 1.0 for
CoMny,AlFeO,
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Fig. 4.9 (b). Selected area electron diffraction (SAED) image of x = 1.0 for
CoMny,AlFeO,
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ZakL

Fig. 4.10 (a). Scanning electron micrograph (SEM) image of x = 0.0 for
CoMn,Al,FeO,
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Fig. 4.10 (b). Scanning electron micrograph (SEM) image of x =1.0 for CoMn,.
XA|XF904
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Fig. 4.16 (b): Infrared spectra of x = 0.50 and x = 0.75 for CoMn,_,Al,FeO,
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Fig. 4.21 (a): Variation of magnetization (M) with applied field (H) of x = 0.00
and x = 0.25 for CoMn,_,Al,FeO,
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number with AI** composition x for CoMn,_ Al FeO,.

130




[CHAPTER 4] Ph.D. Thesis

S 10 ;

S L Remanence magnetization

=

s 9

S sl

c

S [

s TF

N

E’ I

()] 6

S

E >

o S5F

&)

c L

£ 4

S L -

= |

()

' 1 . 1 . 1 . 1 . 1
0.00 0.25 0.50 0.75 1.00

AI°" Composition x

Fig. 4.24: Variation of remanence magnetization (Mr) with AI** composition x
for CoMn,,Al,FeO,.

131




[CHAPTER 4] Ph.D. Thesis

v v r v r v r
Remanence ratio

o
0 )
IS
(b
(&) o
c
(B}
[
o
&
o o
o
0.2 1 N I? N 1 N 1 N L
0.00 0.25 0.50 0.75 1.00

AI** Composition x

Fig. 4.25: Variation of remanence ratio (R) with AI** composition x for CoMn,.
WAl FeO,.

132




[CHAPTER 4] Ph.D. Thesis

[ Cocrcivity |
.
(¢b)
S soof i
©
L
2 600} -
=
et
3

400 | i
O O

200 L , G , . , | , |

0.00 0.25 0.50 0.75 1.00

AI** Composition x

Fig. 4.26: Variation of coercivity (Hc) with AI** composition x for
CoMnyAl,FeO,.

133




[CHAPTER 4] Ph.D. Thesis

Table 4.1

Theoretical percentage of element in CoMn,.,AlxFeO, ferrites.

Comp. Theoretical %

Co Mn Al Fe 0]

0.00 |25.2159 | 23.506 | 0.0000 | 23.8954 | 27.3822

0.25 | 25.2955| 17.686 | 5.5795 | 23.9709 | 27.4686

0.50 | 25.3756 | 11.828 | 11.1943 | 24.0468 | 27.5556

0.75 | 25.4563 | 5.933 | 16.8448 | 24.1232 | 27.6431

1.00 | 25.5374 | 0.000 | 22.5313 | 24.2001 | 27.7312
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Table 4.2

Lattice constant (a), X-ray density (dx), crystallite size (Dxrp), bulk density (dg)
and porosity (P) of CoMn;_xAlFeO,

Comp. a dx Dxrp ds P
X (A) (g/cm®) | (nm) | (glem’) (%)
SR AN Nt I e A ot N
0.00 8.394 5.249 16.028 4.121 21.50
0.25 8.349 5.175 18.132 4.050 21.74
0.50 8.339 5.034 9.482 3.923 22.07
0.75 8.321 4.905 12.276 3.818 22.17
1.00 8.214 4.932 9.070 3.782 23.32
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Table 4.3
Hopping lengths (L and Lg) of CoMn;_xAlFeO,

Comp. Hopping length
X La (A) ‘ Ls (A)
0.00 3.6347 2.9677
0.25 3.6152 2.9518
0.50 3.6109 2.9483
0.75 3.6031 2.9419
1.00 3.5568 2.9041
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Table 4.4

Tetrahedral bond (dax), octahedral bond (dgx), tetra edge (daxe) and octahedral
edge (dsxe) (shared and unshared) of CoMn;_ Al FeO,

Comp. dax dex Tetra edge (4 Octa edge dexe (&)

X A) *) daxe Shared unshared
0.00 1.905 2.052 3.110 2.825 2.975
0.25 1.894 2.041 3.093 2.810 2.959
0.50 1.892 2.038 3.089 2.806 2.956
0.75 1.888 2.034 3.083 2.800 2.949
1.00 1.864 2.008 3.043 2.764 2912
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Table 4.5
IR absorption bands of CoMn;.,AlFeO,

Co)r(n P Uy (em™) Ty (cm™) s (cm™) T4 (cm™)
S ———N———————
0.00 742 358 533 283
0.25 746 364 527 280
0.50 763 349 539 278
0.75 787 320 550 229
1.00 816 299 534 -
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Cation distribution of CoMn_Al,FeO4

Comp. Cation distribution
X A-site B-site
NN NIRRT,

0.00 Mno7Feos Co1.oMngsFeo 7

0.25 | MnggFeo.4 Co1.0Mno.15Alo.25F€0.6

0.50 Mno.4Feos Co1.0Mng1AlosFeq.

0.75 | Coo2Mno2Feos C00.8Mno.05Al0.75F€0.4

1.00 | Coo2Alo.1sF€065 Coo.8Al0.s5F€0.35
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Table 4.7

lonic radii of tetrahedral A-site (ra), octahedral B-site (rg), theoretical lattice
constant (a;,) and oxygen positional parameter (u) of CoMn;.xAlFeO,

Comp. ra s ath u
‘X’ (A) (A) (A) (A)
0.00 0.663 0.724 8.503 0.3846
0.25 0.664 0.704 8.454 0.3855
0.50 0.666 0.685 8.404 0.3864
0.75 0.690 0.654 8.359 0.3888
1.00 0.668 0.646 8.304 0.3882
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Table 4.8

Saturation magnetization (Ms), remanence magnetization (Mr), remanence ratio
(R), magneton number (ng) and coercivity (Hc) of CoMn;.xAlxFeO,

|
Comp. Ms \V/ R s (Us) Hc
X (emu/g) | (emu/g) Obs. | Cal. | (Oe)

0.00 34.63 9.57 0.28 1.45 3.40 510

0.25 25.28 5.34 0.21 1.03 2.20 224

0.50 17.87 4.61 0.26 0.70 0.80 248

0.75 13.68 3.88 0.28 0.52 0.20 360

1.00 11.39 7.09 0.62 0.42 0.30 | 1056
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Chapter 5 /

Results and discussion on CoMn,,Cr,FeO,

5.1 Introduction

Application and synthesis of nano materials is the subject of intense
research now a days because of their unique physical and chemical properties,
which makes them very appealing from the point of view of the scientific value
of understanding their properties along with the technological significance of
enhancing the performance of existing materials [1-9]. There are two main
factors which make nano materials to behave significantly different than that of
bulk materials:

(1) surface effects that causing smooth properties scaling due to the fraction
of atoms at the surface, and
(>i1) Quantum effects (showing discontinuous behavior due to quantum

confinement effects in materials with delocalized electrons) [10].

These above two factors dominantly affect the chemical reactivity of
nano materials and physical properties such as; mechanical, optical, electrical
and magnetic properties.

Research into the synthesis and characterization of magnetic materials
has been conducted for more than a century. The importance of magnetic
materials in our daily life ranges from electric motors and magnetic storage
devices to Brio toy trains. Recently, the ability to produce nanometer-scale
magnetic materials has opened new applications for magnetic materials [11].

Magnetic nano particles exhibit unique properties and have promising
technological applications in high density recording, color imaging, Ferro
fluids, high frequency devices and magnetic refrigerators [12, 13]. Nano
particles of magnetic ceramic materials are also widely used as contrasting
agents in magnetic resonance imaging (MRI), replacement of radioactive
materials used as tracers and delivery of drugs to specific areas of the human
body. From the application point of view, the most significant properties of

magnetic ceramic materials namely; magnetic saturation,coercivity and
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magnetization, change drastically as the size of the particles move down into
the nano metric range [14-17].

Magnetic spinel ferrites nano particles having general formula AB,O,
are of vital importance from both basic science point of view and technological
applications point of view. In ferrite ‘A’ is divalent metal ion and ‘B’ is
trivalent metal ion. The structural and electrical properties are very much
sensitive to the methodology adopted for the synthesis and synthesis
parameters. Normally, in AB,Oy structure divalent ion is bigger in size than that
of trivalent ion. Former occupies octahedral site while latter occupies
tetrahedral site with some exceptions. Spinel ferrites are commercially
important materials because of their excellent magnetic and electrical
properties. Interesting physical and chemical properties of the magnetically
diluted ferrites arise from the ability of these compounds to distribute the
cations amongst the available tetrahedral A- and octahedral B-sites. Ferrites are
able to fulfill a wide range of applications from microwave to radio frequencies,
are of great importance from both fundamental and applied research points of
view [18-21]

Polycrystalline soft ferrite are magnetic semi-conductors which cannot
be replaced by any other magnetic material, because ferrites are stable,
relatively inexpensive, easily manufactured and have widespread applications
in electronics and communications industries due to their interesting electrical
and magnetic properties [22]. Ferrites are also used for magnetic application
such as transformer cores, noise filters and recording heads, etc. due to their
excellent magnetic properties such as high initial permeability and high
saturation magnetization. However, ferrites have certain limitation for magnetic
applications at high frequencies because of their low resistively and therefore
high eddy current losses.

Cobalt ferrite (CoFe,0,) corresponds to the group of spinel-type ferrites,
which are compounds with a cubic oxygen lattice of the general formula
Me,Fe; O, [23],where Me is usually a divalent metal cation. Fe;O0, (magnetite)
is the prototype of an inverse spinel ferrite, with a cation distribution of (Fe**)

[Fe**Fe’*] O,. In this structural formula, the parentheses denote tetrahedral
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oxygen coordinated sites (A sites) and the square brackets denote the octahedral
sites (B sites). The interstices of the coordination tetrahedral are too small for
the larger Fe** ions, thus these sites are occupied by Fe’*ions only. In CoFe,0,,
it has been found that a certain percentage of Co** ions (up to 24% of the ions
in the tetrahedral site), being smaller than Fe**, may replace theFe®* ions at the
tetrahedral sites, while the majority of the Co** ions occupy the octahedral sites.
It is thus impossible to refer to the cobalt ferrite lattice as having either the
normal or the inverse spinel structure [24]. The rest of the Co** ions replace the
Fe** ions in the octahedral sites [25].

The properties of ferrites are mainly depending upon chemical
composition, method of preparation, sintering time and temperature [26].
Introducing small amount of a foreign ion can change the electrical and
magnetic properties of the ferrite [27].CoMn, Cr,FeO,spinel ferrite nano
particulate system may offers an opportunity to study the roles of Co**, Mn’*
and Fe’* in spinel ferrites through the variation of Cr’* ion concentration. Cr**
ions usually occupy the octahedral B sites in spinels. A decrease in total
magnetic moment at B sites is expected as Cr’* with a magnetic moment of 3y
replaces the stronger Mn’* (4) cation. Cr’* ion has an electron configuration
of t2g3eg0 in spinel structure, which theoretically has a relatively large orbital
angular momentum. The Mn®" ion at the B site has t2g3eg1 electron configuration
in spinel structure, which theoretically has a zero orbital angular momentum.
Therefore, the substitution of Mn>* by cr’* inCoMn_,Cr,FeO,nanoparticles
should also offer certain information on the contribution from the orbital
angular momentum toward magnetic properties.Cr’* substitution could be
complicated since the exchange couplings between Cr’* ions display a large
negative exchange constant (Jg.g) [28]. A strong negative Jg Interaction favors
antiparallel alignment. Although such an arrangement is hindered in mixed
spinel ferrites, it could disrupt the parallel alignment of spins on the B site to
various extents and lead to spin canting. When x = 1 (CoCrFeQ,), magnetic
frustration has been observed in bulk samples [29, 30]. Therefore, it is also

fundamentally interesting to see if the magnetic order has been altered in nano
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particles by Cr’* substitution.

5.2 Experimental

5.2.1 Synthesis methodology

The wide applications of nano sized ferrites lead to the development of
various synthesis methods, which include hydrothermal, ultrasonically assisted
hydrothermal, mechanical alloying, pulsed wire discharge, shockwave, reverse
micelle co-precipitation, freeze drying, spray drying, precursor and sol-gel
[31-41]. The sol-gel method, in particular, is one of the most useful and
attractive techniques for the synthesis of nano sized ferrite materials because of
its advantages such as; good stoichio metric control and the production of ultra
fine particles with a narrow size distribution in a relatively short processing
time at very low temperature. Sol-gel methods generally refer to the hydrolysis
and condensation of metalalkoxides or alkoxide precursors, leading to
dispersions of oxide particles in a “sol”. The “sol” is then dried or “gelled” by
solvent removal or by chemical reaction. In general water is used as the solvent,
but the precursors can also be hydrolyzed by an acidic or basic medium. The
catalysis process induces the formation of colloidal swell as polymeric form of
the gel [42,43]. The properties of final products depend upon the rates of
hydrolysis and condensation reactions. Smaller particles can be obtained at
slower and more controlled hydrolysis rates. The size of the particle can be
varied by changing the solution composition, pH, and temperature [sagar].

Analytical reagent grade cobalt nitrate (Co(NO;),-:3H,0), chromium
nitrate (Cr(NO;);-9H,0), manganese nitrate (Mn(NO;),-6H,0),iron nitrate
(Fe(NO;);-9H,0) and citric acid (C¢HgO7-H,O),were used to synthesize the
CoMnCrFeO, (x = 0.0, 0.25, 0.5, 0.75, 1.0) ferrite nano particles. In the
presented study sol-gel auto-combustion method was adopted to synthesize the
ferrite nanoparticles. Reaction procedure was carried out in air atmosphere
without protection of inert gases. The molar ratio of metal nitrates to citric acid
was taken as 1:3. The metal nitrates were dissolved together in a minimum

amount of double distilled water to get a clear solution. An aqueous solution of
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citric acid was mixed with metal nitrates solution, then ammonia solution was
slowly added to adjust the pH at 7. Then the solution was heated at 90 °C to
transform into gel. When ignited at any point of the gel, the dried gel burnt in a
self-propagating combustion manner until all gels were completely burnt out to
form a fluffy loose powder. The auto-combustion was completed within a
minute, yielding the brown-colored ashes termed as a precursor. It has been
observed that the calcinations temperature is an important parameter during the
synthesis of ferrite nano particles via sol-gel method which affects the physical
and magnetic properties of ferrites nano particles. Therefore, the as prepared
ferrite powder was annealed at 600 °C for 4 h in order to compete the
crystallization. Theoretical percentage of the elements in the finally synthesized

CoMn,_,Cr,FeO,ferrite sample is shown in Table 5.1.

5.2.2 Characterizations techniques

The crystal structure of the as-prepared samples was characterized by X-
ray diffraction technique using Phillips X-ray diffract meter (Model 3710)
equipped with Cu-K,, radiation (A=1.5405A). The microstructure was examined
on the fracture surfaces of the samples using thermal field emission scanning
electron microscope (SEM). Transmission electron microscope (TEM)
measurements were recorded on Philips (Model CM 200). The samples were
prepared by dispersing the powders in acetone and dropping the suspension on
a lacey carbon film supported on a 300-mesh copper grid. The infrared spectra
of all the samples were recorded at room temperature in the range 300 cm™ to
800 cm™ using Perkin Elmer infrared spectrophotometer. Room temperature
magnetization of the samples was measured using the pulse field magnetization

set-up.

5.2.1 Formulae

The lattice parameters have been computed using the d-spacing values

and the respective (h k 1) parameters from the classical formula given in Eq.5.1

[45]:
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[ .2 2,42
a:i (h™+k~+17) 5.1

2 sin 6
Where
d is the inter-planer spacing and (/kl) is the index of the XRD reflection peak.
The X-ray density (dx) of all the samples of the series was obtained by
the following relation:

_8M

dx 3
Na

5.2

where
‘8’ is the number of molecules per unit cell, ‘M’ is the molecular weight of
sample, ‘N’ is the Avogadro’s number and ‘a’ is lattice constant.

The crystallite size of the nano crystalline samples were measured from

XRD line broadening analysis applying Scherrer’s formula [45]:

kA
Dygp = ——— 5.3
XRD S cos @

Where
Dxrpis the dimension of the crystallites, A the wavelength of the X-ray
radiation, 0 the Bragg angle, k is a shape factor taken to be 0.94and 3 the peak
width measured at half of the maximum intensity.

The percentage porosity (P) is calculated using the following relation:

P:(giiginum

X

5.4

Where
dx and dg are the X-ray density and bulk density respectively.
L, and Lg i.e. the hopping length for tetrahedral A- and octahedral B-

sites respectively were calculated using the following relation:

3

Ly=ay7 5.5
2

Li=ay7 5.6

Using the experimental values of lattice constant ‘a’, oxygen positional
parameter ‘u’ (0.375 A) and substituting using the following equations, the

allied parameters such as tetrahedral and octahedral bond length (d4, and dj,),

147




[CHAPTER 5] Ph.D. Thesis

tetrahedral edge, shared and unshared octahedral edge (daxg, dpxe and dpxey)

were calculated:

dszax/g[u—i) 5.7

1
2
d,, =a| 3u’ —(Eju +£ 5.8
4 64
d axe =a\/5(2u —%j 5.9

d pxshaired =aN 2 (1-2u) 5.10
1
11
dBXEunshair ed = 0[4” 2 - 3u +E] ? 5.11

Theoretical lattice parameter (ay;) were calculated using the following

equation [46]:
ag =§\/§[(YA+R0)+\/§(rB+RO)] 5.12

Where
r, and ry are radii of tetrahedral (A) site and octahedral [B] site, R is radius of
oxygen i.e. (Ro= 1.32 A).

The value of oxygen position parameter were calculated using the

relation [47]:

1 1
= Ry)—+— 5.13
u |:(rA + 0)\/5 + 4:|

Where
‘a’ is the lattice constant, Ro= 1.32 A is the radius of oxygen ion and r, is the
mean ionic radii of tetrahedral A-site.

The observed magnetic moment (ngobs.) per formula unit in the Bohr

magnet on (ug) was calculated using a relation 5.14[48]:

n _ (Mw) < (Ms)
Bobs. — 5Ras 5.14

Where

MW is molecular weight of the sample and Ms is the saturation magnetization.
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5.3 Results and discussion

5.3.1 Structural Analysis

Fig. 5.1 (a-c) shows the room-temperature X-ray diffraction pattern for
all the investigated samples. The result of indexing the XRD pattern showed
that the nominal composition structure is single-phase cubic with no reflections
other than those belonging to the spine structure with Fd3m cubic spinel space
group. The reflection from the planes, (22 0), (3 11),(222),(400), (422),
(333) and (4 4 0) appeared for all samples. All the samples shows cubic spinel
structure and the patterns are similar in the whole composition range where
Miller indices (i.e.h, k, [ values) in this range of compositions are unmixed
which shows that the crystal structure is face centered cubic (FCC).

The XRD patterns show also a slight shifting in peaks position towards
higher d-spacing values with increasing Cr’* composition in the Co-Mn ferrites.
The d-spacings for the recorded peaks were calculated according to Bragg’s
law. The values of lattice parameter (a) were obtained by fitting the diffracted
peaks using standard least-squares method and by employing eq. 5.1 against
Cr’* ion substitution are shown in Fig. 5.2. It can be observed from the figure
that the unit cell parameter decrease with an increasing Cr’* substitution. In
Cr’* substituted Co-Mn ferrites, the Cr’* ions are known to have strong site
preference of B sites [49] leads to the replacement of Mn’" ions at octahedral
sites. The variation of lattice constant with increasing Cr’*substitution can be
explained on the basis of ionic radii of the impurity ions. The pauling ionic
radius of Cr** (0.63A) is smaller than that of Mn®* (0.66 A) ions. If the radius of
the impurity ion is smaller than the displaced ion, the lattice shrinks and the
lattice constant decreases.

It can be seen from Table 5.2 and Fig. 5.3that X-ray density increases
with increase Cr’* concentration, while the lattice parameter (a) has the
opposite behavior. This causes a decrease in the size of the unit cell and
consequently, it causes an increase of the X-ray density. Secondly the variation
may be related to the difference in the atomic weights between Cr’* and Mn**

ions.
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Table 5.2 and Fig.5.4 shows the compositional variation of bulk density
(dg) of Cr’* substituted Co-Mn ferrite sintered at 600 °C for 4 h.It is indicated
that the density noticeably decreases with the increase of Cr’* substitution x
until x = 0.75, for x = 1.0 composition a slight stability was observed for this
sample. The decreasing of bulk density against Cr’* substitution for the all the
samples can be ascribed to the atomic weight and density of Cr (51.99,7.19 gm-
3), which are smaller than that of Mn (54.93, 7.23 gm'3 ). Secondly, the decrease
might also be caused by many generated intragrain pores.

One of the most often used approaches in estimating the crystallite size
(Dxrp) from the XRD data is the utilization of the Scherrer formula (eq.5.3)
[45]. The peaks of (22 0), (311),(222),(400), (422),(333)and (44 0)
have been de convoluted to Lorentzian curves for the determination of the
crystallite size using full-width at half maximum value. It is observed from
Table 5.2and Fig. 5.5 that the Dyrp decreased from 19.8 (x = 0.0) to 14.1 nm
for x = 0.5 and it again increased to 16.3 nm for x = 1.0. It can be concluded
that the replacement of Mn’*ions with Cr’* in Co-Mn ferrite may leads to a
decrease in cation vacancies and in turn to a decrease of crystallite size.

Yan and Johnson [50] concluded that, the dissolution of an oxide dopant
with 2% cation valence in ferrite does not created excess cation vacancies.
However, dopants with 3" cation valence generate little excess cation vacancy
concentration in the ferrite lattice. They also attributed the absence of enhanced
grain growth for dopant oxides with 2% or 3" cation valence to the lake of a
significant number of excess cation vacancies in the ferrite lattice.

It is also possible that the excess Mn,0; in the ferrite composition may
results in a higher cation vacancy concentration and lower density. The low
cation vacancies can reduce the flux of cation diffusion and hence pore
migration will be retarded. As a consequence, it was observed that pores were
trapped inside the grains [51]. Therefore, the Cr’* substitution which is
accompanied by a decrease in Mn,0O; content in the Co-Mn ferrite results in a
decrease in cation vacancies. The decrease in cation vacancies with increasing

Cr’*substitution in the prepared nano particle samples may be the reason for the
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observed decrease in crystallite size. On the other hand Cr’* ions, which tend to
decrease the grain size, cause impedance to the domain wall motion in ferrite
and that the higher the concentration of these ions the more the wall motion is
impeded [52].

The effect of Cr’* substitution on the porosity of the prepared samples
are observed in Table 5.2 and Fig. 5.6 The Cr’* substitution enhance the
porosity thus decreasing the density of the sample. Since the decrease of bulk
density is of order 0.014 g/cm® with Cr substitution while the increase of X-ray
density for x=0.0 to x=0.75 is of order 0.022g/cm’, one can expect the porosity
to increase with increasing Cr substitution. The small difference between dg and
dx is mainly due to the increase in porosity percentage.

It has been reported that the jump length ‘L, and Lg’(i.e. the distance
between the magnetic ions) of electrons influences the physical properties of
the ferrite system. Electrons those are hopping between B- and A- sites are less
probable compared to that between B- and B-sites, because the distance
between the two metal ions placed in B-sites is smaller than if they were placed
one in B-sites and the other in A-sites. ‘L’ of the A- and B-sites is determined
from the relations 5.5 and 5.6. It is observed from Table 5.3 and Fig. 5.7 that
‘L and Ly’ decreases with increasing Cr’* substitution. The decrease in jump
length is due to the decrease in the distance between the magnetic ions by the

substitution of smaller Cr’** ions at the B-sites.

Transmission electron microscopy

In order to investigate the particle morphology and confirm the phase
structure of the sol-gel synthesized Co-Mn ferrite nano particle samples,
selected samples were examined by high magnification TEM.TEM results are
also helpful in order to clarify the nanostructure of ferrite magnetic nano
particles prepared by sol-gel method. It is observed from Figs. 5.8(a) and 5.9(a)
that the magnetic nano particles are aggregated. The average value of the nano
crystalline particles are is consistent with the result obtained from XRD
analysis. It is evident that the magnetic nano particles are not in exactly in

spherical shape. With the observation of ferrite nano particles it reflects the
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shape of the spinel crystal of FCC structure. It can also be seen from TEM
images that the ferrite nano particles are uniform in both morphology and
particle size, but agglomerated to some extend due to the interaction between
magnetic nano particles. Figs. 5.8(b)-5.9(b) shows selected area electronic
diffraction (SAED) pattern of then particles and indexed diffraction rings
confirm the crystal planes of Co-Mn-Al ferrite.

All the allied parameters; tetrahedral and octahedral bond length
(dax and dg,), tetrahedral edge, shared and unshared octahedral edge (daxg and
dgxg) were calculated using equations 5.7-5.11. The values of all the allied
parameters are tabulated in Table 5.4 and their graphical illustration were
presented in Figs. 5.10-5.14. It is observed that d4,, dgy, daxg and dpxg decrease
with increasing Cr’* substitution. This is due to the substitution process, that is,
replacement of larger ionic radii (Mn*") by smaller ionic radii (Mn**) and their

distribution over the tetrahedral A- and octahedral B-sites.

5.3.2 Infrared spectroscopy (IR)

Infrared spectroscopy is used to detect completion of solid state reaction,
cation distribution, deformation of spinel structure, cation ordering and force
constants for octahedral and tetrahedral sites in spinel ferrites. The ferrite
crystallizes in the natural spinel (MgAlL,O,) form with the space group
Fd3m — (O,”). On the basis of group theoretical calculations, spinel ferrites
exhibit four IR active fundamentals (V) in the vibrational spectra of normal as
well as inverse spinel ferrites [53]. It has been reported that the first three IR
bands are due to tetrahedral (A) and octahedral [B] coordination compounds,
while the fourth one is due to some type of lattice vibrations involving
tetrahedral cations.

Figs. 5.15 (a-c) shows the IR absorption spectra of all the investigated ferrite
samples, from which it can be seen that there are four bands characterizing
ferrites which can easily be observed in the range 300—800 cm™ for the studied
samples. The positions of IR bands are listed in Table 5.5.The difference in

positions of the bands for the various compositions was expected because of the

152




[CHAPTER 5] Ph.D. Thesis

difference in the distances for the octahedral and tetrahedral ions [Waldron], the
four bands can be classified into two groups: two high-frequency bands and two
low-frequency bands.

The high-frequency bands, vy; is appeared in the wave number range of
716748 cm™ and is related to intrinsic vibrations of the tetrahedral group, the
second band, v, is in the range of 294-375 cm™ and is due to the octahedral
metal complexes. The shoulder to the band v, is appeared, this should is
corresponds to low-frequency v; band which is in the range of 494-551 cm
and this v; band is probably related to the divalent octahedral metal-oxygen ion
complexes. The forth band, v, at 220-307 cm’! was observed and can be
assigned to the divalent tetrahedral vibrations.The shift in the v, and v, bands
was found to depend on the compositions of ferrites.

Increase in substitution of Cr’* ions increase the intensity of all the
bands at the same time increase in broadness is also observed. This increase in
intensity and increase in broadness can be explained on the basis of cation
distribution. The order of cations on the octahedral site varied as the Cr’* content
increased thereby decreasing the Mn®* and Fe’*composition from the octahedral
B site. The disorderedsystem gives rise to broader bands in their spectrum [54]
and it has been attributed to the statistical distribution of Fe ion son A and B
sites.

The variation in the intensity of absorption band may also be related to
the change of dipole moment with the internuclear distance (dp/dr) [55]. This
value represents the contribution of the ionic bond Fe—O in the lattice. So, the
observed variation in the absorption band intensity with increasing
Cr’*substitution is presumably due to the perturbation occurring in Fe—O bonds
by substitution the Cr’* ions. On the other hand, the electronic distribution of
Fe-O bonds is greatly affected when Cr’* ion with (3d*4S* orbital is
introduced in its neighbourhood and this consequently affects (dp/dr) of the
Fe—O bond [56].The absorption band v;shifts slightly towards the higher
frequency side, which can be attributed to the shifting of Feions towards

oxygen ion on occupation of tetrahedral site by Cr’* ions with smaller ionic
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radii, which decreases the Fe —O distance. The variation inv,band frequency
may be associated with the bond length and the change in cation distribution.
The observed v; band could be due to Co**-O" and Fe’*-O" complexes on the
octahedral site. The intensity of this band decreased with the increase in

Cr’* ions since the Fe** composition decreased with increase in Cr’* ions.

5.3.3 Cation distribution

The cation distribution of the presently investigated spinel ferrite system
was estimated using X-ray diffraction data. The details of the analysis are
already discussed in chapter 4. The estimated cation distribution of Co**, Mn**,
Fe’* and Cr'* is listed in Table 5.6. It can be observed from the data of cation
distribution that the Cr’* ions show a preference for octahedral B-sites. From
occupancy variation we have observed that Fe®* ion can occupy both tetrahedral
A- and octahedral B-sites. Hence, the present samples are in mixed spinel
structure. Partial migration of Co**and Fe**ions from B to A sites has been
observed by increasing the Cr’*substitution accompanied by decreasing number
of Mn™* ions from A-sites.

In corroborating Eq. 5.12, the theoretical lattice constant (ag) was
calculated for different values of x. Over the range of x it has been noticed that
the calculated values of the lattice constant agree rather well with the
experimental results as depicted in Fig. 5.16 and Table 5.7.The difference
between the theoretical and experimental lattice parameter is evidenced for all
the samples as observed in Figs. 5.2 and 5.16. This discrepancy can be
attributed to the porosity of the samples which reflect the behavior of the
density.

The mean ionic radius of the tetrahedral A- and octahedral B-sites
(rp and rg) can be calculated for all the samples using the cation distribution
data. The values of the r, and rg are given in Table 5.7 and their variation is
shown in Figs. 5.17 and 5.18. It is observed that the mean ionic radii of
octahedral B site (rg) decreases with an increase in Cr’* substitution. The

decrease in ry is due to the occupancy of smaller Cr’* ions of ionic radii
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(0.63 A). The occupancy of Cr’* ions at B site is eventually associated with an
increase in mean ionic radii of tetrahedral A-site. As the Cr’* ion occupy the
octahedral site is force Co’* and Fe’* ions of combined larger ionic radii to
migrate tetrahedral A-site. This migration of Co®* and Fe* ions from B site to
A site enhance the mean ionic radii of tetrahedral A-site, resulted in an increase
in rg.

Table 5.7 and Fig. 5.19 shows the calculated values of oxygen positional
parameter ‘u’. The oxygen parameter ‘u’depends on the chemical composition,
preparation conditions and sintering procedure. The ideal ‘u’value is close to
0.375A in spinel ferrites. The values of ‘u’ for the investigated samples were
higher than the ideal one. This indicates that the crystal lattice deviates from the
ideal spinel ferrite because of the difference in the chemical composition.
However, the deviation from the ideal crystal structure (A) found to vary with

Cr** substitution.

5.3.4 Magnetization

The magnetization curves of the synthesized and annealed
CoMn_CrFeO, spinel ferrite nano particle samples obtained from room
temperature VSM measurement are shown in Figs. 5.20(a-c).Substitution of
Cr’* ions into Co-Mn ferrite greatly affects its magnetic properties. The values
of saturation magnetization (Ms), coercivity (Hc), remanence magnetization
(Mr), remanence ratio (R) and magneton number (ng) obtained from
magnetization plots are given in Table 5.8.

It is observed from Figs. 5.20 and 5.21 that the substitution of Cr’* ions
decreases the saturation magnetization of Co-Mn ferrite. Incorporation of more
Cr’* ions into the B sites weakens the L-S couplings further, probably due to
the weaker magnetic moment of Cr’* compared to Mn**. Such results suggest
that the L-S couplings in Cr’* do not benefit from its relatively large orbital
angular momentum. On the other hand, Co** with a t2g5 egzelectron configuration
in spinel has very strong L-S coupling even though it has the same number of

unpaired electrons and the same theoretical orbital angular momentum as the
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Cr'*cation. The great difference in magnetic behavior between Co**and Cr’*
cations in spinel ferrite nano particles may offer some insights into the
magnetic quantum interactions at the atomic level.

In spinel ferrite the saturation magnetization is dominated by the super
exchange interactions between the tetrahedral A- and octahedral B-sites cations.
Incorporation of Cr’* ions will decrease the number of magnetic linkages
occurring between tetrahedral and octahedral cations and thereby leads to
weakening of the tetrahedral-octahedral super exchange interactions.
According to Neel’s molecular-field model [48], the A-B super exchange
interaction predominate the intra sublattice A-A and B-B interactions.
Therefore, the net magnetic moment is given by the sum of the magnetic
moments of the A and B sub lattices; ng.,;= Mg-M,a, where My and M, are the
B and A sub-lattice magnetic moments in g, Npe.Values of npe, were
calculated using cation distribution data and by using the magnetic moment of
Fe™* (5ug), Co™*(2us), Mn**(4up) and Cr**(3ug) ions.

The observed magnetic moment (ng ops) per formula unit in the Bohr
magnet on (ug) was calculated using the relation 5.14.The variation of both the
magnet on number is shown in Fig. 5.22 and the values are presented in Table
5.8. In the present ferrite system the Fe’* ions are replaced by Cr’* ions, leading
to a decrease in the B -site sublattice magnetization. Therefore, the
magnetization of the B sublattices decreases, which leads to a decrease in the
net magnetization. The decrease in net magnetic moment can be explained by
the A-B interaction. In the presently investigated system, Cr’*(3ug) ions
replacesMn™*(4p1) ions. This replacement leads to a decrease of the magnetic
moment of the B -site, and thus the magnet on number ng decreases with
Cr’*substitution. The decrease in ng op, is associated mainly due to the decrease
in saturation magnetization and molecular weight with Cr** substitution.

Remanence magnetization (Mr) and remanence ratio (R) is also
decreased (Figs. 5.23-5.24 and Table 5.8) with the increase in Cr’* substitution.
Coercive field reflect the coercivity of a ferromagnetic or ferrimagnetic

material. This value refers to the intensity of the magnetic field required to
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reduce the magnetization of the magnetic sample to zero after the magnetization
of the sample has reached saturation. It is observed from Fig. 5.25 and Table
5.8 that the coercivity increases with increasing Cr’* substitution. According to
the one-ion model, the anisotropy field of ferrites depends on the amount of Fe
ions in the sample. It observed that the distribution of Co®* and Fe®* ions varies
as a result of increasing Cr’*substitution. This might positively contribute for
anisotropy constant to increase with increasing Cr’*substitution and that,
consequently, the magnitude of Hc also increases. According to Stoner-
Wolfforth theory coercivity is related to anisotropy constant K though the
following relation [57,58]:

098K
Mg

5.15

c

Where

K is the anisotropy constant and Ms is the saturation magnetization.

For all concentrations of Cr’* ions, the system may be considered isolated.
According to this relation Ms is inversely proportional to He, and this is in good
agreement with the present magnetic results.The coercivity also depends upon
defects, surface effect, strains, non-magnetic atoms, etc. in thematerial [59].
The coercive force variation of the system shows atypical size dependent
behavior. This behavior can be attributed to the combination of surface effect
and its surface anisotropy [60]. The electronic configuration of Cr** ions results
in the lattice or crystalline field distortion, and generates an internal stress. This
3+

might also one of the reasons to increase the coercivity of the samples with Cr

substitution

5.4 Conclusions

The nano particles of Cr’* substituted Co-Mn ferrite with particle size
14-19 nm have been successfully synthesized by sol-gel auto-combustion
method. No impurity phase other than cubic spinel is observed in the X-ray
diffraction data. The XRD pattern revealed that the cubic spinel structure is

maintained for the all the compositions. The particle sizes measured from XRD
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and TEM are in good agreement with each other. The estimated cation
distribution data obtained from the XRD analysis with employing Bertaut
method indicate that Co*, Cr’* and Fe’ have strong preference towards
octahedral B-site whereas Mn’* preferred octahedral B site. The theoretical
values of lattice constant agree well with experimental lattice constant, and
show decreasing trend with increase in Cr’* substitution. The structural
parameters such as X-ray density, bulk density, and porosity were strongly
affected by the incorporation of Cr’* ions in Co-Mn ferrite. Hopping length i.e.
jump length of ion decreased with Cr’*substitution and can be related to the
smaller ionic radii associated with Cr’* ions as compared to that Mn®* ions.
Two major absorption bands were observed in the infrared spectra and reveal
the formation of single phase cubic spinel structure of Cr’* substituted Co-Mn
ferrite. The saturation magnetization, remanence magnetization and remanence
ratio decreases linearly with increasing Cr’* content. Incorporation of more Cr’*
ions into the B sites weakens the L-S couplings further, probably due to the
weaker magnetic moment of Cr’* compared to Mn’*. Such results suggest that
the L-S couplings in Cr** do not benefit from its relatively large or bitalangular

momentum. Coercivity found to enhance with Cr’*substitution.
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Fig. 5.1 (a): X-Ray diffraction patterns of x = 0.0 and x = 0.025 for CoMn,.
CrFeOy
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Fig. 5.8 (a). Transmission electron micrograph (TEM) image of x = 0.25 for
CoMn_4CriFeOy,
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Fig. 5.8 (b). Selected area electron diffraction (SAED) image of x = 0.25 for
CoMn, 4CrsFeO,
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Fig. 5.9 (a). Transmission electron micrograph (TEM) image of x = 1.0 for CoMn,;.
«CryFeOy4
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Fig. 5.9 (b). Selected area electron diffraction (SAED) image of x = 1.0 for
CoMn,_4CrFeOy4
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Fig. 5.20 (a): Variation of magnetization (M) with applied field (H) of x = 0.00
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Table 5.1

Theoretical percentage of element in CoMn; xCrxFeQy ferrites.

Comp. Theoretical %

Co Mn Cr Fe (o)

0.00 | 25.2159 | 23.506 | 0.000 | 23.8954 | 27.3822

0.25 | 25.2955 | 17.686 | 5.5795 | 23.9709 | 27.4686

0.50 | 25.3756 | 11.828 | 11.1943 | 24.0468 | 27.5556

0.75 | 25.4563 | 5.933 | 16.8448 | 24.1232 | 27.6431

1.00 | 25.5374 | 0.000 | 22.5313 | 24.2001 | 27.7312
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Lattice constant (a), X-ray density (dx), crystallite size (Dxrp), bulk density (dg)

Table 5.2

and porosity (P) of CoMn;4CrsFeO,

Comp. a dx Dxrp dg P
X A) | (gemd) | m) | (gem’) | (%)
—— e

0.00 8.3972 5.243 19.8 4,121 21.41
0.25 8.3882 5.244 18.5 4,112 21.58
0.50 8.3717 5.258 14.1 4,109 21.86
0.75 8.3588 5.266 16.6 4,107 22.01
1.00 8.3566 5.253 16.3 4,107 21.82
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Hopping lengths (L and Lg) of CoMn, «CrFeOy4

Table 5.3

Comp. Hopping length
x Ly (A) | Ly (A)
0.00 3.6361 2.9689
0.25 3.6322 2.9657
0.50 3.6251 2.9598
0.75 3.6195 2.9553
1.00 3.6185 2.9545
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Table 5.4

Tetrahedral bond (dax), octahedral bond (dgx), tetra edge (daxg) and octahedral
edge (dpxg) (shared and unshared) of CoMn; CryFeOy4

Comp. dax dpx Tetra edge (i) Octa edge dpxg (i)

X &) A) daxe Shared unshared
0.00 1.905 2.052 3.111 2.826 2.976
0.25 1.903 2.050 3.108 2.823 2.973
0.50 1.899 2.046 3.101 2.817 2.967
0.75 1.897 2.043 3.097 2.813 2.963
1.00 1.896 2.042 3.096 2.812 2.962
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Table 5.5
IR absorption bands of CoMn;xCrFeOy4

Comp. 1 (em™) 5 (em™) T3 (em™) g (em™)
e e L —
0.00 736 314 494 234
0.25 716 294 533 220
0.50 722 375 540 307
0.75 745 340 547 225
1.00 748 337 551 236
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Cation distribution of CoMn_4CryFeOy4

Comp. Cation distribution
X A-site B-site
|

0.00 Mno 7Feq s Co1.0MnosFeos

0.25 Mng 65C0g.05F€0.3 Mno.1C00.95Cro.25F€0.7

0.50 Mng 35C00.15F€0 5 Mno.15C00.85Cro.sFeo s

0.75 Mng 2Co0.2Cro.0sF€0.55 Mno,05C00.8Cro.7F€0.45

1.00 C00.2Cro2Feos Coo.5CrosFeo.a
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Table 5.7

Ionic radii of tetrahedral A-site (ra), octahedral B-site (rg), theoretical lattice
constant (ag) and oxygen positional parameter (u) of CoMn; CryFeOy4

Comp. ra Ig A u

‘X’ (A) (A) (A) (A)
e

0.00 0.663 0.724 8.503 0.3846
0.25 0.669 0.717 8.495 0.3852
0.50 0.683 0.706 8.487 0.3863
0.75 0.689 0.700 8.479 0.3868
1.00 0.686 0.698 8.471 0.3867
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Table 5.8

Saturation magnetization (Ms), remanence magnetization (Mr), remanence ratio
(R), magneton number (np) and coercivity (Hc) of CoMn;4CrFeOy

Comp. Ms M, R s (Up) Hc
X (emu/g) | (emu/g) Obs. | Cal. | (Oe)
0.00 37.74 10.48 0.278 1.58 3.40 | 457
0.25 33.22 9.60 0.289 1.39 3.25 | 562
0.50 22.47 5.52 0.246 0.93 2.80 | 239
0.75 13.91 4.64 0.334 0.58 265 | 521
1.00 9.73 3.62 0.372 040 | 2.60 | 726
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