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ABSTRACT

Work presented in this thesis describes studies on structural, magnetic and
Mdossbauer spectroscopy characterization on nano and bulk samples of pure nickel-zinc
ferrite having basic composition NigsgZno42Fe204 and indium doped nickel-zinc ferrite
(NigssZnoazlngFe;.x04, x = 0.1, 0.2, 0.3) samples. Nano ferrite particles have been
prepared by reverse micelle technique. Bulk samples in this study are prepared by
annealing the reverse micelle synthesized nanoparticles at high temperature 1473 K.
Prepared bulk and different size nanoparticles have been characterized using X-ray
diffraction (XRD), transmission electron microscopy (TEM) and Fourier transform
infrared spectroscopy (FTIR) studies. >’Fe Mdssbauer measurements have been made in
the temperature range from 5-300 K for determining the cation redistribution and
hyperfine parameters. For studying the magnetic behavior dc magnetization have been
performed using vibrating sample magnetometer and SQUID magnetometer, whereas to
study the dynamic behavior ac susceptibility measurements have been performed.

A brief description of the thesis, which has been divided into seven chapters, is
given below. General introduction of ferrite and their classification, historical
development of ferrite, their nano particles and the addition of metal impurities to ferrite
particles is described in chapter 1. A brief introduction of general properties of ferrite
nanoparticles has also given. Various applications of ferrite particles, motivation and
objective of the thesis have also been included in this chapter.

Chapter 2 presents the theoretical concepts used/developed in this work. Various
models have been described to understand the magnetism of ferrite and nanoferrite
particles. A brief description of technique used for preparation of nanocrystalline ferrite
samples is included.

Chapter 3 describes the various experimental techniques used for the preparation
and characterization of nano and bulk samples.

Chapter 4 focuses on the study of structural properties of nano and bulk samples
using X-ray diffraction, transmission electron microscopy and fourier transform infrared
spectroscopy measurements.

Chapter 5 includes the experimental results and observations obtained by

Madossbauer spectroscopy. Effect of indium concentration, particles size and temperature




on the Mdossbauer parameters of nickel-zinc ferrite sample has been described. A
comparative study on nano and bulk samples has also been illustrated.

Chapter 6 describes magnetic properties of nano and bulk samples using super
conducting quantum interference device (SQUID) magnetometer, vibrating sample
magnetometer (VSM) and ac susceptometer. Effect of particle size and indium
concentration on the magnetic properties of nickel-zinc ferrite particles has been
described. The thermal variation of magnetization in high fields in terms of a modified
Bloch’s law, the role of interactions on the static and dynamic properties of nano
samples have also been discussed.

Chapter 7 represents the summary and conclusions obtained through various
studies. Suggestions for the future work on the samples studied have been included in this

chapter.
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CHAPTER 1

INTRODUCTION




Chapter 1: Introduction

Magnetism and magnetic materials have a long and illustrious history. In the
modern era magnetism influences many aspects of our lives. Magnetic materials and
magnetic phenomenon inconspicuously appear in many complex devices. One of such

well known magnetic material family is ferrite.

1.1 Ferrites

“Ferrites represent a class of magnetic materials with a plethora of fascinating,
intrinsic functionalities. The intriguing interplay of charge, spin, and orbital ordering in
these systems superimposed by lattice effects opens a scientifically rewarding playground
for both fundamental and application-oriented research. In particular, the possibility of
externally modifying the properties of these complex oxides and thus potentially
generating novel practical applications opens a new perspective.”

Ferrites are the mixed metal oxides containing iron oxide as their main
component. Though, ferrites are known to exist since hundreds of years, the research in
ferrites was initiated at the end of Second World War. Kato & Takei [1], Kawai [2] and
Snoek [3] were the first to start work on ferrimagnetic materials. In 1945 Snoek [4] laid
the foundation of the science and technology of ferrites. The paper by Néel in 1948 [5] in
which theory of a new class of magnetic materials, ferrimagnets, was put forward,
initiated a great stream of experimental and theoretical investigations of ferrites and other
ferrimagnets. Ferrite possesses good magnetic properties along with very high d.c.
resistivity [6]. Among various magnetic materials, ferrites are the best in high frequency
circuits and they cannot be replaced by other magnetic elements. In addition, they are
relatively inexpensive. Ferrites have found wide applications as effective magnetic
materials in radio engineering, microwave technology and some other fields of
technology. They are extensively used as core materials for inductances and transformers
in telecommunication industry, audio and video recording heads, memory devices, digital
systems, tapes and electronic devices which are operated from low to high frequency
range. The increasing demand due to the specific applications of ferrites have changed
remarkably and kept pace with the developments in electronic technologies. Therefore,
the diversity of applications make ferrites an active area of research. It is well known that

changing its composition or the method or condition of preparation could modify the




Chapter 1: Introduction

properties of ferrites. Materials science and technology have been steadily applied to
improve properties as well as new products by appropriate choice of composition and

method of preparation.

1.1.1 Classification of ferrites

Depending on the nature of magnetic behavior of the ferrite materials, they are
classified into two broad categories, soft ferrites and hard ferrites. Soft ferrites are easy to
magnetize and demagnetize and have low coercive fields. Hard ferrites retain their
magnetization once they are magnetized, having large coercive field and are used for
permanent magnet. Soft ferrites are used to construct electromagnet. The characterization
of soft and hard ferrites in general is based upon some important factors like:
(a) The residual magnetism (remanence/coercivity), Mg that the material retains
when the external magnetic field is removed.
(b) The saturation flux or the maximum magnetic field that can be induced in the
materials i.e., saturation magnetization M;.
(c) The demagnetization field or the value of the external magnetic field applied in
the negative direction that removes the residual magnetic field i.e. coercive force H, [7].
Taking into the crystal structure and the magnetic ordering, ferrites can be grouped into
four different categories [8] namely spinel, garnet, magnetoplumbite and ortho ferrites
(Table 1.1).

Table 1.1 Different types of ferrites with their structures, chemical formula and examples

Type Structure General Formula Examples
Spinel Cubic MFe,04 M =Ni, Zn, Mn
Mg, Cu, Co, Li
Garnet Cubic Ln;Fe;O4; Ln=Y, Sm, Eu, Gd
Tb, Dy, Ho, Er
Magnetoplumite Hexagonal MFe;019 M = Ba, Sr
Orthoferrite Pervoskite LnFeO; Ln = same as in garnet
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The spinel ferrites are named after the naturally occurring mineral spinel, having
the chemical formula MgAl,O4 and the general chemical formula written as MFe;Oy,
where M is a divalent transition metal or a suitable combination of these ions. The spinel
lattice is composed of a close packed oxygen 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.
These are illustrated in figure 1.1. In total, there are 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 [9,10].

D (tetrahedral)

Figure 1.1 Schematic of two subcells of a unit cell of the spinel structure, showing
octahedral and tetrahedral sites
The localization of ions either in the tetrahedral or octahedral sites depends
fundamentally on the ion and lattice sizes. Also it has been observed to depend on the
temperature and the orbital preference for specific coordination. The ionic distribution of

this kind of structure may be represented by eqn. (1.1)
(M2*Fe* )[M Felt 10T ..o, (1.1)

1+x

where the cations enclosed by parenthesis occupy tetrahedral sites comprising the
tetrahedral sublattice, while the cations enclosed by the square bracket occupy octahedral
sites comprising the octahedral sublattice and x is the inversion parameter and x =0 and 1

stand for the inverse and normal spinel and for mixed spinel, 0 < x <1. The factors, which
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can influence the distribution of the metal ions over tetrahedral and octahedral sites: the
electronic configuration of the metal ions, the ionic radii and the electrostatic energy of

the spinel lattice and more recently the preparation condition [11,12].

1.2 Nanoferrites

Nanoscience is an ever expanding field of scientific research that involves
materials that have at least one dimension in the nanometer size regime. What is usually
termed “Nanostructured systems” mainly comprises those materials, whose properties are
determined by entities (particles, crystallites or clusters) with characteristic lengths
between 1 to 100 nm in at least two dimensions. The field of nanoscience encompasses
various types of materials such as thin films (1 dimensional), nanotubes (2 dimensional),
and nanoparticles (3 dimensional). Nanosized materials can display enhanced surface and
size dependent properties. Although the unique properties of nanosized materials have
been known as far back as 1700’s (e.g. Venetian glass blowers used colloidal gold to
produce a red color), recognition of size related properties was not achieved until the past
60 years. It is the pursuit of novel size related properties that fuels nanoscience research.
Nanostructured materials represent a fast evolving application of recent research in
physics and chemistry. Among the most promising nanomaterials being developed are
magnetic nanomaterials including magnetic nanoparticles and magnetic nanosensors.

In recent years the scientific literature has been replete with reports of magnetic
nanoparticle synthesis, properties and novel applications [13,14]. This has largely been
driven by the hope, and in some instances realization, of surface enhanced properties. By
producing materials on the nanoscale, there exists the possibility that surface based
properties (e.g. catalysis and reactivity), magnetism, and electronic properties may be
enhanced. In most nanoparticulate materials, and specifically in the case of metal oxides,
there are several properties can be influenced by the particle size.

In nanoparticle systems the surface disorder can influence the lattice symmetry
and cell parameters throughout the particle due to the limitation in the size of the particle
itself [15,16]. The thermodynamic stability can also change due to decreasing size and

this in turn can induce modification of the cell parameters and/or structural
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transformations. Structures that are not stable in the bulk can be at the nanoscale range;
for example y-Al,O3[17], MoOy oxides [18] and BaTiOs [19].

In case of magnetic nanoparticles, the disruption in crystal structure at the surface
can greatly influence the magnetic properties [20,21]. The truncation of the lattice at the
surface weakens exchange interactions, and in many cases reduces coupling with
neighboring particles. In particular, for magnetic oxide systems such as spinel ferrites the
magnetic exchange is dependent on the cation-anion-cation bond angles that are affected
by the surface truncation. The bond bending commonly experienced on surfaces can
produce profound changes in the magnetic properties of nanoparticles and the solids
based on these particles [22,23].

Interest in nanosized spinel ferrites has greatly increased in the past few years due
to their importance in understanding the fundamentals in nanomagnetism [24] and their
wide range of applications such as high-density data storage, ferrofluid technology,
sensor technology, spintronics, magnetocaloric refrigeration, heterogeneous catalysis,
magnetically guided drug delivery and magnetic resonance imaging [14,24-27]. The
physics of nanoscale magnetic particles is an area of enduring interest. From a
fundamental perspective the study of nanoparticles sheds light on how bulk properties
transforms to atomic as size decreases. In fact, the behavior of bulk magnetic materials is
determined and influenced by the formation of domains and domain wall movement. The
magnetic behavior of bulk materials is complicated by the fact that domain wall moment
can be impeded or pinned by impurities, grain boundaries, etc. due to this; a direct
correlation between the observed magnetic behavior and the quantum origins of
magnetism is not readily achievable. However, if the size of the magnetic materials is
decreased below a critical characteristic length, domain formation is no longer
energetically favored and the particles behave like single domains [28]. Moreover, the
large surface fraction opens the opportunity for manipulation of properties via interfacial
interaction. Knowledge of these fundamental properties is essential for creative use of
nanoparticles in important technical applications [29-33].

Magnetism is the result of inert-atomic exchange and in case of nanoferrites, this
requires well defined bond angles and lengths, and hence, the particles must be

crystalline. A successful synthetic technique for this system should produce particles that
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are single crystallites. The surface of any crystallite, however, by its very nature is
disordered. An amorphous outer layer of the particles may be detrimental to the magnetic
properties. In systems such as core shell nanoparticles minimizing the effect of the
“amorphous layer” may be important not only from a chemical point of view, but also in
terms of enhancing the magnetic properties.

Many disciplines including biology, physics, chemistry and engineering are
pursuing a wide variety of methodologies for producing nanomaterials. To carefully
study and exploit the potential and possibilities associated with nanomaterials, the key
point is to create well-defined, monodisperse structures of predictable size, shape,
crystallinity, and morphology through a straightforward synthesis. As is well known, in
the preparation of nanocrystalline oxide samples, mainly following two approaches: (1)
Top to bottom approach: physical methods (2) Bottom to top approach: chemical
methods are followed.

Physical methods are commercially attractive because it is generally easier to
produce larger volumes of product, but they tend to impact physical stresses in the
materials which can require further processing and result in wider size distributions. The
most popular physical methods are ball milling, laser pyrolysis and plasma torch.
Chemical techniques are generally better for the synthesis of mixed cation nanoparticles
because they can provide control over the particle stoichiometry, shape, size distribution,
crystallinity and phase purity [13]. Numerous chemical methods have been developed
that have proven viable for the synthesis of nanoparticles. The most popular chemical
methods of synthesis of nanomaterials [34-40] include formation through a chimie douce
solution chemistry methodology, a sol-gel processing mechanism, the use of
microemulsions, the utilization of hydrothermal and solvothermal methods, the kinetic
control of growth through the use of capping reagents, the application of template
inspired methodologies, and lastly, biomimetic synthesis. These methods have their own
set of advantages and disadvantages in terms of ease of preparation, duration of synthesis,
extent of instrumentation required and also the availability of the precursors and their
economic viability. In contrast to physical methods, which often require breaking a larger
sample into smaller components, these methods grow particles from the constituent

atoms. In general, these synthesis routes utilize some form of solution chemistry thereby
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providing pathways to kinetically stable phases that can be different from those obtained
using traditional bulk preparation methods [17-19,41]. As a result, chemical methods are
sometimes used to produce a pre-cursor material which is then annealed to yield the final
product.

Energy-efficient synthesis and processing routes of nanocrystalline spinel ferrites
are prerequisite for technological applications [14]. Among many types of preparation and
processing techniques, reverse micelles, which are essentially nanosized aqueous droplets
that exist in microemulsions with certain compositions, are known to present an excellent
medium for the synthesis of nanoparticles [42-44]. It is the inherent ability of this reaction
system to control the size and size distribution that makes it attractive for the synthesis of
nanoparticles [45].

As magnetic materials, soft ferrites are best suited for high frequency
applications. Among soft spinel ferrites nickel-zinc ferrites are found to be very attractive
and versatile magnetic materials, which have applications in both low and high frequency
devices and play significant role in technological applications such as microwave
devices, power transformers in electronics, rod antennas, read/write heads for high speed
digital tapes etc. because of their high resistivity [46], low dielectric losses, high curie
temperature and chemical stability. Structural and magnetic properties of nickel-zinc
ferrites are highly sensitive to composition, sintering condition, grain size, type and
amount of additives, impurities and the preparation methodology [47-49]. The various
compositions of the bulk system Ni;  ZnFe,O4 (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9) [50-59] have been investigated and reported in literature. This system has also been
extensively studied for various properties as well as for structural and characterization
techniques in nanometric range. The material can be synthesized by numerous different
chemical and physical methods [60-70]. A very few numbers of investigations have been
made on structural and magnetic properties of nickel-zinc ferrite particles synthesized via
reverse micelle technique [71-75].

A large number of investigations have been made on trivalent impurities (AI*",
Cr’*, In*") substituted spinel ferrite to understand their magnetic and electric properties
[53,67,76-81]. It has been shown that the magnetic and other properties of ferrite particles
can be upgraded by incorporating suitable diamagnetic impurities [53,78-81]. Very little
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work has been reported on the Mdssbauer investigations in case of trivalent indium (In*")
ions doped in stoichiometric compositions of nickel-zinc ferrites. Parvatheeswara Rao et
al [80] have studied the substitution of indium ions in the nickel-zinc system. They found
that saturation magnetization increases slightly for a certain concentration of indium ions
thereafter it decreases. Their assertion on this type of anomalous behavior of
magnetization as a function of indium ions concentration in nickel-zinc ferrite systems
was corroborated by the experiments of Lakshman et al [78] and Ghosh et al [79] on
indium substituted Mg-Mn ferrite. They interpreted this effect in terms of distribution of
the indium ions behavior at tetrahedral and octahedral sites. Kirichok et al [76] have
studied the Mdssbauer investigations of magnesium ferrite doped with indium ions. They
found that indium ions replace primarily the iron ions in the tetra-positions and with
further increase in concentration of indium ions they partially occupy octa-positions.

Very little work has been reported on the bulk ferrite particles prepared by
annealing nano particles at high temperature [62,64,67,81-83]. Upadhyay et al [64] have
investigated nickel-zinc ferrite (Ni;xZnxFe;O04, X = 0.0, 0.25, 0.50, 0.75, 1.0) systems
prepared by chemical precipitation followed by hydrothermal treatment, using Mdssbauer
spectroscopy and found that the occupancy of nano particles returns to normal values

after heat treatment.

1.3 Aim of present work and outline of thesis

In the present work, we have chosen nickel-zinc ferrite as basic material. Due to
the inherent ability of reverse micelle technique to control the size and size distribution of
nanoparticles in comparison to other techniques, we have chosen this technique for
synthesis of nanoparticles. Among the different possible compositions of nickel-zinc
ferrites, low value of dielectric constant and dielectric loss obtained in NigsgZng4Fe>O4
ferrites show its applicability at high frequencies [46]. The NigsgZng42Fe,O4 has,
therefore, been used as the basic ferrite material. We have successively substituted
diamagnetic In’" ions in place of Fe’" ions to achieve a possible upgrading of the
magnetic properties. Bulk samples have been prepared by annealing the reverse micelle

synthesized nanoparticles at high temperature (~1473 K).
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The magnetic hyperfine structure of the nickel-zinc ferrites Nij«ZnsFe,O4 have
been the subjects of many years [51-53,58], but we have not found any Mdssbauer
investigations on nano nickel-zinc ferrite systems synthesized via reverse micelle
technique. It would be interesting to investigate the site preference of nickel and zinc ions
in nickel-zinc ferrite system where one of the cations has a strong preference for
tetrahedral and the other for octahedral sites. It is widely appreciated that the cation
distribution in spinel ferrites, upon which many physical and chemical properties depend,
are a complex function of processing parameters and depends on the preparation method
of the material [84,85]. It should be emphasized that in most of the papers on reverse
micelle synthesis of spinel ferrites [71-75,86,87], not much work has been done to
determine the structure of oxides, finite size effect and interparticle interactions among
the nanoparticles. Especially, the evaluation of the cation distribution in reverse micelle
synthesized spinel ferrites from Mossbauer spectra and/or X-ray diffraction patterns is
not as straightforward as is frequently claimed in the literature. Because of the
importance of the site inversion phenomena, we have first focused on the structural
change at nano level. Once these site inversion phenomena are understood and controlled,
we can use our particles for size dependent studies. We have investigated in detail the
thermal and nanoparticle size dependence of the high field magnetization of ferrite
particles. The small size of the nanoparticles indeed leads to enhanced finite-size and
surface spin effects. We have analyzed the thermal variations of magnetization in high
fields to investigate the finite-size effect and an extra surface contribution. The magnetic
behavior of nanoparticles is strongly affected also by interparticle interactions. The
magnetic interactions can be due to dipolar coupling and exchange coupling among
surface atoms and play a fundamental role in the physics of these systems [88-90]. The
role of interactions on the static and dynamic properties of ferrite nanoparticles is
investigated.

To our knowledge, no systematic and comparative study of nano and bulk nickel-
zinc ferrite and indium doped nickel-zinc ferrite samples prepared by reverse micelle
technique has been reported yet. The structural, magnetic and Mdssbauer characterization

of the prepared nano and bulk samples is carried out using different techniques.
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Considering all the above mentioned points, the present thesis aims

>

To prepare uniform and spherical nanoparticles of nickel-zinc ferrite
(Nig.ssZng 42Fe;04) and indium doped nickel-zinc ferrite (Nig ssZng42IngFe; <O4, X
= 0.1, 0.2, 0.3) samples via reverse micelle technique followed by annealing at
high temperature to make bulk samples.

To study the effect of pH value of precipitation on the formation of spinel phase
and on the particle size.

To see the effect of co-substitution of diamagnetic (In*") ion at iron (Fe’") site in
nickel-zinc ferrite system to understand the various magnetic exchange
interactions.

To study the structural properties of nano and bulk ferrite particles using X-ray
diffraction, transmission electron microscopy (TEM), far-infrared transmission
spectra (FTIR).

To obtain the quantitative structural information about the nonequilibrium cation
distribution and the noncollinear spin arrangement in nanosized particles using in-
field Mossbauer spectroscopy.

To study the magnetic properties of nano and bulk ferrite systems using super
conducting quantum interference magnetometer (SQUID) and vibrating sample
magnetometer (VSM).

To see the effects of the particle size and indium concentration on the physical
properties of nano samples viz. surface effects, cation distribution,
superparamagnetic relaxation, interparticle interaction, saturation magnetization,
and coercivity.

To study the finite size effect and an extra surface contribution at low temperature
using Bloch’s law.

To study the spin dynamics in nano particles using ac susceptibility measurements
and role of interactions on the static and dynamic properties of nanoparticles

using different models.

From the application point of view, a comparative study of nano and bulk samples is also

carried out.

11
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This thesis is divided into seven chapters.

Chapter 1 contains the introduction to ferrites, nanoferrites, literature survey, aim
of the present work and outline of the thesis.

Chapter 2 presents the theoretical concepts used/developed in this work. Various
models have been described to understand the magnetism of ferrite and nanoferrite
particles. A brief description of technique used for preparation of nanocrystalline ferrite
samples is included.

Chapter 3 describes the various experimental techniques used for the preparation
and characterization of nano and bulk samples.

Chapter 4 focuses on the study of structural properties of nano and bulk samples
using X-ray diffraction, transmission electron microscopy and fourier transform infrared
spectroscopy measurements.

Chapter 5 includes the experimental results and observations obtained by
Mossbauer spectroscopy. Effect of indium concentration, particles size and temperature
on the Mossbauer parameters of nickel-zinc ferrite sample has been described. A
comparative study on nano and bulk samples has also been illustrated.

Chapter 6 describes magnetic properties of nano and bulk samples using super
conducting quantum interference device (SQUID) magnetometer, vibrating sample
magnetometer (VSM) and ac susceptometer. Effect of particle size and indium
concentration on the magnetic properties of nickel-zinc ferrite particles has been
described. The thermal variation of magnetization in high fields in terms of a modified
Bloch’s law, the role of interactions on the static and dynamic properties of nano
samples have also been discussed.

Chapter 7 represents the summary and conclusions obtained through various
studies. Suggestions for the future work on the samples studied have also been included

in this chapter.
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Chapter 2: Theoretical Background

Commercial use of ferrites is generally based on two important characteristics: their
electrical resistivity and their magnetic properties. Any investigation into ferrites
therefore requires an understanding of magnetics and how to characterize it.
Nanomagnetism has a special role to play as magnetic properties depend uniquely on
both dimensionality and lengthscales. This chapter presents the theoretical concepts
used/developed in this work. Various models have been described to understand the
magnetism of ferrite and nanoferrite particles. A brief description of technique used for

preparation of nanocrystalline ferrite samples is included.

2.1 Magnetism of ferrites
2.1.1 Magnetic interactions

In order to study the origin and nature of the magnetic behavior associated with
spinel ferrites, there are mainly three types of magnetic interactions, which are possible
between the metal ions at tetrahedral (A) and octahedral (B) sites through the

intermediate oxygen ions (O%) i.e., superexchange interaction (Figure 2.1).

Superexchange

(OH > >

Metal, Oxygen, Metal”,
d orbital p orbital d orbital

Figure 2.1 Illustration of electron coupling via superexchange from one metal atom to
another (metal®) through an oxygen atom

These are A-A, A-B, and B-B interactions as suggested by Anderson [1]. Since cation-
cation distances are large, direct interactions are negligible. It has been verified
experimentally that these interaction energies are negative favoring antiferromagnetism
when the d orbital of the metal ions are half filled or more than half filled, while a
positive interaction accompanied by ferrimagnetism results when d orbitals is less than

half filled.
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The magnitude of the interaction energy between two magnetic ions M and M~ depends
upon
(a) the distances from these ions to the oxygen ions through which interaction occurs.

(b) the angle M-O-M" represented by 6 as shown in figure 2.2.

M

!

b
O M’

Figure 2.2 M-O-M" angles in ferrites

For 6 =180°, where the interatomic distance is shortest, the exchange energy is found to
be highest. The energy decreases rapidly with increasing the distance and decreasing the
angle towards 90°.

In spinel structure, the A-O-B angle is in the neighborhood of 180°, while A-O-A and B-
O-B angles are closer to 90°. Thus, with A-O-B interaction predominating, the spins of
the (A) and (B) site ions will be oppositely magnetized with a resultant magnetic moment
equal to the difference between those of (A) and (B) site ions. To explain the magnetic
properties of spinel ferrites quantitatively, it is necessary to know what sorts of ions are
involved and which ion occupies which site. The more unpaired valence electrons a
cation has, the larger is its contribution to the magnetic moment. In case of magnetite
system, the trivalent iron has five unpaired electrons, while the divalent iron has four.
Since magnetite is an inverse spinel the overall magnetic moment decreases when

compared to a theoretical normal spinel of the same material. In order to increase the
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overall magnetic moment in ferrites, such as nickel ferrites are often doped with zinc to
produce nickel-zinc ferrite particles.

As zinc ions have preference to (A) site and the fact that divalent zinc has no free
valence electrons (d'%), the inclusion of zinc increases the overall magnetic moment.
However, it has also been mentioned that magnetic coupling of the (A) sites with the (B)
sites occurs due to superexchange through neighboring oxygen atoms, which is not
possible if either cation does not have unpaired electrons. This means that there is a limit
in the benefits of doping with zinc, and studies have shown that the magnetic moment
begins to decline once the inclusion of zinc in the (A) sites is greater than 50 % [2].

Gorter [3] gave various possible configurations of the ion pair in spinel ferrites
with favorable distances and angles for an effective magnetic interaction. In general, it is
found that the magnitude of A-B, B-B and A-A interactions are negative with |A—
B|>>|B-B|>>|A-A].

2.1.2 Magnetic ordering in spinel ferrites

Ferromagnetism occurs due to the sublattice magnetic ordering. The magnetic
properties of spinel ferrites are governed by the types of magnetic ions residing on (A)
and (B) sites and relative strength of intersublattice, Jag, and intrasublattice, Jgg, Jaa.
When the A-B interaction is the dominant one i.e. Jag > Jgg > Jaa, then the spins have the
collinear structure in which moments on the (A) site are antiparrallel to the moment on
the (B) site. When A-A (or B-B) interaction is comparable to A-B interaction then the
spins have non-collinear (canted) structure. Spinel ferrites allow variety of magnetic
disorder and frustration to be introduced. The competition between the various magnetic
interactions occurs in a variety of magnetic structure due to the unsatisfied magnetic
bonds. The magnetic properties of ferrites are accounted through several models like
Neel’s model, Yafet Kittel Model, random canting model and localized canting model. A

brief description of the Neel’s model and the Yafet Kittel model is given here.
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2.1.2.1 Neel’s model

This model [4] is based on the following assumptions:

(1) Two sublattice exist, tetrahedral (A) and octahedral (B).

(i1) One type of magnetic ion exists and a fraction of these ions appears on (B) sites.

(ii1) An internal Weiss molecular field acts on the ions.

(iv) A-B or B-A interactions are equal and predominant over A-A and B-B interaction.
Therefore, the net observed moment is the difference between the two average sublattice
magnetic moments. This theory can also be applicable to the mixed ferrites. The ionic

distribution is written as
(M>FeX Y M > Fe P02 ... (2.1)
M and M’ are metallic ions. With Neel’s configuration the saturation moment at 0 K is
given by
M (in pB) = MB) — M(A)veeieeeieicicicnicecnee (2.2)
where Mg) and M) are the magnetic moments at (B) and (A) sites respectively.
or M (in pg) = {2(1-x)Sm” + 5 (14+x)}® = {5 (1-x) + 2xSp} W......... (2.3)
where S,, and S,,” are the spin quantum number of the respective ions and the orbital
angular momenta are assumed to be quenched and pgp is the Bohr magneton. However,
Neel’s predominant assumption fails to explain the behavior of pure ZnFe,04. ZnFe,04
has the normal spinel structure; Zn’" being non-magnetic, the (A) site ions carry no
magnetic moment. Thus B-B interaction gives rise to antiferromagnetic ordering in the
(B) lattice. The discrepancies of the experimental data and Neel’s theory were tried to
explain through some statistical models with exchange linkage approach [5,6],
considering number of nearest magnetic neighbors contributing to magnetization.
Further, modifications to the same approach were attempted by Ishikawa, Novik and

Geller etc. [7-9].

2.1.2.2 Yafet Kittel model
Yafet and Kittel extended the Neel’s theory to take into account the
antiferromagnetic A-A and B-B interactions that may not be negligible in comparison to

the A-B interactions. They suggested that in spinel ferrites, non-magnetic sublattice in
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one sublattice leads to the non-collinear or canted spin arrangement on the other sub
lattice. Consequently, this results in the splitting of (B) sublattice into two mainly (B)
and (B;) with equal magnetic moment at an angle Oyx with the direction of net
magnetization of (B) sublattice at 0 K.

Figure 2.3 shows the angle between different moments and their directions. The
occurrence of splitting is determined by the interactions responsible for the ordering. To
calculate the uniform canting angle Oyk, a split sublattice model was developed by Yafet

and Kittel [10]. Now the modified formula will be

Ms (]JB) = M(B) Cos ey]( — M(A) ............................ (24)
With increase in angle Oyg, Cos Oyk decreases leading to the decrease in the magnetic
moment.
A ]
B A A-B
A B
l B-A
¥
Triangular Spin Configuration
m = T
mMBl A1 ma - Mmg?
™ e
mg My B :'Ix"'-/f
Collinear MNon-Collinear

Figure 2.3 Configuration of the ion pairs in spinel ferrites

2.2 Magnetics of nanoparticles
The behavior of bulk magnetic materials is determined and influenced by the
formation of domains and domain wall movement. The magnetic behavior of bulk

materials is complicated by the fact that domain wall moment can be impeded or pinned
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by impurities, grain boundaries, etc. Due to this, a direct correlation between the
observed magnetic behavior and the quantum origins of magnetism is not readily
achievable. However, if the size of the magnetic materials is decreased below a critical
characteristic length, domain formation is no longer energetically favored and the
particles behave like single domains [11]. Moreover, the large surface fraction opens the
opportunity for manipulation of properties via interfacial interaction. Knowledge of these
fundamental properties is essential for creative use of nanoparticles in important technical
applications [12-16].

The most spectacular effect of the size reduction of a magnetic particle lies in the
superparamagnetism (SPM) phenomena [17-19]. Briefly, superparamagnetism occur
when the thermal fluctuations or an applied field can easily move the magnetic moments
of the nanoparticle away from the easy axis, the preferred crystallographic axes for the
magnetic moment to point along. In such a situation, each particle behaves like a
paramagnetic atom, but with a giant magnetic moment as there is a still well-defined
magnetic order in each nanoparticle [20]. Their existence was first predicted by Neel
[17]. The simplest model to account for the relaxation time of the thermal fluctuations of

the magnetization of a particle with uniaxial anisotropy is given by eqn.,

T=Tp €Xp [f‘}} .................... (2.5)
B

where E, is the energy barrier to moment reversal and kgT is the thermal energy. For
non-interacting particles, the pre-exponential factor 1, is of the order of 10°-10"'? s and
weakly dependent on temperature [21]. This energy barrier has several origins, including
both intrinsic and extrinsic effects such as the magentocrystalline and shape anisotropies,
respectively; but in the simplest cases, it has a uniaxial form given by
Ex=KVSin®0.....cccoevevvvnnni... (2.6)

where K is the anisotropy energy density and V is the particle volume and 0 is the angle
between the magnetization and easy direction. Either 6 = 0° or 180° is a direction of
minimum energy. These directions are separated by an energy barrier of the height. It is
also important to recognize that observations of superparamagnetism are implicitly
dependent not just on temperature, but also on the measurement time 1, of the

experimental technique used. If T << 1, the flipping is fast relative to the experimental
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time and the particles appear to be paramagnetic; while if © >> 1., the flipping is slow
and quasi-static properties are observed-the so called ‘blocked state’ of the system. A
blocking temperature Ty is defined as the mid point between these two states, where T =
T

Later Brown [21] and Aharoni [22] studied the dependence of superparamagnetic
relaxation time on the magnetic field parallel to the easy axis of the particles and found
that the relaxation time decreases with the increasing magnetic field, which yield a
decrease in the blocking temperature. The first attempt to introduce interactions in the
Neel-Brown model was made by Shtrikman and Wohlfarth [23] for the relaxation time in
the weak interaction limit, of the form,

T =Ty exp (E—A] ....................... (2.7)
kB (TB - To)

where T, is an effective temperature, which accounts for the interaction effects. A more
general approach was developed by Dormann et al [24]. This model correctly reproduces
the variation of blocking temperature (Tg), deduced from ac susceptibility and Mossbauer
spectroscopy as a function of the observation time of the experiment. The increase of the
T with strength of the dipolar interactions has been predicted by this model and
confirmed experimentally [25-28]. In a third model proposed by Morup and Trone [29]
for the weak interaction limit, the opposite dependence of Ty with the strength of the
interactions is predicted. This behavior was experimentally confirmed by Mossbauer
spectroscopy in the samples of y-Fe,Os; particles [29] and suggested two magnetic
regimes, governed by opposite dependencies of Ty occur in interacting fine particles. It
was shown that at high temperature and/or for weak interactions, Ty signals the onset of a
blocked state and Tg decreases as the interaction increase. In contrast, at high
temperatures and/or strong interactions, a transition occurs from superparamagnetic state
to a collective state, which shows most of the feature of typical spin glass state. In this
case, Tp is associated with a freezing process and it increases with the interactions.

Surface effects in a nanoparticle are of great importance due to increase in the
surface to volume ratio since they dominate the magnetic properties and become more
important with decreasing size of the particle. Consequently, the ideal picture of a

superspin formed by the collinear arrangement of all spins of the particle is no longer
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valid, and the misalignment of the surface spins yields strong deviations from the bulk
behavior. This is also true for particles of many ferrimagnetic oxides with strong
exchange interactions, in which magnetically competing sublattices usually exist. In these
cases, broken bonds and defects at the surface layer destabilize magnetic order giving rise
to magnetic frustration, which is enhanced with the strength of the magnetic interactions.
Consequently, the profile of magnetization is not uniform across the particle, the surface
layer being more demagnetized than the core spins. In fact, even strong exchange
interactions in the surface responsible for the coordination defects and is found that in a
particle of diameter of the order of 8 nm, 50 % (in the y-Fe,Os; nanoparticles) of atoms lie
on the surface, and therefore the effect of the latter cannot be ignored. In early models
this fact was explained by postulating the existence of a dead magnetic layer giving no
contribution to the magnetization of the particle [30]. Coey et al [31] proposed the
existence of a random canting of the surface spins due to the competing
antiferromagnetic interactions between sublattices to account for the reduction in M
observed in y-Fe;Os nanoparticles. A further verification of the existence of spin canting
in nanoparticles of different ferrimagnetic oxides (y-Fe>Os, CoFe,O4, CuFe;04, NiFe,O4)
was studied by using Mossbauer spectroscopy [31,32], polarized [33] and inelastic
neutron scattering [34] and ferromagnetic resonance [35]. However, in contrast with
original suggestion by Coey that spin canting occurs mainly at the surface layer due to
magnetic frustration, some work based on Mossbauer spectroscopy supports the idea that
it is a finite size effect, which is uniform throughout the particle [36-40]. Indeed, the
origin of spin misalignment observed in ferrimagnetic nanoparticles is still under
discussion and there is not a complete understanding of the phenomenon. A model has
been proposed by Kodama et al [38] and Martinez et al [41] suggesting the existence of a
magnetically ordered core surrounded by a surface layer of canted spins, which
undergoes a spin-glass like transition to a frozen state below a certain temperature, Ty. It
creates an exchange field acting over the ordered core of the particle, which could be
responsible for the shifting of the M-H curves after a field-cooled (FC) process by a
mechanism similar to that giving rise exchange bias in layered structure [42,43]. The
existence of a frozen state at the particle surface has been experimentally established by

different techniques [41,44-48].
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A micromagnetic model at atomic scale proposed by Kodama et al [44,46] and
several numerical simulations of a single domain ferrimagnetic particle with a variety of
assumptions but with the common condition of free boundaries at the surface [49-64]
have evidenced the non-uniformity of the magnetization profile across the ferrimagnetic
particle, with fast decreasing towards the surface. These results demonstrate that the non-
uniform profile of the particle magnetization is merely a surface effect. However,
enhancement in magnetic anisotropy [60], vacancies and broken exchange bonds at the
particle surface have to be included in these models in order to induce enough magnetic
disorder so as to freeze the disordered surface layer which give rise to spin-glass behavior
[46,51]. Hence, surface and finite size effects seem not to be significant as to produce the
spin glass state, even in the case of ferrimagnetic particles with competing
antiferromagnetic sublattices, surface anisotropy and disorder being necessary additional
ingredients. In nanoparticles with a randomly distribution of easy axis, interparticle
interactions are a additional source of magnetic disorder that may lead to a frozen
collective state of particle spins at low temperature, apart from the effects of the surface
to core exchange coupling. Indeed, both processes may occur in parallel contributing
simultaneously to the spin-glass behavior in ferrite nanoparticles. The main types of
magnetic interactions, which can be found in nanoparticle systems, are: (a) dipole-dipole
interactions, which always exist; and (b) exchange interactions through the surface of the
particles which are in close contact. Taking into account the anisotropic character of
dipolar interactions, which may favor the ferromagnetic, or antiferromagnetic alignment
of the particle spins depending on the geometry; nanoparticles systems have all the
necessary ingredients to give rise to a spin glass behavior namely, random distribution of

local easy axes and frustration of magnetic interactions.

2.2.1 Size dependent magnetic properties

The one of the most important and interesting property of spinel ferrite which
provides them a scope for the wide practical application is the magnetic properties they
possess. The different critical parameters assessed for application purpose are saturation
magnetization, coercive field, remanence, magnetic losses, magnetic susceptibility,

transition temperature etc.
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In this section, we are giving a brief discussion on the dependence of magnetic behavior

viz., saturation magnetization, coercivity, transition temperature etc. on the particle size.

2.2.2 Effect of particle size on saturation magnetization (M)

The reduction of the saturation magnetization, My is a common experimental
observation in many nanoparticle systems [30,61]. In general, the saturation
magnetization, My in particularly shows a monotonic decrease with decreasing particle
size [62]. For example, the saturation magnetization for the evaporated fine iron (Fe)
particles (~20 nm) has been reported in the range of 10-90 % of the bulk value depending
upon the particle size [63]. Decreasing the particle size from 20 to 6 nm, the Mg value
decreases from 190 to 25 emu/g, which are 86.4 % and 11.4 % of the bulk saturation
moment respectively [64]. A strong decrease of Mg with decreasing particle size [30,65-
67] has also been observed for fine oxides of iron. Berkowitz [30] showed that the M; of
the fine y-Fe,O3 particle is 30 emu/g, where as the theoretical bulk value is 73 emu/g. It
has been also observed that M decreases from 16 emu/g to a value 3.8 emu/g when the
particle size decreased from 8 to 4 nm in case of y-Fe,Os fine particles [67]. In case of
natural ferrite, Fe;O4 nanoparticles, Sato et al [68] and Abu-Aljarayesh [69] observed a
reduction of M to 80 % and 38 % of the theoretical value (92 emu/g), when the size
reduced to 15 nm and 8.5 nm respectively. Similar results have also been reported in
many spinel ferrite nanoparticles [70-76]. In fact, the observation of reduction in M is
unanimously agreed upon, the explanation proposed by various peoples for the same has
been quite contradicting. In early models put by Berkowitz [30] this fact was explained
by assuming the existence of a dead magnetic layer at the surface of the particles.

According to this model, the saturation magnetization M is

_ _ot
M, = M, (1 Dj ............................. (2.8)

where M) is the bulk saturation moment at room temperature, t is the thickness of the
layer and D is the particle diameter. The thickness of the dead layer was found to be ~0.6
nm in case of MnFe,Oj4 ferrite nanoparticles having size in the range 6 to 25 nm [66,77-
79]. Further, a random canting of the surface spins caused by competing

antiferromagnetic interactions between sublattices was proposed by Coey et al [31] and
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Morrish et al [77] to account for the reduction of My in y-Fe,Oj; ferrimagnetic particles. It
was observed that even a magnetic field of 50 kOe was not enough to align all the spins
in the field direction of particles of 6 nm in diameter. The existence of canted spins was
subsequently verified in different nanoparticle systems of ferrimagnetic oxides [31-33,
44,78] NiFe,0y4, y-Fe,03, CuFe;04, CoFe,04 using Mdssbauer spectroscopy [31,32].

In contrast, from other studies based on Mdssbauer spectroscopy, it has been
suggested that spin canting is not a surface effect, but rather a finite size effect, which is
uniform throughout the whole volume of the particle [36-39,79]. This consequently
causes a substantial decrease of My when compared with that of bulk material. The spin
canting as a surface effect has also been disputed by Pankhurst [36] and he claimed that
the lower M values are due to non-saturation of magnetization because of random
distribution of the fine particles with enhanced value of magnetocrystalline anisotropy. In
spite of these alternate explanations to the spin canting effects, recent experiment [41,44]
seems to support the idea of surface effect domination in the nano-sized particles.

In addition to these effects, cation redistribution at chemically inequivalent sites
has been proposed in certain nanoparticles of spinel ferrites [67,80-83]. In MnFe,O4
nanoparticles, many authors have reported that reduction of Mg with decreasing particle
size is due to an increasing fraction of the Mn ions in the octahedral site [80,84,85]. Chen
et al [79] have attributed the decrease of My in nanoparticles of MnFe,0O,4 to the surface
effects rather than to the cation-redistribution although they have observed the
distribution of Mn ions in tetrahedral and octahedral sites. In addition with the reduction
of M; with the size observed in nanoparticles of ferromagnetic and antiferromagnetic
oxides, several experimental results [86-96] and theoretical models have shown a clear
enhancement of My in ferromagnetic metallic nanoparticles, which has been attributed to
the surface atoms, whose atomic environment is very different as compared with the core
atoms [97-102]. Sepelak et al [103] have observed a clear enhancement of magnetization
in milled MgFe,O4 ferrite and attributed to the mechanically induced cation re-
distribution. Bhowmik et al [104] have also observed a similar kind of results in case of
mechanically milled Cog,ZnggFe,O4 spinel oxide and correlate the enhancement of
magnetization of nanoparticles to the inverse of spin canting effect i.e., the lowering of

octahedral site spin canting by milling of bulk sample.
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2.2.3 Effect of particle size on coercivity (H)
Like the saturation moment M, the coercivity of the nanoparticles has a striking

dependence on their size [105,106]. Figure 2.4 shows schematically the variation of
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Figure 2.4 Schematic variation of coercivity with particle diameter.

coercivity He with particle diameter. In case of larger size particles, there is a tendency
towards multi-domain structure formation, which results in a decrease in the value of H,
due to domain wall (DW) motion in an applied field (Figure 2.4). In multi-domain region,
magnetization is related to the motion of domains and the size-dependence of coercivity

is experimentally given by [105]

where a and b are constant. As the particle diameter decreases, the coercivity increases.

Below a critical diameter (Ds), the particles become a single domain and the coercivity
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reaches a maximum. Below D;, the coercivity decreases with decreasing particle size

because of thermal effects. The relation is given by [105]

where g and h are constants. Below a critical diameter (D,), thermal effects are strong
enough to spontaneously demagnetize a previously saturated assembly of particles and
the coercivity becomes zero and superparamagnetism develops. In this range of particle
sizes, the energy barrier to flip the magnetic moment of the particles becomes comparable
to the thermal energy. In such a situation, the relaxation time is faster than the
characteristics time window of the experimental set up. The superparamagnetic behavior
is clearly evidenced from the absence of M-H curve above the blocking temperature and
the appearance of a quadrupole doublet in the Mdssbauer spectra.

The enhancement of coercivity in nanoparticle systems in comparison to their
bulk counterparts has been reported by many authors in literature [63-64,107]. For
example, evaporated fine particles of iron (~20 nm) have been reported to have
coercivities up to two orders of magnitudes higher than the bulk value [63]. In this
system, a maximum value of H, obtained at room temperature is 1140 Oe for a particle of
size 21.4 nm [64]. When the particle size reduced to 13 nm, the H value decreases to 900
Oe. With further reduction of the particle size, H. reduces drastically and attains a zero
value for particles of size ~7 nm and hence shows superparamagnetic effect. Similar
results have also been observed in nanoparticles of y-Fe,O; [107]. Nanocrystalline
NigsZny sFe,04 sample with particle size in the range of 15-29 nm shows H, in the range
of 14-45 Oe [108] that are two orders of magnitude higher than that reported for bulk [2].
In ferromagnetic systems, it has been shown that the coercivity H, steeply increases with
particle diameter following a D® power law up to 50 nm and H. then goes through a
maximum and decreases again for particle size below 150 nm according to the well
known 1/D law for polycrystalline magnets [109]. Different models have been proposed
to explain the complex behavior of H. with particle size. For example, non-magnetic

grain boundary model has been proposed to explain the 1/D law for polycrystalline
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particles [110-112] whereas the linear increase in H, with particle size in nanoparticle
range has been explained through Stoner-Wohlfarth theory [113].

According to Stoner-Wohlfarth theory, the coercivity H, of a single domain particle is
given by

where 1 1s a universal constant of permeability in free space, K is the anisotropy constant
and M; is the saturation moment of the nanoparticle [114]. Above the blocking
temperature, the magnetocrystalline anisotropy is overcome by thermal energy and K can
be considered as zero. The nanoparticles do not display magnetization hysteresis behavior
with H, = 0. Below the blocking temperature, M increases when the particle size
increases. However, K, increases faster than Mg and H, increases linearly with particle

size.

2.3 Synthesis of ferrite particles in nano and bulk scale:

To carefully study and exploit the potential and possibilities associated with
nanomaterials, the key point is to create well-defined, monodisperse structures of
predictable size, shape, crystallinity, and morphology through a straightforward
synthesis. All the samples of nickel-zinc ferrite particles and indium doped nickel-zinc
ferrite nanoparticles in the present study were prepared using bottom to top approach
employing reverse micelle synthesis.

Reverse micelles, which are essentially nanosized aqueous droplet that exist in
microemulsions with certain compositions, are known to present an excellent medium for
the synthesis of nanoparticles with uniform morphology [115-117]. It is the inherent ability
of this reaction system to control the size and size distribution that makes it attractive for
the synthesis of nanoparticles [118]. The fundamentals of this technique and its

applicability to ferrite synthesis are presented in the following sections.

2.3.1 Micelle fundamental

An emulsion is formed when two immiscible solvents, such as water and oil, are

mixed together to produce a stable suspension of one within the other [119]. Generally
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this is facilitated by the use of a surfactant, which is a linear molecule that has an affinity
for both the solvents. In the case of water and oil, the surfactant has one end that is
hydrophobic and one that is hydrophilic as illustrated in figure 2.5 (a). The surfactant
serves as the boundary between the two liquid phases (Figure 2.5b) [119].

?
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Figure 2.5 lllustration of a reverse micelle system (a) The surfactant has a hydrophobic
‘tail” and hydrophilic ‘head’ (b) Mixed with water and an excess of oil, a reverse micelle
is formed (c) Reactants contained within reverse micelles mix and share contents
allowing the reaction to take place

Micelle can be found in two forms and although the term micelle is often used to
describe either type, strictly speaking a micelle is the region within the emulsion regime
in which the oil forms spheres surrounded by surfactant within a large volume of water
[120]. Reverse micelle are then the analogue of this with the surfactant coated aqueous
spheres contained within a volume of oil. When the surfactant concentration is increased
to a level such that there are large numbers of surfactant molecules on the surface, then

these molecules start forming reverse micelles, leading to decrease in the surface tension.
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In a reverse micelle the hydrophilic groups are in contact with each other and hence their
interaction with the non polar solvent molecules is minimized. The formation of reverse
micelles continues with an increase in surfactant concentration until a critical micelle
concentration is reached. Once this critical micelle concentration is reached, a further
increase in the surfactant will not alter the surface tension. When the concentration of the
surfactant in a non polar solvent is greater than the critical micelle concentration, then the
introduction of a polar solvent (water) in a minute quantities leads to its spontaneous
dispersion in billions of tiny and almost spherical nanoscopic droplets. The surfactant
molecules accumulate at the surface of water drops with the hydrophilic groups facing
inwards. The hydrophilic groups are kept away from the non-polar solvent, thereby
minimizing the energy of the system. The small water droplets encapsulated in reverse
micelles play the role of micro reactors, providing an isolated space for the reaction to
take place. The reaction occurs simultaneously in the large number of micro reactors,
with consequent nucleation and growth of billions of particles. Now it is this water pool
that makes the reverse micelle favorable for the synthesis of nanoparticles because the
water pool is in nanometer size which can be controlled by controlling the water content.

These reverse micelles serve as a useful system for growing nanoparticles based
on aqueous, room temperature reactions. Reactions progress within the water pool which
then restrict the growth of the particles and limit their size (Figure. 2.5¢). Studies of
micelle systems have demonstrated that the water pools are uniform in size [121-125],
thereby providing an environment in which to produce uniform nanoparticles of a given
size [124].

The ratio of surfactant, water and oil governs what phase the mixture will form. A
phase diagram of these three components, as seen in figure 2.6, illustrates the regions in
which both micelles and reverse micelles are formed. While the region of the phase
diagram in which reverse micelle formation can occur seems small, a large number of
reverse micelle sizes can be produced within this area [125]. Although individual phase
diagram are valid only for specific water-oil-surfactant systems, some traits are common
to all such systems [126]. When surfactant and water are mixed in oil in proportion
corresponding to the reverse micelle region of the phase diagram, the water and

surfactant self-assemble to form reverse micelles of uniform sized aqueous spheres. In
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the case of reverse micelles, as the water to surfactant ratio is increased the micelles

become larger.

Psuedo Phase Diagram

Surfactant

Microemuision

Microemulsion

Two Phase

Figure 2.6 4 phase diagram illustrating the effects of the water/oil/surfactant ratio on the
solution phase

2.3.2 Synthesis in reverse micelles

Reverse micelle systems lend themselves to aqueous, room-temperature reactions
[127,128]. Co-precipitation and reduction reactions done under these conditions are
therefore easily adapted to reverse micelle synthesis [129]. Reactants are dissolved in water
and then mixed with surfactant and oil to produce reverse micelle solutions containing the
various components. As the reaction proceeds the reverse micelles restrict the growth of

particles [130]. In conjunction with the size uniformity of the aqueous spheres this
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produces nanoparticles (from 5 to 30 nm in size [131]) with a narrow particle size
distribution.

When the reactant solutions are mixed, particle growth within the micelles occurs via
reactant exchange of neighboring water pools (Figure 2.5¢) [132]. Thinking of the micelles
as spongy spheres, three things can happen when two micelles come into contact: 1) they
can collide and bounce off one another; 2) they can stick to one another; 3) or they can
merge into a “super” micelle and in the process share their contents. The lifetime of the
micelle exchange is of the order of micro seconds [133]. This is a few orders of magnitude
longer than their contents require to form nanosized particles [124,127,134]. The surfactant,
oil phase, and to a lesser degree the concentration of micelles per unit volume, can have a
significant influence on the rate and nature of the micelle interactions. This in turn can lead
to differences in reaction rates, particles growth and size [135,136].

There are three basic types of surfactant systems that have been employed for synthesizing
ferrites (Figure 2.7) with the difference being determined by the nature of the hydrophilic

segment.
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Figure 2.7 Chemical structure of three common surfactants
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Careful consideration of a number of factors is advisable when selecting a suitable
surfactant, starting with the reactants and reaction conditions. The surfactant should be
chemically inert with respect to all other components of the microemulsion. This is
particularly relevant when the system contains oxidizing or reducing agents. On this
matter, both cetyl trimethylammonium bromide (CTAB) and sodium bis (2-ethylhexyl)
sulfosuccinate (AOT) are stable against mild oxidizers, like dilute H,O, and mild
reducing agents, such as hydrazine. By far, the most extensively studied surfactant is
sodium dioctylsulfosuccinate (AOT) which contains an anionic hydrophilic group [125,
137-140]. AOT generally offers a wider range of resultant nanoparticle size. Because of
its two branched hydrocarbon chains (Figure 2.8), this molecule possess a high ratio of
hydrophobic tail volume to head group surface area, which is predicted to be a key factor
in reverse micelle formation [141]. Also it does not require co-surfactants to form reverse

micelles.
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Figure 2.8 Molecular structure of sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
surfactant. The dotted lines represent the cone-like packing structure of the twin tail
surfactant

The AOT/isooctane reverse micelle system has been well characterized [124,126] and
widely employed in the successful synthesis of numerous nanomaterials including simple

ferrites such as NigsZngsFe,O4 particles. It was therefore determined to use AOT as a
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starting point in the development of a synthetic technique for production of the nano
nickel-zinc ferrite particles. Once this technique had been realized, the next step would be
the adaptation of this synthesis to other ferrite systems to evaluate their effect described

herein.

2.4 X-ray diffraction

X-ray diffraction technique is used for the realization of structural property and
can be employed exclusively to categorize the crystalline phase in the sample. The
fundamental of X-ray diffraction is best explained by the Bragg’s equation which places
the condition for the constructive interference for the scattered X-ray from the successive
atomic planes formed by the crystal lattice of the material. The Bragg’s condition is given
by:

2dsinf@=nh....c.cceeeiiiiinin (2.12)
where,
0 = Angle that X-rays make with the sample surface
d = Inter-planar spacing
A = Wavelength of incident radiation
n = Order of diffraction
These spectra can also give us information about the average particle/grain size, lattice

parameter, crystal structure of the samples, etc.

2.4.1 Indexing and determination of lattice constants, particle size
The indexing of pattern has been done by using the powder X-ray software
developed by Chen Dong [142]. If one has knowledge of the crystal structure, then
different ‘a’ values of lattice constants are tried so that all peaks are assigned (h, k, 1)
values. Secondly, the exact 26 values at which reflections are observed are noted
carefully and then with the help of Bragg’s law in the form:
C(ar2) [Reer]”

sind
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the corresponding ‘a’ values are calculated and compared with that observed using the
powder X-ray software.

In order for a crystal to diffract at all, the reflection plane must meet the incident
X-ray beam at one of the specified angles. It is necessary in order that the X-ray reflected
from the different points on these planes reach the detector in phase. When the diffracting
planes are large, contain thousand of parallel planes, this condition is satisfied very
accurately and hence the diffraction maxima are sharp. However, in case of smaller
crystallites, this condition is somewhat relaxed due to the smaller number of co-operating
planes. Therefore, when the crystallites are so small that they contain only a few planes in
phase, diffraction by these planes is no longer valid for producing sharp diffraction
minima. In general, reduction in crystallites size affects the broadening of the peaks. If
the path difference between rays scattered from the first two planes differs only slightly
by an integral multiple of wavelength then the planes scattering a ray exactly out of phase
with the ray from the first plane will lie deep within the crystal. As the crystal is too
much small that this plane does not exit then complete cancellation of all the scattered
rays will not exit this means that there is a correlation between the amount of out of
phaseness that can be tolerated and the size of the crystal. Therefore the broadening of the
peak depends upon the particle size, which can be calculated [143,144]. The particle size
D was determined from the broadening of X-ray diffraction peaks using the Debye-
Scherrer eqn. [145],

D = KA (2.14)

FWHM * Cos 6,

where D is the particle size in A, k is the shape factor (usually taken as 0.9), A is the X-
ray wavelength (1.54 A for Cu-K,), FWHM is the full width at half maximum and 6 is
the Bragg’s angle in degrees.

2.5 Mossbauer spectroscopy

Maossbauer spectroscopy can give very precise information about the chemical,
structural, magnetic and time-dependent properties of a material. Key to the success of
the technique is the discovery of recoilless gamma ray emission and absorption, now

referred to as the ‘Mossbauer Effect’, named after its discoverer Rudolph Mdssbauer,
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who first observed the effect in 1957 and received the Nobel Prize in Physics in 1961 for
his work.

The Mdssbauer effect provides information about the local magnetic and electronic
environment of Mdssbauer nuclei (i.e. >’Fe or ''”Sn) in a sample. Since this technique
does not require the application of an external field, it is possible to observe very weak
magnetic interactions, without the perturbing effect of the external field [146,147]. The
principle of the Mdssbauer effect is essentially the observation of fine structure in the
transition between different nuclear energy levels, e.g. of *’Fe or ''’Sn nuclei, by means
of nuclear resonance absorption or fluorescence radiation. In the experiment a source
containing >'Co nuclei provides a convenient supply of excited *'Fe nuclei, which decay
into the ground state accompanied by a gamma ray emission (Figure 2.9). When the
gamma ray energy matches precisely the energy gap in the sample being studied, a
nuclear transition occurs in absorption. For this purpose the source moves with a certain
velocity v and the frequency of the gamma ray can be slightly adjusted because of the
Doppler effect. Because of the high frequency of the gamma photon, the Doppler shifts
can be quite significant. In this way one can probe any splitting in the ground state in the
source or absorber nucleus which might result from magnetic or other interactions. Figure
2.9 shows the absorption peak occurring at v = 0, since source and absorber are identical.
The energy levels in the absorbing nuclei can be modified by their environment in three

main ways: by the isomer shift, quadrupole splitting and magnetic splitting.

2.5.1. Isomer shift

The isomer shift arises due to the slight change in the Coulomb interaction
between the nuclear and electronic charge distributions over the nuclear volume which is
associated with the slight increase of the *’Fe nucleus in the I =3/2 state. In a Mdssbauer
spectrum the isomer shift is the velocity of the center of gravity of the spectrum with
respect to zero velocity. As the isomer shift is proportional to the s-electron density of the
nucleus, this can be used to gain information about the valence state of the Mdssbauer
atom or of charge transfer, and is also useful to detect lattice expansion/compressions, as

these also change the electronic density [148]. The hyperfine splitting scheme for the *’Fe
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Mossbauer transition induced by Coulomb interaction (isomer shift) is shown in figure

2.9 (a).
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Figure 2.9 Hyperfine splitting scheme for the >’ Fe Mossbauer transition induced
by (a) Coulomb interaction (isomer shift), (b) quadrupole interaction and (c) magnetic
dipole (Zeeman) interaction between the nucleus and the electrons

2.5.2. Quadrupole splitting

If the nucleus is subjected to an electric field gradient, the interaction between the
nuclear quadrupole moment and the electric field gradient splits the excited I = 3/2 state
into a doublet, and a two line Mdssbauer spectrum is produced and the splitting is called
quadrupole splitting [149]. Its applications are the investigations of local symmetry
around the Mossbauer atom and the configuration of its valence electrons. The
quadrupole splitting scheme for the >’Fe Mossbauer transition induced by Coulomb

interaction is shown in figure 2.9 (b).
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2.5.3. Magnetic or Zeeman splitting

In the presence of a magnetic field the nuclear spin moment experiences a dipolar
interaction with the magnetic field i.e. Zeeman splitting. There are many sources of
magnetic fields that can be experienced by the nucleus. The total effective magnetic field
Befr of the Mdssbauer nucleus is given by: Ber = Beontact T Borbital + Baipotar + Bapplied, [150-
155] the first three terms being due to the atom's own partially filled electron shells.
Beontact 18 due to the spin on those electrons polarising the spin density at the nucleus,
Bomwital 18 due to the orbital moment on those electrons, and Bygipolar 1S the dipolar field due
to the spin of those electrons. This effect can be used to detect magnetic exchange

interactions and local magnetic fields. This kind of splitting is illustrated in figure 2.9 (¢).

2.5.4 Line width and line shape
The values of experimentally determined full width at half maximum (FWHM),
I'ex, and the nuclear transition energy, Ey yield the following expression for resonance

absorption which is generally shows a Lorentzian shape:

2

where E, is the gamma ray energy and Ej is equal to the difference between energy of

[(E)= ;, {(Ee -E,))’ +[lrex2j } ..................... (2.15)

excited state (Ecx) and ground state (Eyq). The line width of the emission or absorption
lines is inversely proportional to the mean life time t of the excited state I't = h/2m where
h is Planck’s constant. The half width of 14.4 keV transition of *'Fe nucleus is equal to
4.5 x10” eV corresponding to 0.19 mm/s velocity between source and absorber. The
broadening of lines of Mdssbauer spectra is mainly attributed to the relaxation effects
[156], presence of lattice defects, which may be uniformly or non-uniformly distributed
near the source atom, mechanical vibrations of spectrometer, larger thickness of absorber,
large solid angle, low resolution, quadrupole shifts etc. [157]. The broadening of various
lines can be used to draw important inferences about the internal structure and

environment around the Mdssbauer nuclei.
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2.5.5 Relaxation effects

The internal magnetic field at a nuclear site is proportional to the resultant spin of
the ion, which may change due to several possible mechanisms. This affects the
hyperfine interactions giving rise to the relaxation phenomenon [158], which is
responsible for producing line broadening and growth of inner lines at the cost of outer
lines of the magnetic hyperfine spectrum [159,160]. During the process of spin
fluctuation, an ion either absorbs or emits an energy quantum equal to the difference in
energy between the ionic spin states. The main process responsible for the spin
fluctuation can be grouped as [161-163],
(1) Electronic spin relaxation
(i1) Superparamagnetic fluctuations
The electronic spin relaxation arises when the ionic spin exchange energy with the
neighboring spins or lattice phonons. In this process, the ion fluctuates from one spin
state to another and stays there for a time, called electronic relaxation time, before
making a transition to some other state. Depending upon the agency with which ion
exchanges energy, the electronic relaxation mechanism may further be classified as
follow:
(a) Spin-spin relaxation, and
(b) Spin-lattice relaxation.
In spin-spin relaxation mechanism, the ion exchanges energy with another paramagnetic
ion with which it is coupled through dipolar or exchange interaction. In spin-lattice
relaxation process, the ionic spin exchanges energy with lattice vibrations. The lattice
vibrations modulate the crystalline electric field and thus affect the orbital motion of
electron of the ion [164,165]. This in turn acts on spin state through spin-orbit coupling.
The spin-phonon interaction then proceeds indirectly via spin-orbit and orbit-lattice
interactions, as the spin of the ion is not sensitive to the electric field directly. The spin-
spin relaxation time is generally very small as compared to spin-lattice relaxation time
and it is the spin-lattice relaxation time that governs the time required for transition from
one orientation of the net spin (Sz) to another. Lowering the temperature also increases
this relaxation time. The time dependence of the nuclear magnetic field at the site of the

nucleus follows the time dependence of Sz. In ferromagnetic and antiferromagnetic
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materials the interactions between the spins are so strong that these create a preferred
direction for S;. It has been shown that the observed magnetic hyperfine spectra can be
understood using a spin wave treatment [166].

Superparamagnetic spin fluctuations in a solid are exhibited by physically small
magnetic particles or by small regions called clusters, which are more magnetic than the
rest of the solid or are magnetically de-coupled from the rest of the solid. In such a case
the magnetization vector of the particle or cluster starts fluctuating randomly among easy

direction of magnetization in the presence of the thermal energy [167].

2.5.6 In-field Mdssbauer spectroscopy
An application of an external magnetic field brings us an other important

knowledge about the structure of ferrites and an arrangement of the magnetic moments. It
allows to separate sufficiently the Mossbauer lines belonging to iron atoms in the
tetrahedral and octahedral sites of ferrite. If there exists a non-collinear spin configuration
as for example, Yafet-Kittel type or helical spin structure, then the lines 2 and 5 of the
Mossbauer sextet do not disappear. If, however, the spins alignment is of Neel type or
deviation from the Neel type in the sense that spins are oppositely directed within the
sublattices, then the lines 2 and 5 must disappear, as the atomic spin moments on the (A)
site and (B) site of a collinear ferrimagnetic align parallel and antiparallel to the applied
magnetic field. In the presence of the external magnetic field applied parallel to the y-ray
direction, the effective magnetic field, B, at the >"Fe nucleus is expressed as a vector
sum of the hyperfine magnetic field, By, and the external magnetic field, Bex, 1.€. Begr =
Bhr + Bext. The effective field is thus inclined at an angle ¥ to the y-ray direction. It
follows that Bzhf = Bzeff + Bzext — 2 Bext Berr Cos'W. The direction of hyperfine field is,
however, antiparallel to the orientation of the magnetic moment of the iron atom which is
explained to be a result of the prevailing negative Fermi contact term. The line intensities
(i.e. the areas of the peaks in a magnetic sextet), proportional to the Clebsch-Gordan
coefficients are then commonly given by

Avs (P) =3 (1+ cos” P)

Azs (P) =4 sin”> ¥

Az (P) =1+ cos” ¥,
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where Aj; is the intensity of the lineiorj (1, j =1, 6; 2, 5; 3, 4). The intensities of the lines
in the magnetically split spectrum are thus in the ratio of 3: x : 1:1 : x: 3 with
x = 4sin” ¥/(1+cos® ). The value of ¥ is then usually calculated from

W = arcsin {6r/(4+3r)}'?
Or equivalently form

W = arcos {(4-s)/(4+s)} "
where r = A s/A1 ¢ and s = Ay s/Aj 4, respectively. When some spins in the particle are not
fully align in a direction of the external magnetic field, A, s # 0 and it implicates that ¥ #
0. NORMOS (SITE/DIST) fitting package [168] was used for fitting of the data, which

contains code to read and write the data files.
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Chapter 3: Experimental...

This chapter presents a brief description of generalized procedure for preparation of
nanocrystalline ferrite samples and the experimental techniques employed in
characterizing the samples under study. It is divided into two parts (i) Sample
preparation techniques in its nano-sized form by reverse micelle technique (ii) Different
characterization techniques which have been used for the study of structural, Mossbauer

and magnetic properties of these materials.

3.1 Synthesis of nano ferrite particles

The AOT/isooctane reverse micelle system has been well characterized and widely
employed in the successful synthesis of numerous nanomaterials including spinel ferrites
such as NigsZngsFe,O4 particles [1-3]. It was therefore determined to use AOT as a
starting point in the development of a synthetic technique for production of the nano
nickel-zinc ferrite particles. Once this technique had been realized, the next step would be
the adaptation of this synthesis to indium doped nickel-zinc ferrite systems to evaluate
their effect described herein.

The samples were prepared from stoichiometric amounts of respective metal
chlorides. Synthesis protocol to obtain high quality ferrite samples in their nano and bulk
form is elaborately discussed below.

The following chemicals were used in the synthesis procedure: FeCl, 4H,O (Merk,
99.9%), NiCl,.6H,0 (Merk, 95%), ZnCl, (Merk), InCl; (Merk), sodium dioctyl
sulfosuccinate AOT (Aldrich, 99.99%) as a surfactant: isooctane (Qualigens, 99.9% ) as
the oil phase, hydrochloric acid (HCI), double distilled water as the aqueous phase,
NH4OH (25wt%) as a precipitating agent and methanol (99%) as a washing agent.

Figure 3.1 shows the schematic diagram for the synthesis of nanoferrite particles by
reverse micelle technique. For the AOT\isooctane reverse micelle system, a stock
solution of 0.56M AQOT was prepared in isooctane. An aqueous phase was then prepared
using 0.07M FeCl,.4H,0, 0.02M NiCl,.6H,0 and 0.02M ZnCl, to make Nig sgZng 42Fe,O4
nanoparticles. Using a divalent iron salt as a precursor component, pH of the aqueous
metal ion solution was set as 1.2 to avoid early oxidation of ferrous ions. First
microemulsion was prepared by adding aqueous phase containing ions into

AOT/isooctane. The size of the water pools in reverse micelle can be controlled by
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Figure 3.1 Synthesis of nanoparticles by reverse micelle technique

adjusting ® which is water to surfactant concentration ratio. The relative volume of AOT
solution to water was 6:1, which corresponds to the ratio of water to surfactant (o =
[H,O]/[AOT]) as 15.5. Second microemulsion was prepared by mixing ammonia solution
into AOT/isooctane, keeping ® at 13.5. The ammonia solution was used to adjust the pH
of the aqueous metal solution to induce precipitation and oxidation within the water
pools. Both the microemulsions were agitated and then sonicated until each was visibly
clear. Second microemulsion was added at once into the first microemulsion. Initially a
green color forms, which over a period of a few minutes, turns reddish. The reaction was
rapidly stirred for 2 h to ensure complete reaction. Excess of methanol was added to
disrupt the micelles and remove surfactant from the particles. This mixture was
centrifuged and the supernatant removed. The material was washed and centrifuged
repeatedly with methanol until the AOT was removed and then dried overnight in an
oven followed by calcination for 4 h at 773 K. Samples were prepared at different pH
values (1) pH < 9.6 (2) pH = 9.6 (3) pH = 10.96 (4) pH =11.40. In order to achieve a
higher pH value the amount of ammonia in second microemulsion was increased,

keeping ® same for all cases. Measurement of pH values during the aging times of the
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mixed precursor and precipitating microemulsions were performed by using Elico pH
meter LI 127 model at room temperature.

Additionally indium doped nickel-zinc ferrite (NigssZng42IngFe; xO4, x = 0.1, 0.2,
0.3) particles were prepared by taking InCls in aqueous solution of other metal reactants
such that total molarity of the solution remains constant ~0.1M/ and performing the same
procedure as described above. Various synthesis experiments were performed at different
pH values to get the pure spinel phase. Particle size was increased by increasing the pH
value. The w = [H,0]/[AOT] ratio was kept constant in all experiments.

Bulk samples were prepared by heating reverse micelle synthesized nanoparticles
at high temperature (~1473 K) for 4 h. This is of importance not only for basic science
but also because of possible high-temperature applications of reverse micelle synthesized

ferrites.

3.2 X-ray diffraction

X-ray diffraction analysis was used to study the crystallinity of powder samples.
This method can be used for phase identification, particle and unit cell size
determination. When an electromagnetic wave enters a crystal it will be scattered by the
electrons inside. For certain angles of incidence there will be constructive interference
between the different scatters, but for most of the angles destructive interference will
cancel the diffracted beams. By measuring at which angles the constructive interference
occur, it is possible to learn about the geometrical ordering of the atoms inside the crystal
[4-6]. X-ray diffraction is a useful nondestructive method of structure analysis. The most
common uses of X-ray diffraction in our type of work are:
» to check if the sample consists of a single phase.
» to check the crystallinity of the sample.
» to see whether the sample is polycrystalline or a single crystal
» to measure the particle size.
X-ray diffraction is the most widely used basic structural characterization
technique for studying the samples which are in their respective powder form. In normal
0-20 scan mode, a beam of monochromatic X-rays is made to incident on the sample,

making an angle 0 with the sample surface. The detector motion is coupled with that of
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the X-ray source so that it is always kept at a position at an angle of 20 with the incident
direction of the X-ray beam. The spectrum is recorded as intensity vs. 20. The schematic
of X-ray diffractometer is shown in figure 3.2.
This technique is based on Bragg’s law of diffraction. The X-rays get diffracted
from the crystal planes when the Bragg's diffraction condition is satisfied, as given by:
2dsinO=ni.......coceiiiiiinin. (3.1)
where, d is the interplaner spacing, n is the order of diffraction, A is the wavelength of X-

ray and 0 is the incident angle.

-
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Figure 3.2 Schematic of X-ray diffractometer
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To satisfy Bragg’s law during the experiment it is necessary to scan either wavelength (1)
or angle (0). The variation in angle 20 brings different atomic planes into position for
reflection. Thus for a particular set of planes, the first order diffraction occurs at a
particular value of 20, the detector counts increase, and a peak gets recorded. By
comparing the peak positions in the X-ray diffraction spectrum with the standard data,
one can obtain the knowledge about phases present in the sample. Sharper peaks indicate
better crystallinity of the film. These spectra can also give us information about the
average particle/grain size, lattice parameter, crystal structure of the samples, etc. By
measuring the shift in the diffraction peak position (and hence lattice constants), one can
get an idea of the strains present in the sample. A typical block diagram of a powder X-
ray diffraction unit is shown in figure 3.3.

In the present work, the X-ray diffraction patterns for the powders were carried
out on rotating anode X-ray generator (Rigaku) at SAIF Chandigarh. X-ray diffraction
technique was used in the range of 20°-70° using Cu-K, (A= 1.54184 A) radiation source.

Monochromator Detector

__4 Voltage High Voltage X-Ray ‘ —
Stablizer [ | Generator Tube
‘ T Sample
Slits
Collimator L
‘Current
Stablizer

—-

Amplifier —@ Printer

Figure 3.3 4 typical block diagram of a powder X-ray diffraction Unit
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3.3 Transmission electron microscopy

Transmission electron microscopy (TEM) yields information on the morphology,
composition and crystallographic information on a very fine scale. Transmission electron
microscopy work the same way as a slide projector where a beam of electrons (like the
light) is being shined through the specimen (like the slide) and whatever part is
transmitted is projected onto a phosphor screen to yield an image from where the
morphology can be extracted. A crystalline material interacts with the electron beam
mostly by diffraction rather than absorption, although the intensity of the transmitted
beam is still affected by the volume and density of the material through which it passes.
The intensity of the diffraction depends on the orientation of the planes of atoms in a
crystal relative to the electron beam. At certain angles the electron beam is diffracted
strongly, sending electrons away from the axis of the incoming beam, while at other
angles the beam is largely transmitted. A high contrast image can therefore be formed by
blocking electrons deflected away from the optical axis of the microscope and by placing
the aperture to allow only unscattered electrons through. This produces a variation in the
electron intensity that reveals information on the crystal structure, and can be viewed on a
fluorescent screen, or recorded on photographic film or captured electronically.

Transmission electron microscopy (TEM) is a very sensitive instrument, for
studying the grain size and morphology of nanoparticles at higher magnification, higher
resolution and depth of focus compared to an optical microscope. Transmission electron
microscopy consists of following important sections: illumination system, specimen
stage, imaging system, image recording system. These sections are illustrated in the block
diagram of the electron microscope shown in figure 3.4. For transmission electron
microscopy investigations, powders were crushed in a mortar, dispersed in methanol, and
fixed on a copper-supported carbon film.

In this work, transmission electron microscopy is performed at SAIF Chandigarh
on a Hitachi microscope (H-7500) 120 kV equipped with CCD camera. This instrument
has the resolution of 0.36 nm (point to point) with 40-120 kV operating voltage. It has
electron diffraction, tungsten filament, low dose function, high contrast mode with

ergodynamic look. The specific features of the instrument are: maximum field of views at
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x700 with dual picture modes, auto-navigation and largest possible field with mose

contrast and auto pre-irradiation mode (APIS).

Electron Source

=+ First Condenser Lens

Second Condenser Lens

Condenser Aperture

Sample

e — = —, Objective Lens

I || BN  Cbjective Aperture
Selected Area Aperture

First Intermediate

—
>;< Lens
Second Intermediate

Lens

FProjector Lens

Main Screen
(Phosphor)

Figure 3.4 4 block diagram of transmission electron microscope

3.4 Fourier transform infrared (FTIR) spectroscopy

Spectroscopy is the study of the interaction of electromagnetic radiation with a
chemical substance. When radiation passes through a sample (solid, liquid or gas) certain
frequencies of the radiation are absorbed by the molecules of the substance leading to the

molecular vibrations.

60



Chapter 3: Experimental...

Infrared (IR) spectroscopy is a powerful tool for probing the vibrational motion of
atoms in a molecule which are greatly influenced by the masses of atoms, their
geometrical arrangement and strength of their chemical bonds. Infrared spectra involve
IR radiation, which results from transition between quantized vibrational states and
provides complementary information of molecular vibrations. It consist of a spectral
region from red end of visible spectrum (12500 cm™'; 0.8 mm) to the microwave (10 cm™;
1000 mm) in the electromagnetic spectrum and based upon both application and
instrumentation involved is conveniently divided into near-IR (12500 to 4000 cm™), mid-
IR (4000-400 cm™) and far-IR (400-10 cm™). A typical spectrometer mainly comprises of
(a) radiation source, (b) optical path and monochromator, (c) radiation detector and (d)
sample holder.

Modern fourier transform IR spectrometers are superior to the dispersive IR
spectrometers. An FTIR is a method of obtaining infrared spectra by first collecting an
interferogram of a sample signal using an interferometer, then performing a fourier
transform on the interferogram to obtain the spectrum. An FTIR spectrometer is a
spectral instrument that collects and digitizes the interferogram, performs the fourier
transform function and displays the spectrum. The main component in the FTIR
spectrometer is an interferometer. This device splits and recombines a beam of light such
that the recombined beam produces a wavelength-dependent interference pattern or an
interferogram. The Michelson interferometer is most commonly used. Figure 3.5 shows
schematics of the Michelson interferometer.

A Michelson interferometer consists of two mirrors and a beam splitter positioned
at an angle of 45° to the mirrors. A KBr beam splitter coated with germanium is typically
used for mid IR region. Incident light strikes the beam splitter so that half of the light is
transmitted through the beam splitter and half is reflected to the mirrors. The two
components are then reflected back and recombined at the beam splitter with half of the
light passing on towards the sampling areas and half traveling back toward the source.
The signal at the detector is a cosine wave. In general, the function of the interferometer
is to disperse the radiation provided by the IR source into its component frequencies.
With polychromatic light (radiation with more than a single wavelength), the output

signal is the sum of all the cosine waves which is the fourier transform of the spectrum or
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an interferogram. This signal is the sum of the three cosine wave signals from each

frequency separately. The interferogram contains the basic information on frequencies

and intensities characteristic of a spectrum but in a form that is not directly interpretable.

Thus, the information is converted to a more familiar form, a spectrum, using fourier

transform methods.
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Figure 3.5 Schematic diagram of a FTIR spectrometer

In the present work fourier transform infrared spectroscopy (FTIR) measurements

were made on a Bruker Model Vertex 70 spectrophotometer from 400 to 4000 cm™ using

KBr pellet method, at [IUC-UGC, consortium for scientific research, Indore.
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3.5 Mdssbauer spectroscopy

>"Fe Mdssbauer spectroscopy uses a radioactive source of >’Co. The decay scheme
of this isotope is shown in figure 3.6. The half-life of *’Co is 271.7 days and decays by
electron capture to the excited state of *’Fe. This excited state decays to I = 3/2 excited
state (14.4 keV) or to I = '4 ground state by gamma rays emission. The 14.4 keV state
decays to the ground state by gamma rays emission or internal conversion. The half-life
of 14.4 keV excited state is 97.8 ns, giving a Mdssbauer gamma ray with a line width of

0.097 mm/s and the line width of a resonant emission and absorption event is thus

57Co (t1/2 = 271.7 Days)

ELECTRON CAPTURE
+5/2 37 Fe 136.3 keV
11% e
+3/2 14.41 keV
9% U\f\f\_y(mz=97.sm)

+172 Y

Figure 3.6 Schematic diagram of a simple Mdssbauer spectrometer

0.19 mm/s in perfect condition. The source used in the present work is fabricated by
diffusing *’Co atoms in rhodium foil matrix and provides a solid environment for the
*’Co atoms with a high recoil-free fraction. The source velocity is controlled by a
transducer, which oscillated with constant acceleration. Waveform generator sends a
reference waveform to the drive amplifier, via a D/A converter (Figure 3.7). This signal
is sent to the vibrator, where it is converted to a mechanical oscillation of the drive shaft
and source. A small coil within the vibrator provides a feedback signal to correct any

deviations from the reference wave form. The detector here is a proportional counter
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containing a 90 % of argon and 10 % of methane gas. It uses an applied voltage of —2.0 to
—2.5 keV and has 65 % efficiency for gamma rays.

The pulse magnitude from the detector is directly proportional to the gamma rays
energy and is sorted by a single channel analyzer after amplification. This allows the
selection of Mgssbauer gamma ray from any other radiation emitted from the source. The

detector counts and source velocity are synchronized by a microprocessor system. The

absarber
Source
- ‘-‘W.
Transducer o "‘I‘,-F"' e — detector
i
display
a8
feedback E amplifier
amplifier =
channel
waveform data acquistion single channel
generator — system s B analyser

Figure 3.7 4 block diagram of a typical Mdssbauer spectrometer

counts accumulate 512 channels for one cycle, which contain two complete spectra, one
for positive acceleration and one for negative acceleration of the source. As the
acceleration is constant the time interval is equal for all the velocity intervals, hence each
channel records for the same amount of time. During the analysis the full spectrum is
folded around a center point to produce a single spectrum. This increases the number of
counts and hence gives better statistics and also flattens the background profile produced
by difference in intensity of the source radiation as the source moves relative to absorber
and detector. The raw data is collected by a data acquisition computer system, which can

be further used for analysis. The spectrum is folded and a theoretical spectrum is
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calculated according to specified hyperfine parameters and is compared to the data. The
minimum deviation (5°) between the theoretical spectrum and the experimental spectrum
gives the best fit. The analysis programs vary the parameters of the theoretical spectrum
to find a minimum in y*. As there are number of minima of y* that can be obtained from
various points in parameter space, the resulting fits must then be checked for consistent
parameters to ensure a fit that is physically valid. NORMOS (SITE/DIST) [7] fitting
package was used for fitting of the data, which contains code to read and write the data
files. This can produce doublets and the double sextets using Lorentzian line shapes. This
program uses the VAO2A routine for Xz minimization. The routines can be fit with
multiple hyperfine fields or quadrupole splitting distribution blocks as well as multiple
crystalline sites.

To analyze the recorded spectra, the spectrometer needs to be calibrated. The
three main calibration parameters are the velocity scale, the center point of the spectrum
and a linearity of the velocity/time profile of the oscillation compared to a standard
reference. The calibration is performed using a spectrum recorded from a a-Fe foil at
room temperature and fitted with the NORMOS (SITE/DIST) fitting package. The
velocity scale is calibrated using the well-defined line positions of the sextet from iron.
The center of this iron spectrum at room temperature is taken as the reference point (0.0
mm/s) for isomer shift values of the sample spectra.

In the present work, Mossbauer spectroscopy studies were performed on the nano
and bulk samples at [IUC-UGC, consortium for scientific research, Indore. Mdssbauer
absorbers of thickness ~20 mg/cm” were prepared using powdered materials. Spreading
the 20-30 mg fine powders in a copper ring of 1 cm diameter on a thin aluminum foil and
fixing the powder using GE Varnish/vacuum grease achieved the uniform thickness of
the absorber. Low temperature and in-field >’Fe Mossbauer measurements were carried
out using Janis made of superconducting magnet. In-field Mossbauer spectra were
recorded at 5 K in the presence of an external magnetic field of 5 T applied parallel to the

y-ray direction.
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3.6 Magnetic studies: magnetometry

The study of magnetic properties of materials is a basic requirement for
understanding electronic behavior in condensed matter. Magnetometry is a general term
referring to the magnetic property measurements of a particular system. The dc
magnetometer and the ac susceptometer are two entirely different techniques that provide
different ways of investigating the magnetic properties. Both these techniques rely on
sensing coils used to measure the change in the magnetic flux due to magnetized sample.
The basic difference between these two techniques resides in how the flux variation is
achieved. In a dc magnetization measurement, a sample is subjected to and magnetized
by a static dc field usually arising from an iron core or superconducting magnet. The
sample is then moved relative to a detection coil that is used to measure variations in flux
due to magnetized sample. On the other hand, in ac measurements, the sample is centered
within a coil while driven with an external ac field. This produces a time varying
magnetization, inducing a voltage that a second detection coil senses. Usually a lock-in
amplifier is used to analyze this signal which is related to the materials ac magnetic
properties. Various techniques of magnetometry can be used to measure the magnetic
properties of the materials. Vibrating sample magnetometer and superconducting
quantum interference device (SQUID) are well-known methods to measure the

magnetization of the materials.

3.6.1 Vibrating sample magnetometer

Vibrating sample magnetometer (VSM) is a powerful technique for determination
of magnetization and hysteresis loop of nano and bulk sample [8]. The operation of the
vibrating sample magnetometer is based on the flux change in a coil when a sample
having non-zero magnetic moment is vibrated near it. The schematic of the vibrating
sample magnetometer is shown in figure 3.8.

The sample to be studied is fixed in a sample holder which is located at one end
of the rod whose other end is attached to a mechanical vibrator which vibrates typically
with a frequency of 82 Hz, and with amplitude of about 0.1 mm. The direction of
vibration is kept perpendicular to that of the magnetic field generated by an

electromagnet. The oscillating magnetic field, resulted from the vibrating sample,
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Figure 3.8 Schematic of the vibrating sample magnetometer

generates an alternating e.m.f. in the detection coils kept near the sample. The vibrating
rod also carries a reference specimen, in the form of a small permanent magnet, near its
upper end and its oscillations induce e.m.f. in the reference coils. The difference between
the voltage of the detection and reference coils, which is directly proportional to the
magnetic moment of the sample is measured and is expressed in terms of the magnetic
moment (i.e. in emu). For sample with known mass or dimensions, its magnetization can
be measured either in units of emu/gm or emu/cm’. It is very sensitive technique; it can
detect a change in the magnetic moment as small as 5 x 10 emu. The block diagram of

vibrating sample magnetometer is shown in figure 3.9
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Figure 3.9 Block diagram of the vibrating sample magnetometer

In the present work, measurements were performed using a quantum design
(USA), 14 T physical property measurement system (vibrating sample magnetometer
PPMS-VSM), at IUC-UGC, consortium for scientific research, Indore. For the
measurement using VSM, the powered sample were weighted, pressed into a small quartz
container and finally mounted at the end of a rigid ceramic rod. To avoid the movement
of the powders inside the tube they were compacted using Teflon tape. The stability of
the instrument is + 0.05 % for fixed coil geometry, the absolute accuracy is 2 % and the
reproducibility is better than 1 %. The least measurable moment is better than of the order
of 10 emu. For recoding magnetization measurements at lower temperatures range from

77-300 K, a closed cycle refrigerator has been used.
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3.6.2 Superconducting quantum interference device (SQUID)

magnetometry
Magnetometers based on the SQUID technology are presently the most sensitive

instruments to measure magnetic moments of liquid or solid state samples. State of the art
systems are capable of measuring magnetic moments of the order of 10”7 emu (1610 Am?)
and even below. Essentially two modes of operation exist. First, as a magnetometer, it
measures the static magnetic moment (m), at various applied fields (H), and temperatures
(T). When normalized to the volume of the sample one obtains the average magnetization
(M). SQUID magnetometers are used in various fields of research such as in the study of
superconductors, biological materials, thin magnetic films, magnetic nanostructures,
magnetic fluids and geological materials.

The SQUID magnetometer is one of the extremely low impedance, high
sensitivity flux detector capable of operating over a wide range of frequencies. It uses the
properties of electron-pair wave coherence and Josephson junctions to detect very small
magnetic fields. In a SQUID based magnetometer; a magnetic sample passes through a
set of sensing coils. The sensing coils are comprised of superconducting coils separated
by thin insulating layers that are less than 30 A thick. The insulating layers are called
Josephson junctions after Brian Josephson who, in 1962, showed that Cooper pairs
(electron pairs in superconducting materials) in superconductors could tunnel through an
insulating layer or weak link between the superconductors [9]. A dc-SQUID is comprised
of two Josephson junctions connected in parallel (Figure 3.10). A current is passed
through the superconductors and when no magnetic sample is present the Cooper pairs
weakly interfere as they pass through the Josephson junctions. This interference is caused
by phase shifts (6A and 6B) of the Cooper pairs passing through junctions A and B
respectively. However, when a magnetized sample passes through the center of the
SQUID device, the magnetic flux changes the interference (phase difference) of the
cooper pairs. Ultimately, the total current passing through the superconducting loops (I)

changes as a result of any magnetic flux (B) through the loops by the relationship

[=21,sino, cos(%J.B.dS] .......................... (3.2)
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Figure 3.10 Schematic diagrams of SQUID sensing device

where Iy is the initial current, dy is a constant phase shift, e is the charge of an electron, h
is Planck’s constant and S is area of the superconducting loops [10]. The current change
causes a change in voltage, which is amplified by a coil coupled to the SQUID and
converted into a current with equal and opposite flux [11]. The sensitivity of the SQUID
magnetometer is directly related to its ability to measure the phase difference of Cooper
pairs. SQUID magnetometers are also very precise, allowing for reproducible standard
deviations of the order of 10” to 10 emu for six averaged measurements. The schematic
diagram of SQUID magnetometer is shown in figure 3.11.

In the present work, SQUID measurements were performed on the nano and bulk
samples at Instituto de Fisica Gleb Wataghin, Universidade Estadual de Campinas
(UNICAMP) Campinas, Brazil. For the measurements using SQUID magnetometer, the
powered samples were mounted within a plastic straw and connected to one end of a
sample rod, which is inserted into the dewar filled with liquid helium. The other end is
attached to a stepper motor, which is used to position the sample within the center of the
SQUID pick up coils. The magnetization measurements on bulk and nanoparticle samples

were performed using a quantum design MPMS XL SQUID magnetometer.
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3.6.3 AC suscepetometer
An ac susceptometer is a unique tool, which is capable of measuring susceptibility
under very small magnetic fields, with or without a dc bias field. It can also be used to
measure the magnetic susceptibility as a function of frequency and temperatures, and is
capable to separate the real part ' and imaginary part x”” of the complex susceptibility.
The basic principle for measuring the ac susceptibility of a sample is the change
in inductance of a coil or in the mutual inductance of a pair of identical and coaxial coils

connected in series but oppositely wound when the sample is inserted in it. Change in
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inductance is proportional to the susceptibility of a sample. Generally, at lowest
frequencies of the oscillating field, it is beneficial to use the mutual inductance technique.
For this, two coils can be used: one (primary) for producing the ac field and the other
(secondary) as the mutual inductance coil for detecting signal. The secondary coil is

placed either within or wound on the top of primary (Figure 3.12). Then, an ac field and

Pick-up coil

Sample

e

Primary coil

AC.
field a.c. emf Sample holder

@T assembly

Figure 3.12 Schematic diagram of the ac suscepetometer

the magnetodynamics can be studied through the complex susceptibility (y' + ). The
real part ' represents the component of the susceptibility that is in phase with the applied
ac field, while " represent the component that is out of phase and are measured by phase
sensitive detection of the voltage induce across the secondary coil, when the sample is
moved from the centre of one of the identical coils to the center of another. The block
diagram of the ac suscepetometer set up is shown in figure 3.13.

In the present work, ac susceptibility measurements were performed on the nano
samples at [IUC-UGC, consortium for scientific research, Indore. For the measurements
of ac susceptibility, the powered samples were weight, pressed into a small quartz
container and finally mounted at the end of a sapphire rod. To avoid the movement of the

powders inside the tube, they were compacted using Teflon tape.
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3.6.4 Temperature dependent zero field cooled (ZFC) and field-cooled
(FC) magnetization

The transition temperature (Tg) of a magnetic material is an important factor as it
governs the classification of a material as ferro-, ferri-or superparamagnetic. Zero-field-
cooled (ZFC) and field-cooled (FC) magnetization versus temperature (M vs. T)
measurements are commonly used to determine Tg, also known as the blocking
temperature, of magnetic materials. The blocking temperature (Tg) is a measure of the
thermal energy required to overcome the superexchange transition and is defined as the

temperature at which the nanoparticles do not relax during the time of measurement; they

are blocked
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In these measurements, a sample is cooled from room temperature to 5 K in zero
applied magnetic field. Then a small magnetic field is applied and the sample is warmed
up to temperature 300 K (zero field-cooled measurement) and the magnetic moment is
recorded. In the field-cooled measurements, the sample is cooled from 300 K to 5 K in
the presence of field, where upon the temperature is again increased to 300 K and the
magnetic moment is recorded. In the ZFC measurement, the magnetic dipoles of the
sample are random at room temperature and remain random upon cooling. At 5 K, the
dipoles do not have enough thermal energy to rotate. As the temperature is increased kgT,
increases and the magnetic dipoles align in the direction of the applied magnetic field
resulting in an increase in the magnetic moment. In the field cooled measurement, the
magnetic dipoles are aligned at 300 K and are cooled to 5 K in this configuration. As the
temperature is increased, kgT provides the energy for the magnetic dipoles to randomize
resulting in a decrease in the magnetic moment. The point at which the ZFC and FC
curves meet is called the separation point. Below the blocking temperature, there is
sufficient thermal energy to randomize the magnetic dipoles and a material behaves like a

paramagnetic. ZFC-FC measurements are done in the presence of various applied fields.

3.6.5 Room and low temperature magnetization vs. applied magnetic

field measurements
Magnetization vs. applied magnetic field measurement (hysteresis curves

measurements) is a time dependent measurement of the magnetic moment of a sample as
the magnetic field is increased and decreased in a hysteresis fashion. Hysteresis loops
provide information such as saturation magnetization (M;), remanence magnetization
(MR) and coercivity (Hc) for a given material. These values are specific to the
temperature at which hysteresis loop experiment is performed as the magnetic moment of
a sample can depend on the temperature. Hysteresis loop experiments were performed at
different temperatures for nanoparticles at 300 K, 200 K, 120 K, 80 K and 5 K beginning
at zero applied magnetic fields. For bulk particles hysteresis loops measurements were
carried out at 300 K and 5 K.

M; was determined by observing the magnetic moment of the sample at the
largest applied magnetic field. Mg was determined by locating the point on the y-axis,

where there was a magnetization in zero applied magnetic field. H, was determined by
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locating the point on the x-axis where the magnetization was zero in an applied magnetic

field. (Figure 3.14)

Mg r""S

rd

Figure 3.14 Hysteresis curves (M-H) indicating the location of the point of interest

3.6.6 Variation of magnetization with temperature in presence of high
field

In order to account for the finite size effect and effective Bloch law formalism we
have measured spontaneous magnetization vs. temperature for bulk samples in the
presence of high field (~5 T) on a SQUID magnetometer. Variation of magnetization in

the presence of high field (5 T) with temperature is studied in the cooling cycle.

3.6.7 AC susceptibility vs. temperature at different frequencies

The ac susceptibility is a powerful technique for exploring the nature of the
magnetic transitions such as ferromagnetic, antiferromagnetic, superparamagnetic,
freezing and spins glass transitions. The measurement of ac susceptibility as a function of
temperature at different frequencies is very fruitful in studying the dynamical behavior of
the systems like spin glasses, superparamagnet and also their relaxation time in magnetic
moments. In a spin-glass, the magnetic spins experience random interactions with other
magnetic spins, resulting in a state that is highly irreversible and metastable. This spin-

glass state is realized below a freezing temperature, which is determined by measuring
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the real part ' versus temperature, a curve which reveals a cusp at the freezing
temperature. Furthermore, the location of cusp is dependent on the frequency of the ac
susceptibility measurements, a feature that is not present in other magnetic systems and
therefore confirms the spin-glass phase. On the other hand in case of superparamagnetic
particles, above the blocking temperature Tg, the imaginary part x” is small and the real '
follows the Curie law (y' vs. 1/Tp), as expected for paramagnetic behavior. From such a
measurement, one can check that the particles are truly non-interacting by verifying the
dependence of 1/Tg on the measurement time as given by Neel-Brown theory (chapter 2)

and the departure from this theory indicates strong interparticle interactions.
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Magnetic properties of nano ferrites are highly sensitive to their nanostructural
properties like grain size, grain distributions, phase, imperfections, particle size
distribution and environment of the ions. Therefore structural studies like X-ray
diffraction (XRD), transmission electron microscopy (TEM) and Fourier transform
infrared spectroscopy (FTIR) are essential to probe the nanostructural features of the
system. The present chapter was taken up to study the structural properties of nickel-zinc
ferrite (NigssZng 42Fe;0y) and indium doped nickel-zinc ferrite (NigssZnps2InFes Oy x =
0.1, 0.2, 0.3) samples at nano and bulk scale.

X-ray diffraction analysis was used to study the crystallinity of powder samples.
This method can be used for phase identification, particle and unit cell size
determination. In the present work, the X-ray diffraction patterns for the ferrite samples
were taken in the range of 20°-70° with a step size of 0.05° (26) with 5 s counting time at
each step using Cu-K, (A = 1.54184 A) radiation source. Transmission electron
microscopy (TEM) is a very sensitive instrument, for studying the grain size and
morphology of nanoparticles at higher magnification, higher resolution and depth of
focus compared to an optical microscope. For transmission electron microscopy
investigations, powders were crushed in a mortar, dispersed in methanol, and fixed on a
copper-supported carbon film. Fourier transforms infrared spectroscopy (FTIR) was used
to characterize the local environment of ions. Fourier transform infrared spectroscopy
was recorded on a Bruker Model Vertex 70 spectrophotometer from 400 to 4000 cm™

using KBr pellet method.

Results and discussion
4.1 X-ray diffraction (XRD)

Nickel-zinc ferrite (NigsgZng42Fe,O4) particles and indium doped nickel-zinc
ferrite NigssZng4IngFe; 04 (x = 0.1, 0.2, 0.3) particles were synthesized via reverse
micelle technique. Various synthesis experiments were performed at different pH value to
get the pure spinel phase. The w = [H,0]/[AOT] ratio was kept constant in all
experiments. Figure 4.1 shows the X-ray powder diffraction patterns of nano
Nig ssZng 42Fe,04 sample with pH value at (a) pH < 9.6 (b) pH = 9.6 (¢) pH = 10.96 and
(d) pH = 11.40. The X-ray diffraction patterns show that the amount of precipitating
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agent used plays a crucial role in the process of synthesizing the nano nickel-zinc ferrite
particles. Analysis of the X-ray diffraction pattern revealed a match with PDF # 08-0234
[1], indicating the single spinel phase structure at pH = 9.6 (Figure 4.1b). Below this
value of 9.6, a second phase of goethite (0-FeOOH) also appears with spinel phase
(Figure 4.1a). However, the sample synthesized at higher pH value (10.96) contains
traces of hematite in addition to spinel phase (Figure 4.1c). At pH = 11.40, dominant
phase formed is of hematite (Figure 4.1d). Use of lesser amount of precipitating agent as
compared to the stoichiometric amount needed to precipitate the precursor cations in the
formation of divalent hydroxide, leads to the formation of goethite [2]. Two concurrent
reactions depending on hydroxide ion concentration take place. The first reaction is the
formation of goethite (a-FeOOH), which persists as an intermediate compound in the
formation of ferrite at pH value < 9.6. The second reaction is associated with the

oxidation of hydroxide and incorporation of Fe** into nickel-zinc ferrite particles.
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Figure 4.1 XRD patterns with increase in pH value of nano nickel-zinc ferrite (a) shows
the formation of goethite phase (G) with the spinel phase (S) for pH < 9.6 while (b)
shows the pure single spinel phase formed at pH =9.6, (c-d) shows the formation of

hematite phase (H) with the spinel phase for pH =10.96, pH =11.40
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Simplified chemical reactions for both processes can be written as:

2Fe* +40H +% 0, — 2FeOOH + HyO......oeo . 4.1)

0.58Ni*" + 0.42Zn*" + 2 Fe* + 6 OH + % O, —> NipssZng4Fe;04+3H,0...... 4.2)

However at higher pH value (10.96), zinc hydroxide is partially dissolved and its
deposition is incomplete, because of its amphoteric nature [3]. As a result the sample
prepared at pH > 9.6 contains traces of hematite in addition to spinel phase which can
clearly be seen in figure 4.1 (c-d). For any reverse micelle process, pH affected the
crystallization of the product. Based on the above experiments, the suitable reaction
conditions for the synthesis of well crystallized nano Nig ssZng4,Fe;O4 (Np) sample were
obtained.

Figure 4.2 shows the X-ray diffraction patterns of indium doped nickel-zinc

N
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Figure 4.2 XRD patterns of nickel-zinc-indium ferrite nanoparticles (a) N; (b) N>
(c) N3 (d) N4 (e) Ns
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ferrite particles. At pH = 10.6, for Nig sgZng 42Ing 1Fe; 9O4 (N) sample, the analysis of the
material revealed a match with PDF # 08-0234 [1], indicating the single spinel phase
structure. However at the same pH value (10.6), NigssZng42Ing,Fe; sO4 (N7) sample
contains slight trace of hematite (Fe,O3) in addition to spinel phase (Figure 4.2b). To get
the pure spinel phase we have decreased the pH value of the precipitation, keeping w =
[H,0]/[AOT] ratio constant in all experiments [4]. At pH = 9.0, NigsgZng42Ing 1Fe; 904
(N3) and Nig ssZng42Ing,Fe; 304 (N4) nanosamples are successfully synthesized showing
the pure spinel phase structure (Figure 4.2c-d). For getting the single spinel phase
structure of NigsgZng 42Ing3Fe; 704 (Ns) sample, we have again decreased the pH value
(~8.2) of the precipitation (Figure 4.2¢). Table 4.1 shows the different compositions of

ferrite particles prepared at different pH values.

Table 4.1 Composition of ferrite particles and pH value of precipitation, N: Nano
samples, S: Bulk samples

Sample Composition pH
No Ni0.5an0.42F6204 9.6
Ny Nig s3Zng.42Ing 1Fe; 904 10.6
Nz Ni0.5an0.421n0_2F61.gO4 10.6
N3 Nig.s8Zng.42Ing 1Fe; 904 9.0
Ny Nig s8Zng.42Ing 2Fe; 304 9.0
N;s Nig 58709 42Ing 3Fe1 704 8.2
So Nig s8Zng.42Fe204 -
S Nig 58Zng 42Ing 1Fe; 904 -
S, Nig s8Zng.42Ing 2Fe; s04 -
S3 Nig.58Zn9 42Ing 3Fe; 704 -

Bulk samples were prepared by annealing the pure spinel phase Ny, N3, N4 and N
nanosamples (almost same particle size) at 1473 K for 4 h. Figure 4.3 shows the X-ray
patterns of bulk samples NigsgZng42Fe,Os  (Sp), NigsgZngaoIng Fe; 004 (Sy),
Nig ssZng 42Ing2Fe; s04 (S2) and NigssZng42Ing3Fe; 704 (S3). Even after heat treatment
analysis of the bulk samples revealed a match with PDF # 08-0234, indicating the single
spinel phase structure. While for Nig sgZng 42Ing 3Fe; 704 (S3) sample, this heat treatment is
not enough to make its bulk particles from Nig ssZng 42Ing 3Fe; 704 (Ns) sample. Therefore,

sample is heated at much more higher temperature (1673 K) for getting the bulk particles.
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Figure 4.3 XRD patterns of annealed samples (a) Sy (b) S; (c) S> (d) S;

The values of lattice constants were determined from the observed positions of
peaks using the well-known Bragg’s law in the form:
(2/2) [0 4k +1]"

siné

where, (h, k, 1) are the miller indices, A is the wavelength and @ is the angle of
corresponding maximum of diffraction. The obtained lattice constant of bulk
Nig s3Zng 42Fe,04 sample is 8.380 A, a value that is in good agreement with the results
published for nickel-zinc ferrite particles [5,6].

From the X-ray diffraction patterns of nanoparticles, it is evident that reflection
lines are quite broad as compared to annealed samples. The average particle size was
calculated using Debye-Scherrer’s eqn. (4.4) [7],

D = K (4.4)
FWHM *Cos6,,,
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where D is the particle size in A, k is the shape factor (usually taken as 0.9), A is the X-
ray wavelength (1.54 A) and 0 is Bragg’s angle in degrees. The maximum intensity peak
(311) was used to find the full width at half the maximum. Using eqn. (4.4), crystallite
size of 8.4, 14, 17 nm were determined at pH = 9.6, 10.96, 11.40 respectively for nano
Nig ssZng 42Fe,04 samples. Table 4.2 shows the particle size, lattice constants and unit cell
volume for the bulk as well as nano samples. For reverse micelle process, pH affected the
crystallization of the product. In case of nano samples, particle size increases with
increase in pH value. This increase in the particle size with increase in the precipitating
pH value has already been noticed for other types of ferrites synthesized via wet
approaches [8]. The changes in the kinetic stability induced by increased pH values of the
solution, which leads to the flocculation of smaller particles into larger aggregates, was
attributed to this phenomenon [9]. For annealed (bulk) samples particle size increased to
~0.1 um except for Nig ssZng 42Ing 3Fe; 704 sample whose particle size is in nanoscale ~56

nm.

Table 4.2 Particle size, lattice constant and unit cell volume for the nano as well as bulk
samples

Sample Particle size Lattice constant (A) Unit cell Volume (A”)
No 8.4 nm 8.361 584.486
N, 15.0 nm 8.446 602.494
N> 15.0 nm 8.432 599.503
N; 8.7 nm 8.375 587.427
Ny 8.3 nm 8.382 588.901
N 8.0 nm 8.387 589.956
So ~0.1 um 8.380 588.380
S ~0.1 um 8.387 589.956
S, ~0.1 pm 8.390 590.589
S3 ~56 nm 8.424 597.798
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The lattice constant is found to increase with the increase in indium concentration
throughout except for NigssZng4Ing,Fe; 304 (~15 nm) sample. The variation can be
understood on the basis of the ionic radius of the substituted cation. Since the ionic radius
of indium ions (0.91 A) is larger than that of Fe*" ions (0.67 A), the substitution is
expected to increase the lattice constant with increase in indium (In*") ions concentration.
When the larger indium ions enter the lattice, the unit cell expands while preventing the
overall cubic symmetry. This is true as long as the lattice constant increases with the
substituent concentration. However, during synthesis if indium ions dissociate from the
lattice, a second phase will be formed, which can decrease the lattice constant. The
observed decrease in the lattice constant for NigssZng42Ing,Fe; sO4 (~15 nm) sample is
thought to be a result of dissociation of indium ions from the lattice so as to form a
second phase. However, the presence of such additional phases in minor concentration
might not be seen in X-ray diffraction patterns due to the limitation of the resolution of
the instrument.

It has been observed that whether the lattice constants expand or contract with the
reduction in size and by how much, appears to depend primarily on the nature of
interatomic bonds. Lattice constants increase for NigsgZng4IngFe; 904 (~15 nm) and
NigssZng 42IngFe; s04 (~15 nm) samples in comparison to bulk samples. In most
transition metal oxides, a slight decrease in the particle size is accompanied by an
increase in the unit cell volume. For example, the unit cell volume of 8 nm y-Fe,0O3
nanoparticles was found to be 2.6 % larger than the bulk cell volume [10]. This happens
because the ions in the outermost layer of a nanoparticle are incompletely coordinated
and hence forms an electric dipole, resulting roughly a parallel array of dipoles
originating in the boundary layer of each particle. The repulsive inert-dipolar forces
would tend to increase the lattice constant. Anderson et al. [11] have also reported that it
may be due to the small particle size and the interface structure with a large
surface/volume fraction.

However, lattice parameters are seen to decrease for samples having very small
crystallite sizes. The lower value of lattice constant observed in case of Nig ssZng42Fe204
(8.4 nm), NigssZngaIngFe; 904 (8.7 nm), NigssZngarIng,Fe;sOs (8.3 nm) and

Nig ssZng 42Ing 3Fe; 704 (8.0 nm) samples in comparison to that obtained for bulk samples
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could be due to the excessive lattice strain caused by the very high surface/volume ratio

known to affect nanocrystalline properties [12].

4.2 Transmission electron microscopy

Transmission electron microscopy (TEM) images for the nanoparticle samples are
shown in figure 4.4. Figure 4.4 (a) is the transmission electron microscopy image of
Nig ssZng 42Fe204 (N,) sample, showing spherical particles, with particle size distribution
in the range, 8-12 nm. The electron diffraction pattern (inset of Figure 4.4a) shows a ring
superimposed with spot, revealed the polycrystallinity of individual crystallites and also
confirmed the formation of spinel cubic ferrite. The dark field image is indicative of a
very fine, less than 10 nm, grain size inside the crystallites. Figure 4.4 (b-c) shows
transmission electron microscopy images for NigssZnga2lngFe;90s (N;) and
NigssZng 42Ing Fe; s04 (N) samples at pH = 10.6. Particles are spherical, with particle
size distribution in the range 15-25 nm. While at pH = 9.0, transmission electron
microscopy images (Figure 4.4d-e) show that nanoparticles consist of crystallites mostly
in the 8-12 nm size range for Nig ssZng42Ing 1Fe; 904 (N3) and Nig sgZng 42Ing 2Fe; s04 (N4)
samples. Smooth region in the middle shows the background, which appears slightly dark
because of a fine layer of surfactant coated on the carbon film. Figure 4.4 (f) shows the
transmission electron microscopy image of NigssZng42IngsFe; 704 (Ns) sample, with a
narrow particle size distribution in the range 5-8 nm.

Transmission electron microscopy images are also recorded for annealed samples
at 1473 K. Annealed samples have size increased to ~0.1 um (Figure 4.5) except for
Nig s§Zng 42Ing 3Fe; 704 (S3) sample, which shows the anomalous behavior. Transmission
electron microscopy image of NigsgZng42Ing3Fe; 704 bulk sample shows that even after
annealing the sample at much higher temperature (1673 K), particle size remains in
nanorange ~50-81 nm. Transmission electron microscopy results are in reasonable

agreement with the X-ray diffraction determined crystallite size.
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Figure 4.4 TEM images of (a) Ny (b) N, (c) N> (d) N; (e) Ny (f) N5 nanosamples

86



f (a) " Py (b)
-
- . . "
[
L ]
L B

L 3 > ¢

£ ]

* . '
3 7 ‘
500 nm . 500 nm
=

(c) n (d)

. ‘ 500 nm %
500 nm '

Figure 4.5 TEM images of (a) Sy (b) S; (c) S> (d) S3 bulk samples

4.3 Fourier transform infrared spectroscopy

Figure 4.6 shows the room temperature infrared spectra for nickel-zinc ferrite and
indium doped nickel-zinc ferrite nanoparticles. The spectra are recorded in the range 400
cm” up to 4000 cm™. In the range 1000—100 cm', the infrared bands of solids are usually
assigned to vibration of ions in the crystal lattice [13]. Two main broad metals-oxygen
bands are seen in the infrared spectra of all spinels and ferrites in particular. The highest
one, v1, generally observed in the range 550-600 cm™, corresponds to intrinsic stretching
vibration of the metal at the tetrahedral site, Miy,«>O [14]. It can be observed that the
higher frequency bands lie at ~ 590, 609, 616, 610, 618, 620 em™! for Ny, Ny, No, N3, Ny
and N5 respectively. This confirmed that the structure remains cubic spinel after indium

substitution. The broad absorption band around 1131 cm™ corresponds to interlayer
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Figure 4.6 IR absorption spectra of (a) Ny (b) N; (c) N> (d) N3 (e) Ny (f) N5 nano samples

sulfate ions [15]. The absorption band corresponding to water deformation, 6(H,O), is
recorded around 1624 cm™, is less intensive [16] and the H,O absorption band at ~900-
1000 cm™ indicates hydrogen bridges. Broad absorption band between 3500 and 3127
cm' centered around 3433 cm™ is due to O«—H stretching vibration interacting through
hydrogen (H) bands [17]. On the basis of detailed analysis of infrared spectra for
Nig s§Zng 42InyFe, O4 samples more information can be obtained. It can be seen from
figure 4.6 that the introduction of indium ion induces significant positive frequency shift
of about 16 cm™ for tetrahedral site, showing off that indium is incorporated into the
structure. The frequency shift observed are reasonably due to the replacement of Fe'™
ions with In’" ions having larger ionic radius and higher atomic weight at tetrahedral sites
in the ferrite lattice, which affects the Fe*'— O* stretching vibration. Special attention
has been pointed at the IR absorption spectra for sample heated at high temperature
(Figure 4.7). In the spectra we can observe that the peaks are very sharp. The presence of

broad absorption band at 1131 ecm™ indicates that sulphate ions are still present in the
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system. The broadness is interpreted as lowering of symmetry of the sulphate ions after
heat treatment. There are two weak and broad absorption bands around 1400 cm™ and
1600 cm™ corresponding to the presence of small amount of residual carbon in the
samples. The strong peak at 1710 cm™ is due to the C = O stretching bond. The peaks at
2927 cm™ and 2857 cm™ are due to the asymmetric and symmetric vibrations of the CH,
group. Our nano sample is covered by a layer of surfactant, the carbonization of the
surfactant at high temperature results in extra bands in bulk samples in comparison to

nano samples.
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Figure 4.7 IR absorption spectra of (a) Sy (b) S; (c) Sz (d) S5 bulk samples

Conclusion

We have performed a study on structural properties of pure nickel-zinc ferrite
(Nig ssZng 42Fe,04) sample and indium doped nickel-zinc ferrite (NigsgZng42IngFes xO4)
samples synthesized by reverse micelle technique followed by annealing at high
temperature to make bulk samples, using X-ray diffraction, transmission electron

microscopy and fourier transform infrared spectroscopy measurements. X-ray diffraction
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studies confirms the formation of nano samples and the persistence of the spinel phase
upto 1473 K. Reverse micelle technique has been found to be appropriate for the
synthesis of nanostructured nickel-zinc ferrite particles. In order to yield spinel phase, the
pH value of the precipitation was controlled. The average particle size has been found to
increase with the pH value of the precipitation. Excessive lattice strain caused by the very
high surface/volume ratio results in lattice constant smaller for nano samples
Nig s8Zng 4,Fe;,04 (8.4 nm), NigsgZnga2Ing 1 Fe; 904 (8.7 nm), NigssZng42Ing,Fe; sO4 (8.3
nm) and NigsgZng42Ing3Fe; 704 (8.0 nm) as compared to bulk samples. Transmission
electron microscopy shows that the nano samples synthesized via reverse micelle
technique have spherical size and narrow particle size distribution, while in case of
annealed samples monodisperse particles are obtained. NigssZng42IngsFe; 704 sample
shows the anomalous behavior having particle size in nanoscale ~56 nm even after heat
treatment. Transmission electron microscopy results are in reasonable agreement with the
X-ray diffraction determined crystallite size.

Fourier transform infrared spectra confirmed that the structure remains cubic
spinel after indium substitution. The frequency shift observed are reasonably due to the
replacement of iron (Fe’”) ions with indium (In’") ions having larger ionic radius and
higher atomic weight at tetrahedral sites in the ferrite lattice, which affects the Fe’'—
O stretching vibration. The carbonization of the surfactant at high temperature results
in extra bands in bulk samples in comparison to nano samples.

To our knowledge, this is the first report which highlights the structural
properties of indium doped nickel-zinc ferrite particles synthesized by reverse micelle
technique. This approach offers several advantages because of possible high-

temperature applications of reverse micelle synthesized ferrites.
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Mossbauer spectroscopy is a nondestructive technique suitable for the study of structure
at nanolevel. The >’Fe Mossbauer spectra are sensitive to the local environment of the
iron atoms in the crystal lattice. From the Modssbauer parameters the following
information can be obtained: valence state, identification of nonequivalent iron positions
in a crystal lattice, type of coordination of iron in its individual positions, level of
ordering and stoichiometry, cation distribution and magnetic ordering.

In this chapter, we have presented the Mdssbauer spectroscopy characterization
on nano and bulk samples at room temperature (300 K) and low temperature (5 K). In
most of the papers on reverse micelle synthesis of spinel ferrites [1-4], not much work
has been done to determine the structure of oxides with the help of Mdssbauer
spectroscopy. Especially, the evaluation of the cation distribution in reverse micelle
synthesized spinel ferrites from Mossbauer spectra and/or X-ray diffraction patterns is
not as straightforward as is frequently claimed in the literature. The hyperfine interactions
in tetrahedral (A) and octahedral (B) sites of a nanoscale spinel ferrite usually do not
differ substantially and possess a more or less distributive character [5]. Under these
conditions, it can happen that the (A) and (B) Mdssbauer subspectra are difficult to
resolve because of strongly overlapping lines. The use of both large external magnetic
fields and low temperature is indispensable in many cases in order to allow for a
unanimous separation of the contributions from both sites [6,7]. Thus, cation distributions
merely determined from Mdssbauer spectra without application of an external magnetic
field have to be considered with reserve, especially when conclusions are drawn from
spectra with low resolution or bad statistics. In this chapter, quantitative structural
information is obtained on both the nonequilibrium cation distribution and the
noncollinear spin arrangement in nanosized nickel-zinc ferrite (NigsgZng42Fe,04) and
indium substituted nickel-zinc ferrite (NigsgZng42IngFe, O4, x = 0.1, 0.2, 0.3) particles.
Effect of indium concentration and particles size on the Mossbauer parameters has been
studied. We have also studied the correlation between the particle size and hyperfine
field. These studies will surely facilitate the understanding and controlling of the
magnetic properties of nanoparticles.

’Fe Mossbauer measurements were carried out in transmission mode with

’Co/Rh radioactive source in constant acceleration mode using standard PC-based
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Maossbauer spectrometer equipped with Weissel velocity drive. Low temperature and in-
field *'Fe Mossbauer measurements were carried out using Janis made of
superconducting magnet. Mossbauer spectra were recorded at T =300 K and 5 K. In-field
Mossbauer spectra were recorded at 5 K in the presence of an external magnetic field of 5
T applied parallel to the y-ray direction. Velocity calibration is done with natural iron
absorber. The spectra were well analyzed using a least square-fitting programme
NORMOS (SITE/DIST) developed by R. A. Brand [8]. The degree of inversion, A was
calculated from the Mdssbauer subspectral intensities, /ay/ls) = fia/fey*{A /(2 - M)},
assuming that the ratio of the recoilless fractions is fs)/fa) = 1 at 5 K and fi)/f(a) = 0.94
at room temperature [9]. The average canting angle (‘¥'), was calculated from the ratio of
the intensities of lines 2 and 3 from each subspectra, I/, according to W = arccos{(4-

LIL)/(4+ LIL)Y " [10].

Results and discussion
5.1 Mdssbauer spectra of nano and bulk nickel-zinc ferrite sample at
room temperature (300 K) and low temperature (5 K)

Figure 5.1 shows the room temperature Mdossbauer spectra of nano nickel-zinc

ferrite (Nig ssZng 42Fe,04) sample.
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Figure 5.1 (@) Méssbauer spectra of nano Niy ssZng 42Fe;O4 sample at room
temperature (b) p-H distribution curve
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Mossbauer spectrum of nano NigsgZng42Fe,04 (Np) sample exhibits collective magnetic
excitations (Figure 5.1a). Here the dots represent the experimental data and solid lines
through the data points are least square fit (Figure 5.1a). The spectrum of nano
NigssZng42Fe,04 sample was fitted with DIST programme and show a wide range of
hyperfine magnetic field (HMF) distribution (Figure 5.1b). HMF distribution shows a
maximum near 4 T, extending up to ~ 58 T. The average hyperfine field for nano
Nig ssZng 42Fe,04 sample is 44.43 T.

Room temperature Mossbauer spectrum of bulk NigssZng4,Fe,04 (Sp) sample

shows the ferrimagnetic phase (Figure 5.2). The spectrum reveals the hyperfine magnetic
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Figure 5.2 Room temperature Méssbauer spectrum of bulk Niy ssZng 42Fe;04 sample

sextets corresponding to the tetrahedrally and octahedrally coordinated iron cations. The
solid lines obtained after fitting the spectrum indicate the position of the tetrahedral (A)
and octahedral (B) site. The spectrum was fitted using two magnetic components of
hyperfine fields: 44.5 T and 48.0 T corresponding to Fe’* ions at site (A) and (B)
respectively. The values of the hyperfine fields are in agreement with previously
published data on bulk nickel-zinc ferrite sample [11]. The corresponding Mdssbauer
parameters obtained by fitting the spectra at room temperature are listed in table 5.1. The
degree of inversion calculated from the subspectral area ratio of the Mdssbauer spectrum

was A =0.581.
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Table 5.1 Mdossbauer parameters: isomer shift (I.S.), the average magnetic hyperfine
field (H), width (WID), quadrupole splitting (Q.S.) and relative area (I) obtained by
fitting the room temperature Mdossbauer spectrum of bulk sample

Sample Subspectrum  WID L.S. Q. S. H (T) AREA (%)
(mm/s) (mm/s) (mm/s)
So (A) 0.78+0.07 0.18+0.00 0.19+0.07 44.50+0.27 27.88 %

(B) 0.80+0.00  0.20+0.00 -0.01£0.00 48.41+0.11 72.12 %
I(A)/I(B) = 0386, A=0.582

The low-temperature Mdssbauer spectra of both nano and bulk Nig ssZng4,Fe,O4 sample

are compared in figure 5.3. As clearly shown, the superparamagnetic relaxation of nano

Transmission (%)
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Figure 5.3 Zero field Mossbauer spectra of Niy ssZng 42Fe>04 sample taken at 5 K (a)
bulk sample (b) nano sample
particles is suppressed at 5 K, and the spectrum consists of broadened sextets only. The
spectrum of the bulk Nij ssZng 4,Fe,O4 sample at room temperature (Figure 5.2) and low-

temperature (Figure 5.3a) show similar magnetic sextet distributions, except for large
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hyperfine field values at 5 K, as expected. The low temperature spectrum of the bulk
Nig ssZng 42Fe,O4 sample consists of two sextets with the average magnetic hyperfine
fields Hia) = 50.39 T and Hg)= 52.41 T that are well comparable with those of the bulk
material [12].

The broad shape of Mdssbauer spectral lines for the nano NigsgZng4FerO4
sample as compared to bulk sample provides clear evidence of a wide distribution of
magnetic fields acting at the Fe'" nuclei in the nanoparticles. To analyze the complex
spectra of nano NigssZng4,Fe;O4 particles we take into consideration that the (A) site
hyperfine fields in spinel ferrites are not very sensitive to the kind of (B) site nearest
neighbors [13]. It is well known that Zn*" prefers the (A) sites and Ni* prefers the (B)
sites [12], and a recent combined study using extended X-ray absorption fine structure
and Mossbauer effect confirmed that it is also the case in nano Nig ssZng 4,Fe,O4 particles
[14]. The (A) and (B) magnetic ions are engaged in superexchange interactions, giving
rise to ferrimagnetic nature of the material. For *'Fe ion at the (A) site, its metallic ion
neighbors at (B) sites are all magnetic (on an average, 3Fe-1Ni). Therefore, the hyperfine
field at the (A) site °’Fe nuclei should be relatively constant and was fitted by a single
hyperfine field at an (A) site. For a (B) site °>'Fe, however, its six metallic ion neighbors
at (A) site may include any number of non magnetic Zn>" ions (e.g. 6Fe-0Zn, 5Fe-1Zn,
4Fe-27n, 3Fe-3Zn, 2Fe-4Zn, 1Fe-5Zn, OFe-6Zn) and the hyperfine field is reduced due to
the presence of Zn”" ions. Assuming a random distribution of Zn*" ions, the probability of

having n Zn>" ions (0 < n < 6) is given by the binomial formula

P (n, x) = @x (= x) . (5.1)
where x is the average fraction of (A) site occupied by Zn”>" ions. In our case, x = 0.42,
and the probabilities are 0.038, 0.165, 0.299, 0.289, 0.157, 0.045, 0.005 forn=0, 1, 2, 3,
4, 5 and 6 respectively. Mossbauer studies of conventional and nanostructured
NigssZng 42Fe,04 particles have provided evidence for the (B) site hyperfine distribution
in accordance with these probabilities [14-16]. For this reason it was found necessary to
fit additional hyperfine field components at the (B) site. For the Mdssbauer spectra of
nano Nig ssZng42Fe;O4 particles taken at 5 K, four hyperfine components were found

sufficient to fit the absorption due to Fe'™ (B) site (Figure 5.3b and Table 5.2). The
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probabilities for n = 0, 5 and 6 are not large enough to be significant. On the basis of

detailed analysis of a broad (B) site HMF distribution, its low-field component was

Table 5.2 Mossbauer parameters: isomer shift (I.S.), the average magnetic hyperfine
field (H), width (WID), quadrupole splitting (Q.S.) and relative area (I) obtained by
fitting the Mssbauer spectra at 5 K

Sample Subspectrum  WID L.S. Q. S. H (T) AREA (%)
(mm/s) (mm/s) (mm/s)
So (A) 0.40+0.00 0.23+0.02 -0.002+0.00  50.39+0.10 29.41 %
(B) 0.56+0.01 0.28+0.00  0.003+£0.00 52.41+0.20 70.59 %
I(A)/I(B) = 0416, A=0.587
No (A) 0.58+0.02 0.38+0.01 0.23£0.03 50.94+0.00 21.70%
(B) 78.30%

(B):  0.50+0.00 0.58+0.01 -0.12+0.03 54.64+0.10 19.23%
(B),  0.68+0.00 0.66+0.03 -0.33+0.07  53.31+0.10 24.73%
(B);  0.50+0.00 0.45+0.02 0.06+£0.04  52.07+0.00 16.48%
(B)s  0.65+0.01 0.60+0.02 -0.04+£0.00  51.50+0.00 17.86%
< H>(B) =52.88T

assigned to those Fe’™ (B) site nuclei that experience a local surrounding with the reduced
number of magnetic neighbors on the nearest (A) sites. In this context, in the present
study, the B4 component of the (B) site HMF distribution may be attributed to those Fe**
(B) ions located in the surface region of a nano NigsgZng4Fe,O4 particle that possess
four nearest (A) site ion neighbors. The average values of the hyperfine fields H) =

50.94 T and Hg) = 52.88 T are comparable to that of bulk Nig ssZng 4,Fe>O4 sample.

5.1.1 In-field Mdssbauer spectra of nano and bulk nickel-zinc ferrite
sample

The determination of the cation distribution in nano NiyssZng4,Fe,O4 particles is
impossible to make from the low-temperature spectrum, because it is difficult to resolve
the subspectra or to assign them to the respective lattice sites. Therefore, in the present
case, the iron populations at the (A) and (B) sublattices will be analyzed concurrently
with the discussion of in-field Mdssbauer data. In the presence of an external magnetic
field (Hext) applied parallel to the y-ray direction, the effective magnetization of the

individual particles is aligned along the field. As a consequence of the antiparrallel
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alignment of the spins of Fe’" cations at (A) and (B) sites in spinel ferrites, the external
field adds to the magnetic hyperfine field at (A) site and subtracts from the hyperfine
field at (B) sites [17]. Thus, the use of the large external magnetic fields creates an
effective separation of the overlapping subpatterns, thereby allowing for an accurate
determination of the cation distribution in ferrites.

In-field Mdssbauer spectra for both bulk and nanosized Ni ssZng 4,Fe,O4 particles

taken at 5 K are shown in figure 5.4. The Mossbauer spectra of the bulk Nig ssZng 4,Fe204
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Figure 5.4 Méssbauer spectra of NigssZng 2Fe;04sample recorded at 5 K in an external
magnetic field of 5 T (a) bulk sample (b) nano sample
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sample (Figure 5.4a) was fitted by a superposition of two subspectra corresponding to
Fe*" (A) and Fe’* (B) ions. The average effective hyperfine field values (Table 5.3)
obtained after fitting are well comparable with those of the earlier studies on nickel-zinc

bulk material [12]. The quantitative evaluation of this spectrum revealed that the bulk

Table 5.3 Mdssbauer parameters: isomer shift (I.S.), effective hyperfine field (Hes) the
average magnetic hyperfine field (H), width, quadrupole splitting (Q.S.) and relative area
(D), obtained by fitting the high field spectra at 5 K. ¥ is the canting angle, ¢ define as the
core and s is used for surface, 1.4)>//4)3 is the relative area of 2 and 3 lines for the (A) site,
118)2/1 ()3 1s the relative area of 2 and 3 lines for the (B) site, < H> is the average hyperfine
field acting at (B) site, <H.s> is the average effective hyperfine field acting at (B) site in
the presence of field, A is the degree of inversion.

Sample Subspectrum  WID LS. Q.S. Hegs (T) H(T) AREA (%)
(mm/s) (mm/s) (mm/s)

So (A) 048+0.01 0.28+0.10 0.01+£0.00 55.22+0.05 50.23 29.41 %
(B) 0.774£0.01 0.294+0.01 0.03£0.02 47.77+0.04 52.77 70.59 %

I(A)/I(B) = 0413, 7\. = 0584, 1(,4)2/1(,4)3 = 1(3)2/1(3)3 :0, lP(A) = lP(B) = 00

No (A). 0.8 0.28" 0.03£0.02  55.22° 5023 9.35%
(B). 0.99+0.01 0.29° 0.02+£0.01  47.77° 5277 22.89%
(A), 0.82° 0.24° -0.0240.01  52.35£0.06 49.33  20.99 %
(B) 46.77 %
(B)y 0.75° 0.24° 0.0240.00 51.03+0.10 5424 15.48%
(B) 0.8+0.10  0.24° 0.03£0.02 50.08+0.10 5328  9.92%
(B); 0.82° 0.24° -0.09+0.02 48.18+0.20 51.01  9.92 %
(B)y 0.84° 0.24° -0.05+0.00 45.02+0.01 48.30 11.45%

L/l e = 0.408, A= 0.58, L2/l )3 = 1 )2/ 1 133 =0
‘P(A)c = ‘P(B)c = 00, I(A)S/I(B)s = 0449, }LS: 062, I(A)ZS/I(A)SS = 17, <I(B)2S/I(B)3S>: 181,
\II(A)S = 50.670, \II(B)S =5222° , < Heff>(B)s =48.57 T, < H>(B)s =51.70T
a is fixed parameter.

sample exhibits the fully inverse spinel structure with a collinear spin alignment. The
degree of inversion was found to be A = 0.58. The intensity ratio I,/I3 = 0 for both (A) and
(B) subspectra indicates that the spins are completely aligned (¥(a) = 0°, ¥, = 0°) along
the external magnetic field of 5 T. Thus the bulk ferrite exhibits a fully inverse spinel
structure with a Néel-type collinear spin arrangement of ions (Znga42Feosst)

[NigssFej42]]. The degrees of inversion calculated from the subspectral area ratio of the
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Maossbauer spectrum without and with an applied magnetic field were found to be 4 =
0.587, 0.584 respectively and are in good agreement with each other. Within the
experimental error limits, hyperfine fields derived from the zero field Mdssbauer
spectrum of the bulk Nig ssZng4,Fe;O4 sample are in agreement with those obtained from
the in-field Mossbauer spectrum at 5 K (Tables 5.2 and 5.3).

In-field Mdossbauer spectrum of NigsgsZng42Fe,04 nanoparticles (Figure 5.4b) is
well fitted by assuming an ordered particle core surrounded by disordered grain boundary
(surface) regions. This fitting strategy has already been applied in the fitting of the in
field Mossbauer spectra of nanoscale particles NiFe,O4 [7], MgFe;O4 [8] and CuFe,O4
[18]. Thus the present Mossbauer spectra were fitted by a superposition of four
subspectra; two accounting for Fe’" nuclei at (A) and (B) sites of the particle core,
denoted by (A). and (B). and two associated with Fe*" ions at (A) and (B) sites in the
surface shell of the nanoparticles denoted by (A)s and (B)s (Table 5.3). To separate the
surface effects from the bulk effects in the spectrum of NigsgZng4,Fe,O4, we assumed
that the core of nano NigssZng42Fe;04 particles possesses the same structure as the bulk
sample. Thus, the fit to the spectrum of nano NijssZng4,Fe,O4 particles was made by
imposing constraints on the Mdssbauer parameters of the subspectra corresponding the
particle core (I.S., H, La)/IB)e, Iiay2/Iiays, Im)e2/IB)e3), such that these parameters were
fixed and equal to those obtained from the fit of the spectrum of the bulk sample. The
absorption due to Fe’" ions at (B) site of the particle shell was fitted by a HMF
distribution consisting of four components (Bng, n =4, 3, 2, 1).

The results of the present study are supported by Mdssbauer measurements on
nickel-zinc ferrite particles with varied concentration of zinc ions, prepared by wet
grinding technique [12]. Width (WID) of the outermost (A) site linewidth is smaller than
the (B) site linewidth. In nickel-zinc ferrite particles the field gradients at the (A) site ions
are more uniform as the (B) sites are occupied to a greater extent by Fe'™ ions.
Consequently, WID (A) is less than WID (B) site. The values of width for bulk sample
are in good agreement with the reported one and the spectrum was well fitted with two
sextets. The smaller isomer shift (I.S.) at the (A) site is due to a larger covalency and is in
good agreement with the results of other workers [18,19]. The values of L.S. at (A) and

(B) sites show that iron is in the Fe’” state [18]. The observed differences between the
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L.S. of bulk particles at 5 K and 300 K (Table 5.1 and Table 5.2) are fully explained by
the temperature-dependent second-order Doppler shift of the lines. The values of
quadrupole splitting (Q.S.) for hyperfine spectra of nano and bulk samples are almost
zero within the experimental error and are attributed to the fact that overall cubic
symmetry is maintained. The values of I.S. and Q.S. obtained for (A) and (B) sites are in
good agreement with earlier study on nickel-zinc ferrite particles [14,19]. The 1.S. and
Q.S. values obtained also confirm the presence of only Fe’ charge state and not Fe*"
charge state in the system. Smaller magnitude of H) compared to H) in nano
Nig ssZng 4,Fe,04 particles is primarily due to covalency, as suggested for inverse spinel
ferrites [12].

We have also studied the hyperfine magnetic field (HMF) distribution in nano
sample by fitting the in-field data using DIST programme. Figure 5.5 compares the (B)
site HMF distributions derived from the in-field Mdssbauer spectra of the bulk and nano
Nig s§Zng 42Fe,04 sample. The in-field data is fitted considering the (A) site as crystalline
site and the (B) site as for the distribution of fields. The obtained HMF distributions
basically correspond to the (B) site. It may be noted that this is mainly because of the fact

that the lines corresponding to (B) site are relatively broad as compared to (A) site as

0.03
(a)
20.02
2
Nea)
o
S
P0.01 4
(b)
0.00
36 40 44 48 52
H (T)

Figure 5.5 The (B) site hyperfine distribution derived from the Mdssbauer spectrum
recorded at 5 K in an external magnetic field of 5 T (a) bulk sample (b) nano
sample
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described above. It should be emphasized that HMF distributions provide the most
detailed information on the local magnetic fields acting on iron nuclei located on a
particular iron site. As can be seen, the (B) site iron nuclei located in the bulk
NigssZng 42Fe,04 particles (Figure 5.5a) experience a local fields from a relatively narrow
interval (from about 44 to 51 T). This is in contrast to the nanosized particles, where a
broad distribution is observed ranging from about 43 to 53 T (Figure 5.5b). This broad
HMF distribution indicates a strongly disturbed macroscopic magnetic state of the nano
Nig ssZng 42Fe,O4 particles.

From the relative intensities of sextets, one can easily deduce quantitative
information on both the cation distribution and the spin configuration within the nano
Nig ssZng 42Fe,O4 particles. Whereas the core is considered to possess the partly inverse
spinel structure (A, = 0.58), the shell region is found to be structurally disordered. The
subspectral intensity ratio I(a)/I)s = 0.449 indicates that the major feature of the atomic
configuration in the shell is a nonequilibrium cation distribution characterized by
increased fraction of iron cations on (A) sites, A;= 0.62.

Another striking feature of the present Mossbauer data is the observed difference
between the intensity ratios of spectral lines 2 and 3 for the inner core (I(a)c2/Ia)es,
IB)e2/I(B)c3) and the surface region ( Iiayo/Ia)s3 > Is)s2/I(B)s3), which is a direct indication of
a nonuniform spin arrangement within a nanoparticle. Whereas the magnetic moments
located at (A) and (B) sites of the particle core are assumed to exhibit a perfect alignment
with the external field (Iiay2/Ica)es = I)e2/Is)e3 = 0), the spins in the shell region are found
to be canted. The average canting angles, calculated from the intensity ratios Iays2/Iia)s3
and I(py/I(p)s3, were found to be W(a)s = 50.67° and W (g)s = 52.22°, respectively. Thus the
spins located on the two sublattices in the surface regions of NigssZngsFe 04
nanoparticles are found to behave differently under an external filed of 5 T.

This result is also consistent with previous work, where different spin canting in
the (A) and (B) sublattices of spinel nanostructured was observed [6,7,20-22]. The
intensity ratio (Iayst Iey/(Iiat Im)yet Liayt Lm)s) = 0.647 indicates that about 64% of the
magnetic cations are located in the surface shell of nano NigssZng4Fe,O4 particles.
Assuming a spherical shape of reverse micelle synthesized nanoparticles and taking their

average size as determined by X-ray diffraction pattern (8.4 nm), we estimated the
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thickness of the surface shell to be t = 1.3 nm. The estimated thickness of the shell is also
comparable to that obtained from magnetic measurements on mechanosynthesized
MnFe,04 nanoparticles (0.91 nm) [23], ball milled NiFe,O4 (0.88 nm) [24], nanosized
CoFe,04 (1.0-1.6 nm) [25], MgFe,04 (0.85 nm) [6] and NiFe,O4 (1 nm) [7]. The non
uniform nanostructure of Nig ssZng42Fe,O4 particles is schematically presented in figure
5.6.

Core: (Zl’lo.42Feo.5gl) [Ni0,5gFe1.42T]
A=0.58
\P(A) = 00
\P(B) = OO

Surface:

(Zng 33Feo 62 ) [Nig.s8Zng osFe; 35]
A=0.62

\P(A) = 50670

lP(B) = 52220

8.4 nm
Figure 5.6 Schematic representation of non uniform structure of nanoparticles

It is found that the average sublattice magnetic fields experienced by Fe’" ions
located in the near surface layers (Ha)= 49.33 T, Hpy= 51.70 T) are reduced in
comparison with those acting on iron nuclei in the inner core (Ha)= 50.23 T, Hep)=
5277 T) of nano sample. This could be explained by the effect of frustrated
superexchange interactions due to the above described cation disorder and spin canting in
the surface regions of nanoparticles. The reduced magnetic fields have already been
reported for nano NigssZng4,Fe,O4 particles [26]. This indicates that the nonequilibrium
cation distribution and the canted spin arrangement resulting from the reverse micelle
synthesis route are metastable; that is, during the annealing process, they relax toward
their equilibrium configuration. Thus, on heating, the reverse micelle synthesized nano

Nig ssZng 4,Fe,04 particles have relaxed to a magnetic state that is similar to the bulk one.
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5.2 Mdssbauer spectra of nickel-zinc-indium ferrite samples at nano and
bulk scale
The room temperature Mdssbauer spectra for bulk NigssZng42IngFe> <O4 samples

are shown in figure 5.7 and 5.8. Bulk samples of Nig ssZng 42Ing ;Fe; 904 (S1) and

Transmission (%)

Velocity (mm/s)

Figure 5.7 Room temperature Mossbauer spectra of nickel-zinc-indium ferrite bulk

samples (a) S; (b) S>

Transmission (%)

10

0
Velocity (mm/s)

Probability
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H(T)

Figure 5.8 Room temperature Mdssbauer spectrum of nickel-zinc-indium ferrite bulk
sample (a) S3 (b) p-H distribution curve
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NigssZng 42Ing Fe; 304 (Sz) at room temperature show a well defined Zeeman pattern
consisting of two sextets, due to Fe’™ ions at (A) and (B) sites. The parameters obtained
after fitting are given in table 5.4. S; sample consist of sextet with Ha) = 44.02 T, Hg) =
46.17 T and for S; sample the parameters are Ha) =41.76 T, Hp) = 46.17 T. From the

Table 5.4 Mdssbauer parameters for nickel-zinc-indium ferrite samples at room
temperature

Sample Subspectrum WID LS. Q.S. H (T) AREA (%)
(mm/s) (mm/s) (mm/s)
S (A) 0.80+£0.00 0.17+£0.00  0.16+0.06 44.02+0.00 27.92 %
(B) 0.85+£0.00 0.20+0.00 -0.06+0.05 46.17+£0.17 72.08 %

I(A)/I(B) =0.387

S, (A) 0.65+0.05 0.19+0.01 -0.007+0.00 41.76+0.18 27.87 %
(B) 0.89+0.03 0.20+0.00 -0.019+0.02 46.17+0.07 72.13 %

I(A)/I(B) =0.386

spectra of bulk samples, it is evident that the material is magnetically ordered. The origin
of such a high fields in the spinel ferrites is due to superexchange interaction between
nuclear spins, where the spin density is transferred via the oxygen ions. As a result,
particular iron ion experience local fields that reflect the distribution of magnetic ions in
the neighborhood. The Mdssbauer spectrum of Nig ssZng 42Ing 3Fe; 704 (S3) sample (Figure
5.8) shows collective magnetic excitations, which may be due to decrease in hyperfine
field values with increase in indium concentration and smaller particle size of
NigsgZng42IngsFe; 704 (S3) sample than that of NigsgZngarlng Fe 904 (S1) and
Nig ssZng 42Ing 2Fe; 304 (Sz) samples. The spectrum was fitted with DIST programme. The
spectrum of Nig ssZng42Ing3Fe; 704 (S3) sample has a wide range of HMF distribution
(Figure 5.8b). HMF distribution of Nig ssZng 42Ing3Fe; 704 (S3) sample shows a maximum
at 45.90 T. The average hyperfine field for Nig sgZng 42Ing 3Fe; 704 (S3) sample is 35.03 T.
Room temperature Maossbauer spectra of NigsgZngarlng Fe; 904 (N;) and
NigssZng 42IngFe; s04 (N) samples having an average particle size 15 nm (Figure 5.9)

show well defined sextet with a small superparamagnetic doublet. In case of N; and N,
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samples, the doublet can only be observed when the superparamagnetic relaxation of the

nanoparticles occurs at a rate faster than the Mdssbauer measurement time, giving a time

Transmission (%)

Velocity (mm/s)

Figure 5.9 Room temperature Mossbauer spectra of nickel-zinc-indium ferrite nano
samples (a) N; (b) N
average zero magnetization. Due to a distribution of energy barriers, some nanoparticles
relax faster and the other slower at a given temperature. Consequently, the sextet peak
and doublet peak can appear simultaneously. The experimental data for sample
Nig s§Zng 42Ing 1Fe; 9O4 (N1), was fitted with the superposition of three subspectra, two
accounting for Fe’" in the tetrahedral sites (A) and octahedral sites (B) of the spinel
structure, third associated for the doublet (M1). In addition to these, a fourth spectrum
(M2) is used for sample NigssZng42Ing,Fe; s04 (N;) for the traces of hematite. The
corresponding Mdssbauer parameters such as isomer shift (I.S.), quadrupole splitting

(Q.S.), hyperfine magnetic field and linewidth obtained by fitting the spectra are listed in
the table 5.5.
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Table 5.5 Maossbauer parameters for nano nickel-zinc-indium ferrite samples at room
temperature

Sample  Subspectrum WID LS. (mm/s)  Q.S. (mm/s) H (T) Area Ratio

N, (A) 0.70£0.02  0.11+0.00 -0.01£0.00 45.33+0.00 40.44%
(B) 0.45+0.00  0.15+0.00 -0.03+0.00 48.38+0.00 54.38%
Ml 0.50+£0.00  0.21+0.00 0.55+0.01 - 5.18%

N, (A) 1.18+0.11 0.16+0.01 0.12+0.01 42.40+0.01 20.64%
(B) 0.46+£0.10  0.20+0.01 0.02+0.02 47.88+0.01 66.45%
Ml 0.40+£0.01  0.19+40.01 0.61+0.02 - 6.45%
M2 0.25+0.02  0.23+0.01 -0.13£0.02 51.05+0.01 6.46%

The room temperature Mossbauer spectra of NigssZngalngFe; 904 (N3),
Nig.ssZng42Ing2Fe; 04 (N4) and Nig ssZng42Ing 3Fe; 704 (Ns) samples revealed that the
particle size affects the magnetic hyperfine field. Mdssbauer spectra of N3, N4y and Ns
samples show collective magnetic excitations (Figures 5.10 and 5.11). The spectra of N
and N4 samples having an average particle size 8.7 nm and 8.3 nm respectively were
fitted with one discrete sextet and one doublet, while the spectrum of
Nig s§Zng 42Ing 3Fe; 704 (N5, 8.0 nm) sample was fitted using one doublet. Figure 5.10 (c-
d) shows the p (B) distribution curve derived from the Mdssbauer spectra. The average
hyperfine field for nano NigssZng4,Fe;04 (No) sample is 44.43 T. As indium ions are
introduced in the system, the most intense peak shifts from 44.43 T to 30.0 T (Figure
5.10c). For NigsgZng42Ing2Fe; 304 (N4) sample, the relaxed spectra show peak at 3.9 T
(Figure 5.10d).

Figure 5.11 shows that the spectrum of Nig ssZng 42Ing3Fe; 704 (Ns) sample leads
to partly collapsed magnetic hyperfine splitting and to the appearance of a central
doublet, which may be due to superparamagnetic behavior of nanosized ferrites. HMF

distribution of NigssZng42Ing3Fe; 704 (Ns) sample shows a maximum near 3 T (Figure

5.11b).
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Figure 5.10 Room temperature Méssbauer Spectra of nano samples (a) N3 (b) Ny (c) p-
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Figure 5.11 Room temperature Mdossbauer spectrum of nano sample (a) Ns (b) p-H
distribution curve

109



Chapter 5: Méossbauer ... ...

The broadening of the doublet in case of nanosamples in comparison to bulk
samples provide clear evidence of the considerable changes in the quadrupolar interaction
and indicates the presence of wide distribution of the electric field gradient (E.F.G) at the
Fe’™ nuclei. The large surface to volume ratio in nanoparticles is known to create large
electric field gradient in ferrites which results in broadened doublet, while the bulk
materials has cubic symmetry.

The doublet observed in all nanosamples is attributed to extremely small particles
of ferrite undergoing superparamagnetic relaxation at room temperature. In the present
case, the spectrum of Ns sample shows a doublet, which indicates that long range
magnetic ordering is vanished and the particles behave like single domain showing
superparamagnetism.

The spectra of the NigssZng42Ing Fe; 904 (S1) and NigsgZngazlng,Fe; 304 (Sz)
samples at room temperature and low-temperature (5 K) show similar magnetic sextet
distributions, except for large hyperfine field values at 5 K, as expected (Figure 5.12).
Nig.s8Zng 42Ing 1Fe1 904 (S1) sample consist of sextets with Hay=50.14 T, Hg)=51.84 T,
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Figure 5.12 Moassbauer spectra of bulk nickel-zinc-indium ferrite samples at 5 K (a) S,
(b) S2 (C) S3
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while for Nig ssZng 42IngoFe; 804 (S2) sample Ha) decreases to 49.95 T and Hg) remains
almost constant 51.94 T (Table 5.6). The -collective magnetic excitations of
Nig ssZng 42Ing 3Fe; 704 (S;3) sample are suppressed at 5 K and spectrum consists of sextet
only (Figure 5.12c). Hyperfine fields at both sites decreases with increase in indium

concentration, as obtained in case of Nig ssZng 42Ing 3Fe; 704 (S3) sample.

Table 5.6 Mdssbauer parameters for bulk nickel-zinc-indium ferrite samples at low
temperature 5 K

Sample Subspectrum WID LS. Q.S. H (T) AREA (%)
(mm/s) (mm/s) (mm/s)

S, (A) 0.49+0.04 0.23+£0.03  -0.11£0.05 50.14+0.10 25.61 %

B) 0.53+0.01  0.27+0.01 0.02+0.01 51.84+0.01 74.39 %

I(A)/[(B) =0.344
S, (A) 0.51£0.04  0.27+£0.00 -0.14+0.02 49.95+0.09 26.88 %
(B) 0.55£0.00  0.26=0.00 0.01+0.01 51.947£0.00 73.12%

I(A)/I(B) =0.376
S; (A) 0.48+0.02 0.27+0.02 -0.19+0.02 48.32+0.10 27.67 %
(B) 0.67+0.01 0.28+0.00 0.04+0.01 50.17+0.05 72.33 %

I(A)/I(B) =0.382

Figures 5.13 and 5.14 show that the superparamagnetic relaxation of nano
samples are suppressed at 5 K and spectra consists of broadened sextet only. The broad
shape of Mossbauer spectral lines for nano nickel-zinc-indium ferrite samples provide
clear evidence of a wide distribution of magnetic fields acting at the Fe’" nuclei in the
nanoparticles. To analyze the complex spectra of nano samples we consider that the
octahedral site field in spinel ferrites is very sensitive to the kind of (A) site nearest
neighbors [6]. Measurements on pure and Sb-substituted LiFesOg have shown that even
for diamagnetic (B) site ions, the influence of cation disorder on Ha) is quite small [27].
For this reason, in indium substituted nickel-zinc ferrite samples (A) site field is not
influenced by (B) site ions. Hence we have fitted (B) site field by taking into
consideration that the HMF distribution arises due to (A) site neighbors. Four hyperfine
field components were found necessary to fit the absorption due to Fe’'(B). For

Nig s8Zng.42Ing 1Fe; 904 (N1), NigsgZng42Ing 1Fe; 004 (N3), NigssZng42Ing2Fe; sO4 (N4) and
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Nig ssZng 42Ing 3Fe; 704 (Ns) samples we obtained the best fit by employing five sextets in

the Mdssbauer spectra, one accounting for Fe’" in the (A) sites and four for the (B) sites
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Figure 5.13 Mossbauer spectra of nano nickel-zinc-indium ferrite samples at
5K(a) N, (b) N,
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Figure 5.14 Mossbauer spectra of nano nickel-zinc-indium ferrite samples at 5 K
(@) N3 (b) Ny (c) Ns
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of the spinel structure. In addition to those a sixth spectrum (M) is used for sample
Nig s§Zng 42Ing 2Fe; 304 (N2) for the traces of hematite (Figure 5.13). The hyperfine fields
at both crystallographic sites for nano nickel-zinc-indium ferrite particles are reported in
table 5.7. Nano nickel-zinc-indium ferrite particles show promising properties as

Table 5.7 Mossbauer parameters for nano nickel-zinc-indium ferrite samples at low
temperature 5 K. < H> represents the average hyperfine field acting at the (B) site

Sample Subspectrum WID LS. Q. S. H (T) AREA (%)
(mm/s) (mm/s) (mm/s)

N, (A) 0.65+0.00 0.28+0.04 0.27£0.07  52.72+0.2 22.73 %
(B) 77.27 %

(B 0.42+0.00 0.67+0.01 -0.16+£0.02  54.21+0.10 22.73 %

(B) 0.56+0.00 0.46+0.00 0.08+0.00  53.92+0.30 22.73 %

(B); 0.56+0.00 0.36+0.04 -0.08+0.00  52.78+0.30 16.66 %

(B)4 0.70+0.00 0.51+0.00 -0.13£0.08  51.40+0.00 15.15%

N2 <H>(B): 53.07

(A) 0.50+0.00 0.54+0.01 -0.05+£0.02  51.04+0.10 15.39 %

M 0.53+0.00 0.60+0.01 -0.06£0.10  54.89+0.76 19.63 %

(B) 59.29 %

(B) 0.52+0.00 0.58+0.13 -0.05+£0.00  55.18+0.90 15.39 %

(B) 0.54+0.00 0.58+0.01 -0.03£0.00  53.39+0.08 20.96 %

(B); 0.50+0.00 0.50+0.01 0.06+0.01 52.32+0.00 19.63 %

(B)4 0.50+0.00 0.45+0.00 0.12+0.00  51.16+0.17 9.02 %

<H>(B):53 .01

N3 (A) 0.55+0.00 0.59+0.03 -0.13£0.00 50.76%0.25 17.93%
(B) 82.07%

(B); 0.43+0.03 0.67+0.01 -0.10+0.01 54.034+0.08 31.35%

(B)2 0.38+0.03 0.41+0.01 0.03+0.02 53.44+0.10 19.21%
(B); 0.50+0.00 0.61+0.04 0.11+0.07 51.75+0.00 11.53%

(B)4 0.44+0.04 0.44+0.01 0.15+0.03 50.90+0.00 19.98%

< H>(B) =52.53
Ny (A) 0.50+0.00 0.65+0.01 -0.35+0.03 50.75+0.00 16.26%
B) 83.74%
(B) 0.61+0.01 0.63+0.00 -0.12+0.02 54.13£0.05 34.55%
(B) 0.57+0.02 0.45+0.02 0.35+0.04 53.38+0.06 16.67%
(B)s 0.50+0.00 0.50+0.02 0.06+0.03 51.00+0.14 16.87%
(B)4 0.70+0.02 0.40+0.02 0.35£0.06  49.99+0.31 15.65%
< H>(B) =52.12

Ns (A) 0.63+0.02 0.48+0.01 0.08+0.02 48.95+0.00 21.92%
(B) 78.08%
(B 0.28+0.05 0.68+0.01 -0.06+0.01 54.504+0.09 8.10%
(B) 0.41+0.02 0.39+0.01 0.02+0.01 53.5240.07 16.97%
(B); 0.50+0.00 0.71+0.01 -0.06+0.01 52.70+0.10 23.09%
(B)4 0.50+0.00 0.48+0.01 0.08+0.01 51.65+0.00 29.92%

< H>(B) =53.09
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hyperfine field is found to be close to that of the bulk materials.

5.2.1 In-filed Mossbauer spectra of nickel-zinc-indium ferrite samples
at nano and bulk scale

To evaluate the relative repartition of iron ions in the (A) and (B) sites,
Mossbauer spectroscopy has to be performed under a magnetic field. In-field Mdssbauer
spectrum of the bulk nickel-zinc-indium ferrite (Figure 5.15) samples was fitted by a

superposition of two subspectra corresponding to Fe’"(A) and Fe*'(B) ions.

Transmission (%)

Velocity (mm/s)

Figure 5.15 Méssbauer spectra of bulk nickel-zinc-indium samples recorded at 5 K in
an external magnetic field of 5 T (a) S; (b) S (c) S3

Estimate of the cation distribution in the present series has been made on the basis of area
occupied by Fe*" ions at (A) and (B) sites obtained from in-field Mdssbauer spectra. The
relative strength of preference of occupation of sites has been taken into consideration
while making this distribution. Accordingly, indium has been assigned to the tetrahedral
site first. The cation distribution can be written as: (Zng42InFeo ss-x)[NiossIng-
xFe1.42+xex], Where 7 is the distribution parameter which represents the fraction of indium

(In*") ions present at the tetrahedral site. The values of effective hyperfine field, isomer
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shift, cation distribution and of area ratio obtained for NigssZng42Ing Fe; 004 (S)),
Nig s3Zng 42Ing 2Fe; 304 (S2), NigssZngalngsFe; 704 (S3) samples are given in table 5.8.

The intensity ratio I,/I3= 0 for both tetrahedral and

Table 5.8 Mdssbauer parameters for bulk nickel-zinc-indium ferrite samples at 5 K in
presence of 5 T field

Subspectrum  WID LS. (mm/s) Q.S.(mm/s) Heer (T) H(T) AREA (%)
S; (A) 0.49+0.01 0.25+0.00 -0.07+0.02 55.41£0.20  50.41 25.33 %
(B)  0.82+0.02 0.27+0.02  0.06+0.03 46.94+0.12  51.94 74.67 %

I(A)C/I(B)c = 0333, Tc = 1, [(,4)2/1(,4)3 = I(B)z/I(A)gz O, lP(A) = \P(B) = 00
(Zng 42Ing, 1 Feg 45) [Nig.ssFe;.42]

S, (A)  0.50+0.01 0.24+0.00 -0.14+0.02 54.92+40.11 4992  26.50%
(B) 0.85+0.01 0.27+0.01  0.03+0.01 46.94+0.10 51.94  73.50%

I(A)C/I(B)C = 0361, Tc— 052, 1(,4)2/](,4)3 = 1(3)2/1(3)3: 0, “P(A) = lP(B) = 00

(Zng.42Ing 1 Feg.as) [Nig sslng 1 Fey 32]

S (A) 0.52+0.01 0.27£0.00 -0.09+0.01 52.89+0.05 47.88 27.95%
(B) 0.59+0.01 0.2840.00 0.05+0.01 45.98+0.00 5098  72.05%
I(A)/[(B) = 0387, Tc= 037, [(A)Q/I(A)3 = [(3)2/1(3)3: O, \P(A) = lP(B) = OO

(Zng.42Ing.11Fep.47) [Nig.ssIng 19Fe; 23]

octahedral subspectra indicate that the spins are completely aligned (W) = 0°, ¥(5) = 0°)
along the external magnetic field of 5 T. Thus, the bulk nickel-zinc-indium ferrite
samples exhibit a fully inverse spinel structure with a Néel-type collinear spin
arrangement of ions, showing that samples attain bulk properties after heat treatment.
Although, sample Nig ssZng 42Ing 3Fe; 704 (Ss3) attains bulk properties, the particle size of
this sample is in nanoscale. Cation distribution obtained clearly show that indium ions
were found to prefer the (A) sublattice for small concentration (10 %), while with further
increase in concentration some of the indium ions partially occupy octahedral sites.

As annealed samples exhibits the properties similar to that of bulk samples we
have fitted the in-field Mdssbauer spectra of nickel-zinc-indium ferrite nano samples (N3,
N4, Ns) (Figure 5.16) by assuming an ordered particle core like bulk particles surrounded

by disordered grain boundary regions. Thus the present Mossbauer spectra were fitted by
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a superposition of four subspectra; two accounting for Fe’" nuclei at (A) and (B) sites of
the particle core and two associated with Fe’" ions at (A) and (B) sites in the surface shell
of the nanoparticles. To separate the surface effects from the bulk effects in the spectrum
of nano samples, we assumed that the core of N3, Ny and N5 samples possess the same
structure as the S;, S; and S; samples. Thus, the fit to the spectrum of N3, N4 and Njs
samples was made by imposing constraints on the Mdssbauer parameters of the
subspectra corresponding to the particle core (I.S., H, La)/Is)e, La)2/Iiays, Ipy2/IB)e3),
such that these parameters were fixed and equal to those obtained from the fit of the
spectrum of the S, S, and S3 samples. The absorption due to Fe’™ ions at (B) site of the
particle shell was fitted by a HMF distribution consisting of four components (Bns, n = 4,
3, 2, 1). The hyperfine parameters of (A) and (B) site ferric ions resulting from fitting of

the spectra are presented in table 5.9.

Transmission (%)

Velocity (mm/s)

Figure 5.16 Mossbauer spectra of nano nickel-zinc-indium ferrite samples recorded at
5 K in an external magnetic field of 5 T (a) N3 (b) Ny (c) Ns
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Table 5.9 Mossbauer parameters: isomer shift (I.S.), effective hyperfine field (Hes) the
average magnetic hyperfine field (H), quadrupole splitting (Q.S.) and relative area (I),
obtained by fitting the high field spectra at 5 K. ¥ is the canting angle, ¢ define as the core
and s is used for surface, /(4)»/I(4)3 is the relative area of 2 and 3 lines for the (A) site, 132/ 153
is the relative area of 2 and 3 lines for the (B) site, < H> is the average hyperfine field acting
at (B) site, <H> is the average effective hyperfine field acting at (B) site in the presence of
field, a is fixed parameter.

Subspectrum WID LS. (mm/s) Q.S. (mm/s) Heg(T) H(T) A23 AREA (%)
N; (A). 048" 0.25° -0.02+0.01 55.41° 50.41 0 10.88 %
(B). 1.89° 0.27* -0.06+0.02  46.94" 5194 0 32.64 %

(A)s 0.75° 0.18¢0.01 -0.13+0.04  54.57£0.10 50.57 0.80 15.06 %

(B)g  0.75° 0.22+0.05 -0.01=0.00  50.10£0.20  53.97 1.12 9.21 %

B), 0.77° 0.37£0.04  0.24+0.01 49.20+£0.10 53.26  0.90 11.30 %

(B)s  0.75" 0.33£0.05 -0.18£0.00  48.40+0.20 53.97 1.00 10.04 %

(B)ys 0.76° 0.27£0.05 0.12+0.02 47.71£0.20 51.83  0.84 10.88 %

I (A)ZC/I (4)3¢ = I (B)Zc/I(B)3c: 0
[(A)S/I(B)S = 0363, Ts— 075, I(A)ZS/[(A)3S = 08,
<1(B)2.s-/I(B)3s>: 0.96, lP(A)S =35.28° lP(B)s =38.43°, < Heff>(]3)s =4999 T, < H>(B)s =52.85T,
Core: (Zng4:Ing 1 Feog) [NigssFe42], Surface :(Zng.Ing o7Feqs1) [Nio.ssIng.osFer 3]

Ny (A). 0.50+0.05 0.24° -0.103 54.92* 49.92 0 9.01 %
(B). 1.40° 0.27* -0.08 46.94° 51.94 0 24.92 %
(A 077" 0.20£0.02  -0.04+£0.04  54.45+0.16 50.67 1.07 8.02 %
(B)g 0.77° 0.18+£0.05  -0.01£0.00  51.29+0.45 54.60 1.75 12.61 %
(B), 0.74° 0.31+£0.00  -0.09+0.07 50.83+0.38 54.50 1.38 12.01 %
(B);  0.89° 0.28+0.09  0.15£0.00  49.76+0.00 53.72 1.00 10.21 %
(B)u 0.87° 0.32+0.03  -0.06+£0.00 47.97+£0.20 51.74 1.20 13.21 %

I (A)Zc/l (4)3¢ = I (B)Zc/l (B)3c =0

[(A)S/I(B)s = 0375, Ts— 045, [(A)QS/I(A)_;S = 10,
<[(B)ZS/I(B)3S>: 13, lIJ(A)S = 39.250, lP(B)S = 44280 5 < Heff>(B)S =50.86 T< H>(B)s =53.64 T,
Core: (Zng.4Ing 1Fegas) [Nigsslng 1 Fey 5,], Surface: (Zng 4Ing goFeo 49) [Nig ssIng 11Fe; 31]

N;s (A). 050" 0.27° -0.55+0.03 52.89* 47.88 0 10.89%
(B). 090" 0.28 -0.01+0.00 45.98" 50.98 0 28.31%
(A 060" 027" -0.09+0.04 55.34+0.14 51.40 0.85 14.82%
(B)sy  0.68"  0.39+0.03  0.44+0.07 51.53+0.24 55.49 1.00 12.10%
(B), 0.68"  0.26+0.04 -0.24+0.08 50.10+0.39  54.16 090 9.68%
(B)s  0.62*  0.21+£0.03  0.22+0.06 48.71+0.28  52.77 0.90 14.82%
(B)yy 0.67°  0.28+0.03 -0.04+0.02 47.93+0.19 51.98 0.90 9.38%

1 (A)ZC/I (4)3¢ = I (B)ZC/I (B)3c =0
[(A)S/I(B)S =0.322, I(A)QS/I(A)3S =0.85, 1= 0.56, <1(B)2s/[(B)3s>: 0.9, lP(A)s = 36.320,
W) =37.80°, <He>p)s = 49.56 T, < H>@p) = 53.80 T, a is fixed parameter.

Core: (Zng.42Ing 11Feg.47) [NigssIng 19Fe; 23], Surface: (Zng 42Ing 17F€9.41) [Nig.ssIng 13Feq 2]
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The subspectral intensity ratio I(a)/I)s indicates that the major feature of the atomic
configuration in the nanoparticle shell is a nonequilibrium cation distribution. The
observed difference between the intensity ratios of spectral lines 2 and 3 for the inner
core (Iaye2/Iias » Im)e2/I)ez) and the surface region ( Iiay2/Iiayss » Imys2/Im)s3) 1s a direct
indication of a nonuniform spin arrangement within a nanoparticle. All spins in the
particle core are fully aligned in a direction of the external field (Iay2/Iia)es = Ig)e2/IB)e3 =
0), whereas the spins in the shell region are found to be canted. The average canting
angles, calculated from the intensity ratios Ia)»/I(a)3 and Igy2/Im)s3 are shown in table
5.9. Thus the spins located on the two sublattices in the surface regions of nano nickel-
zinc-indium ferrite particles are found to behave differently under an external field of 5
T. The cation distribution obtained at the surface of nanosamples is also given in table
5.9. Assuming a spherical shape of reverse micelle synthesized nanoparticles and taking
their average size as determined by X-ray diffraction, we estimated the thickness of the
surface shell to be t = 1.0 nm, 1.3 nm, 0.85 nm for NigssZng42IngFe; 904 (N3),
Nig ssZng 42Ing 2Fe; 304 (N4) and Nig ssZng 42Ing 3Fe; 704 (Ns) samples respectively. Figure

5.17 shows the schematic diagram of nano samples.

Core: (Zng 42Ing 1Feo 4] ) [NigssFei 421]

\P(B) = 00

Surface:
(Zng 42Ing 07Feo 51) [NigssIng.ozFe; 30]

e

lP(A): 35280
‘P(B) = 38.400

A 4

8.7 nm
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t=0.85

Core: ( Zng 42Ing 1Feg 45) [Nig ssIng 1Fey 32]

lP(A) = 00
lF(B) = 00

Surface:
(Zng.42Ing poF € 49) [Nig sgIng 11 Feq 31]

lP(A) = 39250
‘P(B) = 44.280

8.3 nm

Core: (Zng.42Ing.11Feg47]) [Nig sslng 19Fe;237]

/ lP(A) — Oo

lP(B) = 00

Surface:
(Zng.48Ing.17Feg 41 )[Nig sslng 13Fe; 29]

lP(A) = 36320
‘P(B) = 37.800
nm

A
A 4

8.0 nm

Figure 5.17 Schematic diagram of nanoparticles

Figure 5.18 compares the (B) site HMF distributions derived from the in-field Mdssbauer
spectra of the samples. The in-field data is fitted with DIST program considering the (A)
site as crystalline site and the (B) site as for the distribution of fields. As can be seen, the
(B) site HMF distributions derived from the in-field Mossbauer spectra of the bulk

nickel-zinc-indium ferrite particles experience a local field from a relatively narrow
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interval, in contrast to the nanosized particles, where a broad distribution is observed.
This broad HMF distribution indicates a strongly disturbed macroscopic magnetic state of

the nickel-zinc-indium ferrite nanoparticles.

0.010-— (a)

Probability
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35 40

H4'5(T)

Figure 5.18 The (B) site hyperfine distribution derived from the Mossbauer
spectra recorded at 5 K in an external magnetic field of 5 T (a) N3, B3 (b) N4, B4 (c)
Ns, Bs

5.3 Variation of Mdéssbauer parameters with indium concentration
5.3.1 Isomer shift (1.S.)

From the Mdssbauer spectra taken at different temperatures, it is observed that
there is no systematic change in the values of isomer shift corresponding to Fe’" ions at

(A) as well as (B) site, with the increase in concentration of indium (In’") ions in the
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system. This indicates that substitution of diamagnetic ions in the system produces
negligible influence on the ‘s’ electron density around Fe*" nuclei at both the sites. The
values of L.S. obtained for (B) and (A) sites are in good agreement with earlier study on
nickel-zinc ferrite particles [14,19]. The values of I.S. for the (A) and (B) sites are
consistent with high spin Fe’ charge state [18]. The observed differences between the
isomer shift of bulk particles at 5 K and 300 K are fully explained by the temperature-
dependent second-order Doppler shift of the lines. A small paramagnetic doublet
appeared in the nano NigsgZng 42Ing 1Fe; 9O4 (N}) and Nig ssZng 42Ing 2Fe; 04 (N,) samples

on magnetic sextet, showing LS. values are consistent with Fe’” valence state.

5.3.2 Quadrupole splitting (Q.S.)

The values of Q.S. obtained for (A) and (B) sites are in good agreement with
earlier study on nickel-zinc ferrite particles [14,19]. The Q.S. values obtained also
confirm the presence of only Fe’" charge state and not Fe*" charge state in the system.
The values of Q.S. for hyperfine spectra of all the samples are almost zero within the
experimental error. This does not necessarily signify the absence of an electric field
gradient (E.F.G.) at Fe’* nuclei. Although the spinel ferrites, studied in the present case,
have got an overall cubic symmetry, yet (A) and (B) sublattice may individually
experience a non-cubic charge distribution and will, therefore, result in an electric field
gradient at >'Fe ions occupying these two sublattice. It can be explained as follows:

In a cubic system having Fe’” ions at both the sites, the (A) site shows Q.S. on account of
an asymmetric charge distribution due to twelve (B) site neighbors. On the other hand, a
Fe" ion present at an octahedral (B) site has got trigonal symmetry and such sublattice
will, therefore, exhibit a non-zero electric field gradient at the nucleus. This electric field
gradient arises due to
(a) departure of the six nearest anion neighbors from their ideal octahedral symmetry,
and
(b) non-spherical distribution of the charges on the next nearest cation and anion
neighbors at the octahedral site.
Thus, almost negligible value of the quadrupole splitting obtained in the present study

can not be attributed to the absence of electric field gradient at the nucleus rather it can be
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explained in terms of the presence of the chemical disorder in the compositions which
can mask the shifts in the hyperfine field produced by the quadrupole interaction [28].
The chemical disorder will produce a distribution of electric field gradient of varying
magnitude, direction, sign and asymmetry. The resulting distribution of the quadruple
shifts will result in a noticeable broadening of the individual lines. Because of the overall
cubic symmetry of the spinel ferrites, it is expected that this distribution will give rise to
approximately equal probability for shifts of the opposite sign. This will not therefore,

result in an observable shift of the broadened Zeeman lines.

5.3.3 Magnetic hyperfine field

All the spectra of bulk and nano samples at different temperatures have been
resolved into sextets belonging to (A) and (B) sites respectively. The sextets are labeled
as (A) and (B) sites on the basis of the values of their isomer shift and magnetic hyperfine
fields. Since Fe’™ ions present at (B) site experience larger hyperfine fields, the outer
sextets have been assigned as the (B) site in case of zero field Mdssbauer spectrum.

The internal magnetic field on a nucleus can arise due to various interactions [29,30]
and can be written as

Hint = Heore + Hstr + Hrur + Hp oveeeeeeeene (5.2)
where, Heore 1s the field due to the polarization of the core s-electrons. Hryr and Hstur
are the transferred and supertransferred hyperfine fields respectively. The term, Hp is
the dipolar field.

It is known that the basic contribution to the magnetic field, Heore, is brought
about by the Fermi contact interaction of the nucleus with the s electrons of the ionic
core, which are unpaired because of the polarization of the core by the uncompensated
spins [30]. The degree of the polarization of the core and its associated contribution to the
magnetic field at the nucleus depend mainly on the effective magnetic moment of the ion.
Hcore remains almost constant unless the number and the type of cations changed.
Therefore, the field due to the core polarization experienced by Fe'* nuclei present at (A)
site will be almost equal to that experienced by Fe’" nuclei present at (B) site. The
transferred hyperfine field, Hryr which results from a direct exchange interaction

between metal cations and oxygen anions also contributes to internal magnetic field upto
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some extent. The value of this field depends upon the inter-nuclear distance between the
metal cations and oxygen anions. For Fe’ ions present at (A) site, the inter-nuclear
distance from O ions is less as compared to that of Fe’" ions present at (B) site. It gives
rise to the covalency of Fe’*—O% bond which leads to a greater degree of spin
delocalization at (A) site and hence to a smaller value of the hyperfine field. This is one
of the reasons, why (A) site field is generally less than (B) site field. The effect of
covalency on the value of the hyperfine field at (A) site has also been reported by several
workers [29,31,32].

The third term, Hstyr, which represents the field produced due to the super-
exchange interactions between two cations through an oxygen anion, also contributes
significantly. The value of the hyperfine field at Fe’* nucleus present at a particular site
will thus, depend upon the strength of the super exchange interactions, which this cation
experiences with other cations both within and outside the sublattice to which it belongs.
Larger is the strength of this interaction, higher will be the supertransferred hyperfine
field. Fe'" ions present at (A) sites, generally, do not experience as strong super-exchange
interaction as those present at (B) sites and hence they experience smaller values of
internal hyperfine fields.

The fourth term, Hp, represents the dipolar field produced by the surrounding
magnetic ions and is a function of both the cation distribution as well as magnetic
moments of the cations. It will change if one of the surrounding ions is replaced by an ion
with different magnetic moment. The term Hp is generally quite small for iron group ions
even in non-cubic systems [33,34]. However, in rare earth systems, where the orbital
momentum is quenched, Hp can be quite large, whereas Hp is equal to zero for
spherically symmetric charge distribution.

From the values of the hyperfine fields (Table 5.9), it is observed that the internal
magnetic field decreases systematically at (A) as well as at (B) site with increase in
indium ions concentration. This variation of hyperfine field in bulk nickel-zinc-indium
ferrite (NigssZng42IniFe; <04, x = 0, 0.1, 0.2, 0.3) samples can be explained using eqn.
(5.2). The decrease in the hyperfine field can be attributed to effect on Hp and Hgryr,
whereas Hcore and Hrgr will remain constant for all values of x. The replacement of Fe**

ions of higher magnetic moment by diamagnetic indium ions effectively decreases the
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dipolar magnetic field Hp. The variation of hyperfine field with indium concentration at
different temperatures could be understood on the basis of Neel’s molecular field theory
and the supertransferred hyperfine field. It is found that H) decreases with the increase
of indium ions concentration upto 0.1. We attribute this to the fact that all the indium ions
occupy solely the (A) site. The magnetic hyperfine field at the (A) site is due to the net
magnetization of the nearest neighbor (B) site through A-B superexchange and the very
weak A-A interaction. Since indium moments order diamagnetically with the magnetic
moments of Fe’* ions, hence reduce the magnetization at the (A) site. Consequently the
hyperfine field at the (B) site decreases. With further increase in indium concentration,
decrease in hyperfine field at (A) site indicates that indium ions occupy partially (B) sites
for x > 0.1. Thus, the decrease in various magnetic linkages due to the substitution of
indium ions mainly reduces Hp and Hsyr and results in a net decrease of hyperfine field.
A similar decrease in hyperfine magnetic field with the successive incorporation of
diamagnetic ions in place of Fe*" ions in many kinds of ferrites has been reported [20,35-
37]. It is found that the average hyperfine fields experienced by Fe’" ions located in the
near surface layer (Table 5.9) are increased in comparison with those acting in the inner
core of particles. This feature must be underlined, because it is completely different from
that reported by the majority of authors [6,7,26]. This anomalous behavior of hyperfine
field at nanoparticle surface can be understood on the basis of cation redistribution.

It has been observed that the linewidth values corresponding to (A) and (B) sites
have been found to increase with increasing concentration of indium ions. The
broadening of the spectral components is obviously caused by superimposition of several
Zeeman sextiplets corresponding to the Fe'  ions located at various different
magnetically nonequivalent positions formed as a result of the addition of diamagnetic
ions. In addition, the changes in the environment would affect isomer shift values
slightly, displacing sextets with respect to one another and cause general broadening of

these lines.

5.4 Variation of hyperfine field with particle size

It is also evident from Mossbauer spectra that decrease in particle size yields a

reduction in the hyperfine fields and broadening of the Mossbauer lines. According to
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Morup et al [38-40], the fluctuation of magnetization vectors in a direction close to an
easy direction of magnetization leads to a particle size dependent magnetic hyperfine
field. If the correlation time of the collective magnetization fluctuations is short relative
to the observation time, the measured value of the magnetic field and consequently the

hyperfine field will be reduced according to the relation:

Hie (V, T) = Hpe (V = leBT 5.3
ne(V, T) = Hpe (V = o0, )[-ZKV] ........................ (5.3)

where kg is the Boltzmann’s constant, V is the particle volume and V = oo, refers to a
large crystals at temperature T in the absence of collective magnetic excitations.
Therefore, according to eqn. (5.3) the hyperfine field decreases with the decrease in
particle size since particles with different volumes will show different hyperfine splitting.

The most striking feature of the particle size reduction on the Mdssbauer spectra
is due to the superparamagnetic relaxation. The latter arises if the particle sizes are so
small that thermal energy can overcome the anisotropy energy and change the orientation
of the magnetization of a particle from one easy axis to another [5]. In fact, a material can
be observed as superparamagnetic in the Mdssbauer spectrum, if the relaxation time for
the reversal of magnetization in a particle is smaller than the Larmor precession time of
the nuclear magnetic moment in the local field. From literature, it is found that for an
assembly of particles with nonuniformity of sizes, the experimental Mossbauer spectra
will be given by the superposition of spectra with different relaxation time (1), since 7 is
very sensitive to volume. For extremely small particles with uniaxial anisotropy, the
energy barrier, which separates the two easy directions of magnetization, may be smaller
than the thermal energy even at room temperature. This leads to spontaneous fluctuations

of the magnetization direction having relaxation time given by [41],

T="Tp €Xp (%J ............. (5.4)
B

where 19 (10°-107'% 5) is a constant and KV is the total anisotropy energy of the particle.
The superparamagnetic relaxation of a single domain magnetic particle may be defined
by a technique with characteristic time (1,ps) at temperature above the so called blocking

temperature (Tg) defined by
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Tg = (—kg ln(z' /T)J ............ (5.5)

obs
Above the blocking temperature, the relaxation time T << T o5 (10™ s) for >’Fe Mdssbauer
spectroscopy and the internal magnetic field at the nucleus is averaged out giving rise to
usually a quadrupolar doublet in the Mdssbauer pattern. Below blocking temperature, t
>> T ops, a characteristic sextet Mossbauer pattern is observed. Near the blocking
temperature when T ~ T ops, a partially collapsed sextet with broad lines is seen.

The low value of hyperfine field obtained in case of Nig ssZngzlng 1 Fe; 904 (N3)
and NigssZng42IngFe; 04 (N4) samples in comparison to NigssZngalng Fe; 904 (Ny)
and NigssZng42Ing,Fe; 304 (N2) samples can be understood on the basis of particle size
effect. Also, increase in hyperfine field with indium concentration upto 0.1, for
Nig s§Zng 42Ing 1Fe; 9O4 (N;) sample, could be explained on the basis of larger particle size
in comparison to NigsgZng42Fe,04 (Ng) sample. In case of NigsgZng42Ing 1Fe; 9O4 (N1)
and NigssZng42Ing Fe; 04 (N,) samples the addition of indium creates an increasing
distortion in the iron environment due to the next nearest neighbor effect, a distortion
which lowers the electronic symmetry. The doublet thus splits into a sextet with
increasing indium content. This substitution causes a complete rearrangement in the
cation distribution among the various valence states and coordination sites. The
appearance of a well split sextet indicates the presence of a long range magnetically
ordered phase with kV>Ey. Thus the cation distribution results in a higher effective

magnetic anisotropy barrier, bringing magnetic ordering at room temperature.

5.5 Maossbauer spectra of NigssZng 421Ng3Fe; 7004 particles at different
temperatures

Figure 5.19 shows the Mdssbauer spectra of nano NigsgZng42Ing3Fe; 704 (Ns)
sample recorded at different temperatures. The zero-field Mdssbauer spectra of 8.0 nm
particles show a transition from a blocked state at low temperature to a
superparamagnetic state at high temperature. At 5 K, the spectrum has relatively narrow
lines. When temperature increases; one observes a broadening of the lines and a small
decrease of the hyperfine field. The thermal variation of the hyperfine field is

approximately linear, in agreement with Morup’s law for an assembly of particles in the
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frozen state. Using the mean volume derived from the transmission electron microscopy,
the anisotropy constant (K), estimated from the thermal variation of the hyperfine field, is
2.12 x 10° erg/em’. The hyperfine field at 0 K, Hyy (0), is found close to 50.9 T. The
anisotropy constant determined for NigsgZng42Ing3Fe; 704 (Ns) sample by Mossbauer
spectroscopy is larger than that observed for bulk y-Fe,O; particles (5 x 10* erg/cm’)
[42]. This drastic enhancement is attributed to the surface anisotropy contribution for
nanocrystals [43,44]. As a matter of fact; it has been well described for cobalt ferrite
[45,46] and y-Fe,Os [47] nanocrystals that the effective anisotropy constant markedly

increases with decreasing particle size.
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Figure 5.19 Mossbauer spectra of nano NigssZng 42Ing sFe; ;04 sample taken at
different temperatures
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Conclusion

Due to the ability of >’Fe Mossbauer spectroscopy to reveal the noncollinearity of
the spin arrangement and to discriminate between probe nuclei on equivalent
crystallographic sites provided by the spinel structure, valuable insight into a local
disorder in reverse micelle synthesized nickel-zinc ferrite and nickel-zinc-indium ferrite
nanosamples was obtained. Nano  NigsgZngalngFe; 904 (15 nm) and
NigssZng 42IngFe; s04 (15 nm) samples exhibit ferromagnetically coupling at room
temperature, while nano samples having average particle size in the range of 8 nm show
collective magnetic excitations. The room temperature Mossbauer spectra of bulk
samples exhibit the ferrimagnetic phase. At 5 K, the superparamagnetic relaxation of
nano samples is suppressed and the spectra consist of broadened sextets only. The broad
shape of Mdssbauer spectral lines for the nanosamples as compared to bulk samples
provides clear evidence of a wide distribution of magnetic fields acting at the Fe** nuclei
in the nanoparticles. Hyperfine magnetic field distributions at octahedral site derived
from the in-field Mossbauer spectra shows that bulk samples experience a local field
from a relatively narrow interval, in contrast to the nanosamples, where a broad
distribution is observed.

In bulk samples, indium ions were found to prefer the (A) sublattice for small
concentration Nig sgZng 42Ing 1Fe; 904 (10 %), while with further increase in concentration
some of the indium ions partially occupy octahedral sites. From detailed investigation of
Mossbauer spectra it is concluded that hyperfine field decreases with increase in indium
ions concentration except for Nig ssZng42Ing 1Fe; 904 (15 nm) sample, which is explained
on the basis of larger particle size in comparison to NigssZng4Fe,O4 (8.4 nm) sample.
From the variation of hyperfine field with indium concentration, it can be concluded that
Nig s§Zng 42Ing 3Fe; 704 nanoparticles behaves like bulk sample after heat treatment at
1673 K, although the particle size remains in nanoscale.

The comparative in-field Mossbauer study of the bulk and nanosized ferrite
samples enables us to separate the surface effects from the bulk effects in nanoparticles.
It, thus, was revealed that the surface shell of nano samples is structurally and
magnetically disordered due to the nearly random distribution of cations and the canted

spin arrangement. This is in contrast to the ordered core of the nanoparticles, and of bulk
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particles, which exhibits an inverse spinel structure with a collinear spin alignment (¥'(a)s
=W¥a)s = 0°). Mossbauer study on these nano system shows that the cation distribution
not only depends on the particle size but also on the preparation route. The anomalous
increase in hyperfine field values in nanoparticle surface is attributed to the cation
distribution.

At 5 K, nano samples show promising properties: hyperfine field close to that of
the bulk materials. Such interesting behavior appears to be clearly related to, good
crystallinity of the nanoparticles. From the data it can be concluded that hyperfine field
values are strongly influenced by the size of the particles and by surface defects.
Therefore these properties depend to a large extent on the synthesis process.

The thickness of the surface shell obtained for nanosamples corresponds to about
4-5 near surface cation layers and is comparable to the lattice constant of nickel-zinc-
indium ferrite particles.

The nonequilibrium cation distribution and the canted spin arrangement resulting
from the reverse micelle synthesis route are metastable; that is, during the annealing
process, they relax toward their equilibrium configuration. Thus, on heating, the reverse
micelle synthesized nano samples have relaxed to a magnetic state that is similar to the
bulk one. To our knowledge, this is the first report which highlights the properties of bulk
nickel-zinc ferrite and nickel-zinc-indium ferrite samples obtained after annealing the
reverse micelle synthesized particles at high temperature. This approach offers several
advantages because of possible high-temperature application of reverse micelle

synthesized ferrites.
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Interest in magnetic properties of nanosized ferrite particles is driven by both
technological applications and theoretical researchers. Nanocrystalline magnetic
materials display a variety of unusual and interesting magnetic properties that are not
present in bulk systems. In nanoparticles with large surface to volume ratio, the spin
disorder may eventually modify the magnetic properties. This spin disorder is due to the
lower coordination of the surface atoms, broken exchange bonds that produces a spin-
glass like state of spatially disordered spins in the surface cations with high anisotropy
surface layers. In ferrite nanoparticles, the magnetic ions located at the surface have
fewer neighbors than in the core or in the bulk material. Owing to strong modifications in
surface/interface effects, electronic states and magnetic interactions in the nanometer
range, the nanocrystalline ferrites possess some of the most distinct features such as the
enhanced/reduced saturation magnetization, low/high coercivity, superparamagnetic
relaxation, spin glass (SG)-like behavior, spin canting [1-3] etc.

In earlier studies, because of the importance of site inversion phenomenon we
have focused on the structural change at nano level. Once these site inversion phenomena
are understood and controlled, we are able to use our particles for size dependent studies.
In this chapter we have studied the magnetic properties of nano and bulk nickel-zinc
ferrite particles and the effect of particle size and indium concentration on these
properties in detail. We have analyzed the thermal variations of magnetization in high
fields in terms of a modified Bloch law, accounting for both finite-size effect and an extra
surface contribution at low temperature. It indeed confirms that one should distinguish
magnetic nanostructures of the particles, the single-domain core from the surface spins,
which can fluctuate freely at high temperature. The magnetic behavior of nanoparticles is
strongly affected also by interparticle interactions. The magnetic interactions can be due
to dipolar coupling and exchange coupling among surface atoms and play a fundamental
role in the physics of these systems [4-6]. The role of interactions on the static and
dynamic properties of nickel-zinc ferrite and indium doped nickel-zinc ferrite particles
has been investigated by different models.

Magnetic field dependent magnetization measurements, zero field cooled (ZFC)
and field cooled (FC) magnetization measurements were carried out on super conducting

quantum interference device (SQUID) and vibrating sample magnetometer (VSM).
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Variation of magnetization in the presence of high field (5 T) with temperature is studied
on a SQUID magnetometer in the cooling cycle. The real and imaginary parts of the ac
magnetic susceptibility were measured at frequencies in the range 131.1-1131.1 Hz with

field amplitude of 2 Oe on a home made susceptometer [7] in the temperature range 77-

300 K.

Results and discussion
6.1 Magnetic behavior of nickel-zinc ferrite nano and bulk sample
6.1.1 ZFC-FC magnetization curves

Figure 6.1 shows the ZFC and FC magnetization curves for nickel-zinc ferrite
(NigssZng42Fe;04) nanoparticles at different applied fields. In case of ZFC
measurements, the magnetization of the sample is random at room temperature and
remains random upon cooling to 5 K, because the magnetic dipoles do not have enough
thermal energy to rotate. As temperature is increased, the thermal energy kgT increases
and magnetic dipoles align in the direction of applied field resulting in increase in
magnetic moment. In case of FC magnetization, as the temperature is increased, thermal
energy kgT provides the energy for the magnetic dipoles to randomize the motion
resulting in decrease in the magnetic moment.

It is clearly seen from the figure that the ZFC and FC curves begin to separate at
the temperature of irreversibility (Tsgp) and the ZFC magnetization (Mzpc) exhibits a
broad maxima located at Tyean. This indicates that the magnetic moment of each particle
is blocked along its easy magnetization axis at a temperature Ty (blocking temperature),
which depends upon particle volume, anisotropy and orientation. The blocking
temperature is a measure of the thermal energy required to overcome the superexchange
transition and is defined as the temperature at which the nanoparticles do not relax during
the time of measurement; they are blocked. In any real fine particle system, there is
always a distribution of particle volume (V) and hence each particle is blocked at
different Ty, which is not influenced by easy magnetization axis in the presence of a very
low field. Therefore, there might be a distribution of blocking temperature (Tg), which

provides wide maxima in ZFC and FC curves.
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Figure 6.1 ZFC and FC magnetization curves taken in external field of (a) 50 Oe
(b) 200 Oe (c) 500 Oe
The maxima of ZFC curve is located at Tyeany = 94.54 K for nickel-zinc ferrite nano
sample in the presence of 500 Oe field. Here Tyran is related to the average blocking
temperature <Tp> through the distribution of particle volumes. Moreover, Mzgc strongly
decreases below Tyean, since the superparamagnetic-ferromagnetic transition activates
the anisotropy, which forces the magnetization along easy axes and are randomly
oriented.

This decrease in Mzpc is also observed above Typan, as we approach

superparamagnetic (SPM) regime. From the curves, a clear thermo-magnetic
irreversibility can be easily seen from the distinct difference between Mzgc (T) and Mgc
(T) below certain temperature Tsgp. Both, the ZFC and FC curves tend to superimpose at
above Tgsgp (~180 K in the presence of 500 Oe field) leading superparamagnetic (SPM)

and spin-glass (SG)-like state [8]. The field dependence of blocking temperature Ty (H) :
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150.37 K (50 Oe), 116.25 K (200 Oe), 94.54 K (500 Oe) indicates the superparamagnetic
blocking of magnetic clusters [9]. Further, the Mpc have almost a nearly constant value
below certain temperature which is less than Tygan and this value is much higher than
that of Mzpc values. In fact, the Mpc magnetization state is nearly an equilibrium state in
which below certain temperature < Tyean, almost all the particles have only a positive
projection of magnetization along the field axis, whereas the Mypc state is not a true
equilibrium state. Also FC curve was nearly flat below Tg, as compared with the
monotonically increasing behavior characteristic of non-interacting or superparamagnetic
systems, indicating the existence of strong interactions among these nanoparticle systems
[10]. However, this feature has been recently found not only to be exclusive of spin glass
(SG), but is also shared by other nanoparticle systems having random anisotropy and
strong interparticle interactions [11,12]. Different slopes of magnetization versus
temperature for the ZFC curve (for small applied field) in the low temperature range
show the spin glass behavior of the nickel-zinc ferrite nanoparticles [13].

A noticeable feature of the magnetization-temperature curves is a considerable
departure of ZFC and FC branches in large temperature range for the nanoparticle
sample, whereas in case of bulk sample, there is no departure up to the available

temperature (Figure 6.2). This departure reflects the relaxation behavior due to
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Figure 6.2 ZFC and FC magnetization curves taken in external field of 500 Oe for bulk
sample
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superparamagnetic particles in nanosamples and is in consistent with the X-ray
diffraction and Mossbauer data. Such a divergence originates from the blocking of the
magnetization orientation by anisotropy barrier in the nanoparticles cooled with a ZFC
process [14]. The narrow divergence of ZFC and FC curves for the bulk samples indicate
the narrow particle size distribution in the annealed samples which agrees with the grain
size obtained from X-ray diffraction pattern and as well as from transmission electron

microscopy images.

6.1.2 Variation of magnetization with applied field

Magnetization versus applied magnetic field curves (hysteresis loop/curve
measurements) are time dependent measurements of the magnetic moment of a sample
with the variation of the magnetic field in a hysteretic fashion. Hysteresis curves provide
information such as saturation magnetization (M), coercivity (H;), remanence
magnetization (Mg) and squareness ration (Mgr/Ms) for a given sample. These values are
specific to the temperature at which the hysteresis loop experiment is performed, as the
magnetic moment of a sample depends upon the temperature. Saturation magnetization
was determined by observing the magnetic moment of the material at the largest applied
magnetic field. For nano samples where saturation magnetization has not been attained at
the maximum field applied, the saturation magnetization is determined by extrapolating
the magnetization (M) versus inverse of field (1/H) curve to 1/H = 0. Remanence
magnetization was determined by locating the point on the y-axis, where there was a
magnetization in zero applied magnetic field. Coercivity was determined by locating the
point on the x-axis, where the magnetization was zero in an applied magnetic field.

Figure 6.3 shows the variation of magnetization with applied field at different
temperatures for nano nickel-zinc ferrite sample carried out on SQUID magnetometer.
The typical characteristic of superparamagnetic behavior, an absence of hysteresis,
almost immeasurable coercivity and remanence are observed in nano sample at 300 K.
The magnetization of the nano sample does not saturate even at the maximum field
attainable (H = 50 kOe) for all the temperatures studied. The observation of hysteresis

loop for nickel-zinc ferrite sample below the blocking temperature (Figure 6.4) clearly
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suggests the occurrence of a ferrimagnetic or a ferromagnetic ordering in the
nanocrystals. When temperature is increased, the magnetization decreases owing to
thermal fluctuations and the hysteresis feature disappear, in agreement with the
superparamagnetic character of the particles. These results can be explained by the fact
that nanoparticles contain a particle size distribution. This is in contrast to the magnetic
behavior of the bulk sample (Figure 6.5), where saturation magnetization has been
attained measured on vibrating sample magnetometer. Table 6.1 lists the value of
saturation magnetization, the coercivity, remanence and the ratio of remanent
magnetization to saturation magnetization at 5 K, 80 K and 300 K for nano sample. The
value of saturation magnetization of bulk sample (Sy) at 300 K was obtained from

magnetization vs. temperature curve in the presence of high field (Figure 6.6 shown in

section 6.1.4).
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Figure 6.5 Variation of magnetization with applied field at 5 K for nickel-zinc ferrite
bulk sample

Table 6.1 Magnetic characteristics of nano and bulk nickel-zinc ferrite sample
Sample M; (emu/g) H.(Oe) Mg(emu/g) Mgr/M;
N (300 K) 22.44 - - -

(80 K) 28.44 4709  1.50 0.03

(5K) 30.15 333.00  7.57 0.25
So(300K)  59.94

(5K) 79.91
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The observed reduction in saturation magnetization and high-field irreversibility in case
of nano sample in comparison to bulk sample is explained in the later section. The value
of saturation magnetization obtained in our bulk sample is low compared to obtain by
Smith [15]. This can be explained on the basis of difference in particle size of our sample
(0.1pm) and sample prepared by Smith (lpum: ceramic method), as saturation

magnetization increases with increase in particle size [16].

6.1.3 Measurement of shell thickness

Assuming a spherical shape of reverse micelle synthesized nickel-zinc ferrite
nanoparticles, in the following, we have estimated the shell thickness (t) using the
experimentally determined particle size (D) and saturation magnetization (M) value of
the nano nickel-zinc ferrite sample. Assuming that the thickness of the dead layer (t) is
constant, the magnetization of the particles can be expressed as [17]

6t
M, =M, (1—5] ................................ (6.1)

where My = 79.9 emu/g correspond to the bulk value at 5 K. Fitting the data with D = 8.4
nm, we obtained the thickness of the dead layer which is about 0.9 nm. The value of the
shell thickness obtained is in reasonable agreement with that estimated from Mdssbauer

experiments (1.3 nm).

6.1.4 Finite size effect and effective Bloch law

We discuss now our results, in the framework of a core-shell model, taking into
account both the finite-size effects in an effective Bloch formalism and the thermal
dependence of the disordered surface contribution. The thermal behavior of the
magnetization of ordered magnetic systems is due to low energy collective excitations,
the well known spin waves or magnons, and results in a decrease in the spontaneous
magnetization with increasing temperature. Such a model, which leads to the Bloch T2
law well works for infinite systems if the gap, induced in the dispersion relation of spin
waves is zero [18]. Nevertheless, the behavior for small clusters and nanoparticles is
different from that of bulk particles since the spatial confinement reduces the number of

degrees of freedom. It generates an energy gap in the corresponding spin-wave spectrum
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[19]. As a result of the existence of this energy gap in the density of states for the spin
waves, added to the lowering of the mean number of nearest neighbors, the temperature
dependence of the magnetization of the cores of the nanoparticles can be well described
with a more general law [20,21].
M(T) = Mg(0) (1-bT%).eveeiiiiien, (6.2)

where M,(0) is the saturation magnetization as T tends to zero. Note that experimentally
M;(0) has to be extrapolated, getting rid of the additional surface contribution at low
temperatures. The Bloch exponent (a) is now size dependent and structure independent
whereas the Bloch constant (b) mainly depends on the detailed structure of the core of the
nanoparticles.

However, it is important to note that this model would work only if the applied
field is large enough to ensure the saturation condition for the core of the nanoparticles in
each sample [22]. In order to compensate the nonsaturation for nano sample, a correction
is made replacing My(T) by My(T)/{L[&(T)]} where L(§(T)) = coth (uH/ kT) - (kT/ uH) is
calculated at each temperature, by using the value of mean magnetic moment <u>. This
small correction being taken into account, the high temperature variations of M(T),
which are associated to the regular saturation of the grain core, are fitted with eqn. (6.2).
This adjustment leads to My(0) (29.1 emu/g), the extrapolated values of My for the grain
core at T = 0. Figures 6.6 and 6.7 show semilogarithmic representations of the
experimental variation of My(T) and their corresponding core saturation for bulk and
nano sample. For the largest particles, the whole range of temperature can be adjusted by
eqn. (6.2) (Figure 6.6). The depression of the core magnetization M(0)—M,(T) is also
plotted. The inset of Figure 6.6 clearly shows that the linear relation between M,(0)—
M(T) vs. Tis followed along the whole experimental range (5-300 K) for bulk sample. In
the log-log representation, the variations are linear with a slope a. The values of a (1.5)
and b (5 x 107) are in good agreement with the expected Bloch behavior for bulk
materials. On the contrary, for nano sample, the extra surface contribution appears clearly
below 80 K (Figure 6.7). In case of nano sample, the fit with eqn. (6.2) is performed for T
>80 K (inset of Figure 6.7). This also leads to a (1.43) and b (7 x 107). The straight line

clearly leads to smaller slope and is therefore associated to a deviation
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Figure 6.6 Semilogarithmic plot of the experimental variation of My(T) and the
core saturation (full line) of bulk sample. Inset shows the depression of the core
magnetization My(0)—M(T) for bulk sample in a double logarithmic representation

- Exp
30 S -
- Fitted
28 4
10
8
-~ 26 4
Ry __ 6
2 S
€ n 44
L 244 =2
w ~—~~
o
= % 2]
=
22 4
0 200 300
20 T (K) -
T T T L L AL L | T T L L ELL |
1 10 100
T (K)

Figure 6.7 Semilogarithmic plot of the experimental variation of My(T) and the core
saturation (full line) of nano sample. Inset shows the depression of the core
magnetization Ms(0)—M(T) for nano sample in a double logarithmic representation
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of the T*? Bloch law. Several works reported a dependence of « on the particle size in
nanomagnets, ferrimagnetic or ferromagnets. It is in the range 0.79-1.14 for magnetic
nanocomposites [23], 1.45-1.55 for ZnFe,04 particles of 6.6-14.8 nm in size [24], 1.6—1.8
for MnFe,04 particles of 5-15 nm in size [25], close to 1.9 [26] and 1.66 [27] for Fe—C
and Lag gSro,MnO;_; particles with a diameter of 3.1 nm and 8 nm, respectively. This
deviation of a from 1.5 is usually associated with the increase in structural disorder with
particle size reduction. The observed size dependence of b can be related to the existence
of a rather important contribution in ferrite nanoparticles coming from surface canted
spins poorly correlated to the monodomain core [28-30]. Indeed at the interface, the
reduction of atomic coordination implies that surface spins are more sensitive to thermal
fluctuations, which favors an effective b increasing. It is usually found greater in
nanoparticles than in bulk, increasing when the size decreases. Some authors attribute this
feature to an increased interaction among the neighboring spins [27]. In the particular
case of spinel ferrite materials, it can be suspected due to a significant structural deviation
from the thermodynamically stable one in terms of cation distribution. The 8.4 nm sized
nickel-zinc ferrite particles exhibit the lower diameter, the higher degree of cationic

inversion and hence the higher b value.

6.1.5 AC susceptibility measurements

In order to better understand the spin dynamics, we have also investigated the
temperature dependence of the real y'(T) and imaginary parts y"'(T) of ac susceptibility
measurements for different driving frequencies in the range from 131.1-1131.1 Hz
(Figures 6.8a-b) for nano nickel-zinc ferrite sample. It is clearly evident from figures that
the data for both y'(T) and y"(T) exhibit the expected behavior of a blocking/freezing
process, i.e. the occurrence of a maximum at a temperature Ty ((i.e. the temperature of
the peak position in the ac susceptibility) for both y'(T) and y”(T) components which
shifts towards higher temperature with increasing frequency [31].

In order to identify the dynamic behavior of the blocking/freezing process, we
have used the real part y'(T) of ac susceptibility in an empirical relation {@ = ATg/(Ts
Alogio f)}, here ATy is the difference between Tp measured in the Alogo(f) frequency

interval and f'is the ac magnetic field frequency.
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Figure 6.8 (a) Temperature dependence of the real part y' (T) of the ac magnetic

susceptibility for the nano sample,

at different frequencies.

The arrow

indicates increasing frequencies (b) Imaginary part x"(T) of the ac magnetic
susceptibility. The data were taken with an external magnetic field, H = 2 Oe

The experimentally found values for the superparamagnetic (SPM) particles are in the

range ~0.1-0.13, whereas a much smaller value was found in the present case (0.04)
usually observed for spin-glass (~0.005-0.05) behavior of the nanoparticle surface or

simply due to non-negligible interparticle interactions [32]. In fact, it is well known that

smaller values of @ usually result from strong interactions and the spin-glass hypothesis

[31,33,34]. However, it is often very difficult to distinguish between spin glass and

superparamagnetism experimentally [35]. There are two different interpretations in the

literature on the phenomenon of the spin glass freezing. For a system consisting of non-

interacting superparamagnetic particles, the relaxation time t follows the Neel-Arrhenius

(NA) relation

EA
=Ty exp T
BB

|

where 7 is the relaxation time at frequency f; Ex is the anisotropy energy barrier for the

reversal of the moments and 7y is the characteristic relaxation time, ranging typically

from 10" to 10" s for superparamagnetic (SPM) particles. In an external magnetic field,

144



Chapter 6: Magnetic... ...

the energy barrier is given by Ex = K.V, where K is an effective magnetic anisotropy
constant and V is the particle volume. To confirm the validity of the Neel-Arrhenius

(NA) relation, we first plot Inz versus 1/Tp for nano system (Figure 6.9).

-7 -

0.0048 0.0049 0.0050 0.0051 0.0052
1/Tg (K™

Figure 6.9 Logarithm of the measuring frequency as a function of the reciprocal of
the temperature of peak for nano sample

From the fitting, we have found an unphysically small value of relaxation time; 7p~9.4 x
107 in comparison to 10" s. This leads us to conclude that the Neel-Arrhenius (NA)
relation is not valid and there exist strong interactions among these nanoparticle systems
[35], consistent with the results obtained from the dc magnetization data.

As a result, we have tried to fit these data using the Vogel-Fulcher (VG) law [36],
that describes the slowing down of a system composed of magnetically interacting
particles as the temperature is reduced, and can be expressed in the form

T=Tp €Xp [E—AJ ......................... (6.4)
ky (Ty = Ty)

where Ty is an effective temperature and Tg is the characteristic temperature signaling

the onset of the blocking process
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Figure 6.10 Logarithm of the measuring frequency as a function of the reciprocal of the
difference between the temperature of peak and Ty for nano sample
For nano sample, the following values of the parameters are obtained after fitting the data
(Figure 6.10): 7o =1.77 x 10 " s, Ex = 2.6 x 10" erg, Ty = 120 K. The finite value of T,
(~120 K), again suggests interactions between particles via grain boundary spins. This
confirms that a blocking of the interacting particles occurs rather than the collective
nature of a spin disordered system, such as spin glass. By using the average particle size
calculated from X-ray diffraction data, the calculated value of K5 for nickel-zinc ferrite
nanoparticles is 8.38 x 10° erg cm™. The values are one order of magnitude larger than K
value (~6 x 10* erg cm™) for bulk nickel ferrite [37]. Evidently, nickel-zinc ferrite
nanoparticles exhibit large magnetocrystalline anisotropy [38]. This is an expected
behavior of nanosized particles, where the surface contribution is expected to enhance the

magnetic anisotropy constant.
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6.2 Effect of indium doping on the magnetic properties of nickel-
zinc ferrite particles
6.2.1 ZFC-FC magnetization curves

Figures 6.11 and 6.12 show the ZFC-FC curves for nickel-zinc-indium ferrite
nano and bulk samples respectively. Observation of departure of ZFC and FC branches in
large temperature range for Nig sgZng 42InyFe, O4 (N;-Ns) nanosamples in contrast to bulk
samples suggest the relaxation behavior in case of nanoparticle samples due to

superparamagnetic particles consistent with the X-ray diffraction and Mssbauer data.
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Figure 6.11 ZFC and FC magnetization curves taken in external field of 500 Oe for
nano samples (a) N; (b) N, (c¢) N3 (d) Ny (e) Ns
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Figure 6.12 ZFC and FC magnetization curves taken in external field of 500 Oe for bulk
samples (a) S; (b) Sz (c) S;

The observation of prominent irreversibility for Nig ssZng 42Ing.1Fe; 904 (N, 15 nm),
Nig.s8Zng 42Ing2Fe; 04 (N2, 15 nm) and Nig sgZng 42Ing 1Fe; 904 (N3, 8.7 nm) samples is
due to anisotropy effect in the ferromagnetic clusters [39].

The FC curves were nearly flat for all nano samples below Tg, indicating the
existence of strong interactions among these nanoparticle systems. This hypothesis is
somewhat confirmed in regard to the collected transmission electron microscopy images
where the smaller particles appear clearly agglomerated. Blocking temperature increases

with increase in particle size (Figure 6.11).
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According to Stoner-Wohlfarth theory [40], the magnetic anisotropy energy Ea of

a single-domain superparamagnetic particle can be expressed as:
Ea=KVSin®0......cooeevvineeiiinnn.. (6.5)

where K is the magnetic anisotropy constant, V is the particle volume and 0 is the angle
between the magnetization vector and easy axis of the nanoparticles. When E, is
comparable with the thermal energy kgT, the magnetization vector of the nanoparticle
start to flip and goes through rapid superparamagnetic relaxation. Above a certain
temperature called blocking temperature T, the magnetic anisotropy energy is overcome
by thermal energy and magnetization vector follows simply the applied field direction.
Consequently, the nanoparticles show paramagnetic behavior. Below Tg, the thermal
energy no longer overcomes the magnetic anisotropy energy and hence the magnetization
vector of each nanoparticle rotates from the field direction back to easy axis without any
movement of the nanoparticles. As larger particles exhibit a higher Ex and require a
larger thermal energy to become superparamagnetic, hence Ty increases with increasing
particles size.

For Nig s3Zng 42Ing 3Fe; 704 (N5, 8.0 nm) sample, ZFC and FC curves are also taken

in the presence of different applied fields (Figure 6.13). It is found that the blocking
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Figure 6.13 ZFC and FC magnetization curves for NigssZng 42Ing ;Fe; 704 sample
taken in various applied external fields
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temperature decreases with the increase in applied field: Tg (H) : 48.53 K (500 Oe), 31.32
K (1000 Oe¢) and 22.03 K (1500 Oe) for N5 sample, which indicate the superparamagnetic

blocking of magnetic clusters.

6.2.2 Room temperature magnetization measurements
Figure 6.14 shows the room temperature variation of magnetization with field for
nickel-zinc-indium ferrite nano samples. The magnetization of NigssZng42IngFe; 904

(N3, 8.7 nm), Nio,ngn0,4QIn0,2Fel_gO4 (N4, 8.5 nm) and Nio_5anO.4ZIno_3Fel,7O4 (Ns, 8.0 nm)
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Figure 6.14 Variation of magnetization with applied field at room temperature for nano
nickel-zinc-indium ferrite samples (a) N; (b) N (c) N3 (d) N4 (e) Ns

150



Chapter 6: Magnetic... ...

samples does not saturate even at the maximum field attainable (H = 50 kOe), while
NigssZngarlng 1Fe; 904 (Nj, 15 nm) and NigsgZngarlng,Fe; 304 (N2, 15 nm) samples
attain saturation magnetization in the applied field. The M; value calculated for all
samples are given in table 6.2. At room temperature, observation of hysteresis loops

(Inset of Figure) for N, N, and N3 samples are typical of ferromagnetic ordering,

Table 6.2 Magnetic characteristics of nano and bulk nickel-zinc-indium ferrite sample

Sample M; (emu/g) H:.(Oe) Mg (emu/g) Mgr/M;
N; (300K)  39.38 54.00 3.89 0.10
(80 K) 45.66 175.32 13.70 0.30
(5 K) 46.10 273.95 15.03 0.32
N2 (300 K) 24.85 77.82 5.37 0.20
(80 K) 29.89 226.98 10.33 0.34
(5 K) 30.86 294.63 13.38 0.43
N3 (300 K) 23.96 48.19 2.23 0.10
(80 K) 33.72 170.56 7.17 0.21
(5 K) 36.20 322.81 10.79 0.29
N4 (300 K) 22.61 - - -
(80 K) 30.11 43.75 1.65 0.05
(5 K) 33.02 378.59 7.45 0.22

Ns(300K)  28.58 - - -
(80 K) 36.75 - - -

(5 K) 40.04 343.75 9.79 0.24
S; 300K)  65.85
(5K) 92.12
S, 300K)  50.67
(5 K) 76.37
S; 300K)  37.64
(5K) 74.37
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whereas the absence of hysteresis loop for Ny and Ns samples is consistent with the

superparamagnetic clusters. The low inferred values of coercivity and squareness ratio

obtained for Nj, N, and N3 samples at room temperature are in agreement with the well

established soft magnetic character of nickel-zinc-indium ferrite particles (Table 6.2)

[41].

6.2.3 Magnetization measurements at different temperatures

Figure 6.15 shows the variation of magnetization with applied field at different

temperatures for nano samples. The magnetization in N3, N4 and Ns samples does not

saturate even at 5 K. The observation of hysteresis loop for N3, N4 and N5 samples below
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the blocking temperature suggests clearly the occurrence of a ferrimagnetic or a
ferromagnetic ordering in the nanocrystals. Table 6.2 lists the value of saturation
magnetization, the coercivity, remanence and the ratio of remanent magnetization to
saturation magnetization at 5 K, 80 K and 300 K for nano samples. The value of
saturation magnetization for bulk samples were obtained from the magnetization vs.
temperature curve in the presence of high field (Figure 6.16 shown in the section 6.2.5)

(Table 6.2).

6.2.3.1Variation of saturation magnetization of nickel-zinc ferrite
samples with indium concentration

Variation of saturation magnetization of nickel-zinc ferrite particles with indium
concentration (NigsgsZng42IngFe;xO4, x =0, 0.1, 0.2, 0.3) can be understood on the basis
of Neel’s theory [42]. Neel considered three kinds of exchange interactions between
unpaired electrons of two ions lying: (I) both ions at tetrahedral (A) sites (A-A
interactions) (II) both ions at octahedral (B) sites (B-B interactions), and (III) one at (A)
site and the other at (B) site (A-B interaction). A-B interaction heavily predominates over
A-A and B-B interactions. The A-B interaction aligns all the magnetic spins at (A) site in
one direction and those at (B) site in the opposite direction. The net magnetic moment of
the lattice is therefore the difference between the magnetic moments at (B) and (A)
sublattices, i.e. M = Mp-Ma. To explain the observed variation in saturation

magnetization, the following possibilities may be considered:

(1) In** ions occupy (B) sites and replace Fe*" ions.
(i)  In’" ions replace (A) site Fe’" ions
(iii) In’"ions occupy (A) sites and push Zn*" jons from (A) to (B) sites.

(iv)  In*"ions occupy both (A) and (B) sites.

If indium ions occupy (B) sites and replace Fe’* ions, the magnetization of (B)
sublattice decreases keeping the magnetization of (A) sublattice constant. Thus, the
resultant magnetization according to M = Mg-M, is expected to decrease which is
contrary to the observed rise in saturation magnetization for NigssZngazlng Fe; 904

sample. Therefore possibility (i) is ruled out. For lower concentration, if In>" ions occupy
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(A) sites and replace Fe’* ions, (A) sublattice magnetization decreases and the resultant
magnetization, therefore increases. For higher concentration, x>0.1, if indium ions
continues to occupy (A) sites, the magnitude of (A) sublattice would decrease rapidly
which in turn weakens A-B exchange interactions considerably and material may turn
into paramagnetic. But the moderate values in saturation magnetization for samples x >
0.1, indicate that the A-B exchange interactions still persists for these samples. This
shows that at higher concentration, indium ions may partly occupy (B) sites and replace
Fe’” ions due to which A-B exchange interactions, though weaken are strong enough to
provide some magnetization. The results observed are in accordance with previous study
on indium doped ferrites [24-27]. The rapid decrease of the saturation magnetization for
Nig.s8Zng 42Ing2Fe; 04 (N7) sample may also be due to the formation of antiferromagnetic
phase with spinel phase [13]. The observed variation of saturation magnetization with
indium concentration is in accordance with the results obtained by Maossbauer
spectroscopy. The anomalous increase of saturation magnetization in case of
Nig ssZng 42Ing3Fe; 704 (Ns) sample in comparison to NigssZng42Ing Fe; 904 (N3) and
Nig s§Zng 42Ing 2Fe; 304 (N4) samples can be explained on the basis of site exchange of
surface cations (In’" and Fe’") among the (A) and (B) sites as observed by Mdssbauer
spectroscopy. In addition to site exchange of cations, we correlate the enhancement of
magnetization of N5 sample to the spin canting effect i.e. the lowering of (B) site spin
canting in Ns sample compared to N3 and N4 samples. Bhowmik et al [43] have also
reported the enhancement of saturation magnetization of cobalt ferrite nanoparticle to the

site exchange of cations and spin canting effect i.e. lowering of (B) site spin canting.

6.2.3.2 Particle size effect on the saturation magnetization of nickel-
zinc-indium ferrite samples

The saturation magnetization of ferromagnetic or ferrimagnetic materials usually
decreases with decreasing particle size due to the existence of spin canting in most small
magnetic particles. Basically two mechanisms have been suggested to explain the origin
of spin canting: one is the surface or interface effect [44-57] and the other is the finite
size effect [58-60]. Variations in coordination numbers and distances of surface cations
could result in a distribution of net exchange fields [44-46]. The surface effect based on

this argument, states that the spin structure of magnetic particles in a large applied
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magnetic fields consists of collinear spins in a core and non-collinear spins in a surface
layer (or shell). The core magnetic moment aligns with the applied field, upto a
particular field in a usual Langevin-like way. But, beyond this field, any increase in the
applied field has an effect only on the surface layer of the particles, which is spin glass
like. Since this layer does not have a very high response to the applied field, the overall
increase in the magnetization of the particles slows down. These effects are strongly
manifested in nanocrystalline ferrites, where the superexchange interactions occur
through the oxygen ions. It often happens that two magnetic ions are separated by a non-
magnetic ion (oxygen in this case i.e., one with all electronic shells closed). It is then
possible for magnetic ions to have a magnetic interaction mediated by the electrons in
their common non-magnetic neighbors, which is more important than their
superexchange interactions and hence include surface spin disorder [61]. These
interactions are highly sensitive and depend upon the bond angles and bond lengths [62],
which would obviously be different at the surface due to the breaking of the bonds.

It is observed that even a magnetic filed of 50 kOe was not sufficient to align all
spins in the field direction for nanoparticles. The particular lack of saturation in Ny, N3,
N4 and N5 samples is attributed to surface spin-canting effect. It is clearly seen (Table
6.2) that the saturation magnetization depends strongly on the particle size. The value of
saturation magnetization increases with the increasing particle size. Small value of
saturation magnetization for N3 sample in comparison to N; sample can be understood on
the basis of decrease in particle size. This has already been observed with other ferrite
nanoparticles and is due to an increase in the disorder of magnetic moments orientation in
the wvarious sites when the ratio surface/volume increases [63]. The reduced
magnetization measured for nanosamples in comparison to bulk samples is attributed to

the effect of spin canting and small particle size.

6.2.3.3 Variation of coercivity and squareness ratio with particle size
When temperature is increased, the magnetization value decreases owing to

thermal fluctuations and the hysteresis feature disappear, in agreement with the

superparamagnetic character of the particles. These results can be explained on the basis

of particle size distribution.
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At room temperature, coercive field (H.) decreases with decreasing particle size
due to the superparamagnetic relaxation effect. The H. = 0 point marks a critical size, Dy,
at which the onset of superparamagnetic relaxation takes place within the magnetization
measuring time (7~100 s). On the other hand, at 5 K, H, increases with decrease in size
(Table 6.2), which is the behavior of single-domain superparamagnetic particles caused
by thermal effect. At 5 K, particles are blocked and the magnetization will reverse by
rotation since the samples N4 and Ns are well below their single-domain critical value Ds.
The coercive field might be expressed by

He=2Kep/Ms
where M; is the saturation magnetization of the nanoparticle and K.y is related to the
effective anisotropy constant [64]. Above the blocking temperature, the
magntocrystalline anisotropy is overcome by thermal activation and K.; can be
considered as zero. The nanoparticles do not display any magnetization hysteresis
behavior with H, = 0.

From table 6.2, it is seen that the squareness ratio (Mgr/M;) is very small at room
temperature. It is due to the increasing fraction of superparamagnetic particles. The
Mgr/M; values for all the samples studied at 5 K are slightly smaller than the expected
value of 0.5 for particles with uniaxial symmetry, which could originate from

interparticle interactions.

6.2.4 Measurement of shell thickness

Assuming a spherical shape of reverse micelle synthesized nickel-zinc-indium
ferrite nanoparticles, in the following, we have estimated the shell thickness (t) using eqn.
6.1. Fitting the data with particle size (D) we obtained the thickness of the dead layer.
The values of the shell thickness obtained for N3, N4 and N5 samples are 0.8 nm, 0.79 nm
and 0.5 nm respectively, are in reasonable agreement with that estimated from Mdossbauer

experiments.

6.2.5 Finite size effect and effective Bloch’ law

We discuss now our results, in the framework of a core-shell model. Figure 6.16

shows the variation of spontaneous magnetization with temperature in the presence of
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high field of 50 kOe. For bulk samples, the whole range of temperature can be adjusted
by Bloch law (eqn. 6.2). The inset of figure 6.16 clearly shows that the linear relation
between M(0)—M(T) vs. T is followed along the whole experimental range (5-300 K).
The values of a and b (Table 6.3) are in good agreement with the expected Bloch
behavior for bulk materials. Here the consideration should be given to
NigssZng 42Ing 3Fe; 704 (S3) sample which shows the promising properties although the

particle size is in nano scale.
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Figure 6.16 Semilogarithmic plot of the experimental variation of My(T) and the core
saturation (full line) of bulk samples (a) S; (b) Sz (c) S;. Inset shows the depression of the
core magnetization My(0)—M(T) for bulk samples in a double logarithmic representation
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Interesting results are obtained in case of nano samples. For nano N; and N,
samples the whole range of temperature is adjusted by Bloch law (Figure 6.17). The inset
of Figure 6.17 clearly shows a linear relation between M(0)—M,(T) vs. T, and is followed
along the whole experimental range (5-300 K). The values of a and b are in good
agreement with those obtained for the corresponding bulk samples (Table 6.3). But this is
not the case for N3, Ny and N5 samples. Magnetization measurements show that these

samples do not saturate even at the maximum field applied.
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Figure 6.17 Semilogarithmic plot of the experimental variation of My(T) and the core
saturation (full line) of nano samples (a) N; (b) N.. Inset shows the depression of the
core magnetization M(0)—MyT) for nano samples in a double logarithmic
representation

In order to compensate the nonsaturation of magnetization for nano N3, N4 and N
samples, a correction is made replacing M(T) by My(T)/{L[&(T)]}, where L(&(T)) =
coth(uH/KT) - (kT/uH) 1is calculated at each temperature, by using the value of mean
magnetic moment <p>. This leads to My(0) values as 35.38, 31.24, 38.5 emu/g for N3, Ny

and Ns samples respectively. On the contrary, for these nano samples, the extra surface
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contribution appears below 80 K (Figure 6.18). The straight lines (T > 80 K) clearly lead

to smaller slope and larger values of b (Table 6.3).
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Figure 6.18 Semilogarithmic plot of the experimental variation of My(T) and the
core saturation (full line) of nano samples (a) N; (b) Ny (c) Ns. Inset shows the
depression of the core magnetization My(0)—M(T) for nano samples in a double
logarithmic representation
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Table 6.3 M,(0): saturation magnetization of the nanoparticle core extrapolated at 7=0; o
the temperature exponent obtained from a fit of M(0)—M;(T) to eqn. (6.2), and b: Bloch
constant calculated for our samples using eqn. (6.2).

Sample M; (0) o b
(emu/g) x 10° (K™

S ] 1.50 6.01

S> ] 1.50 7.20

S3 ] 1.50 9.10

N, - 1.50 3.10

N> ] 1.50 4.12

N3 35.38 1.42 9.21

Ny 31.24 1.40 9.23

N 38.50 1.40 10.00

The qualitative theoretical expectation is that the reduced coordination at the
surface will cause the spins at the surface to be more susceptible to thermal excitation,
which leads to larger magnetization temperature dependencies. This qualitative
expectation is borne out by our data. Since reduced coordination is a factor, it follows
that the nature of the coordination is also important, and this is also supported by
different dependencies of the Bloch parameters with size.

For N3, N4 and N5 samples the b values are larger than the corresponding bulk
ones. In case of N3, Ny and N5 samples the observed size dependence of b can be related
to the existence of a rather important contribution in ferrite nanoparticles, coming from
surface canted spins poorly correlated to the monodomain core. Some authors attributed
this feature to increased interactions among the neighboring spins and structural deviation
from the thermodynamically stable one in terms of cation distribution. This deviation of a
from 1.5 is usually associated with the structural disorder increase with particle size
reduction. The N3, N4 and Ns samples exhibit the lower diameter, the higher degree of
cationic inversion and hence higher b value.

In conclusion it appears that M (T) behavior is richly dependent on size, interface,

and the magnetic behavior. Despite this complexity, the form of Bloch law continues to
hold.
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6.2.6 AC susceptibility measurements

In order to better understand the spin dynamics, we have also investigated the
temperature dependence of the real y'(T) and imaginary parts y” (T) of ac susceptibility
measurements for nano N3, Ny and Ns samples. The shift of Ty per decade of /' (Table
6.6) is slightly less than the typical value of 0.1 for noninteracting superparamagnetic
clusters. We have tried to fit these data using the Neel-Arrhenius (NA) relation eqn.
(6.3). To confirm the validity of the Neel-Arrhenius relation, we first plot Inz versus 1/Tg
for nano system (Figure 6.19). From the fitting, we have found an unphysically small

value of relaxation time ~ 102*-10~* s in comparison to 10" s. This leads us to conclude
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Figure 6.19 Logarithm of the measuring frequency as a function of the reciprocal
of the temperature of peak for nano samples (a) N3 (b) N4 (c) Ns
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that the Neel-Arrhenius (NA) relation is not valid and there exist strong interactions

among these nanoparticle systems [25], consistent with the results obtained from the dc

magnetization data.

As a result, we have tried to fit these data using the Vogel-Fulcher (VG) law

(eqn. 6.4). From the fitting (Figure 6.20), we have found value of relaxation time, 7y~

107'? s (Table 6.4). The finite value of Ty, again suggests interactions between particles
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T T T T T T
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1/TB-To(K™)

H Exp.
3 Fitted (b)
-4
-5
-6
-7

0.030 0.032 0034 0.036 (.038 0.040 0.042

. 1/TB-To(K™)

- Exp.
. Fitte d

(c)

0.021 0.022

1/Te-To(K™)

0.019 0.020

0.023

Figure 6.20 Logarithm of the measuring frequency as a function of the reciprocal
of the difference between the temperature of peak and T for nano samples (a) N3 (b) N4

(c) Ns

via grain boundary spins. In an external magnetic field, the energy barrier is given by Ea

= K4V, where K.y is an effective magnetic anisotropy constant and V is the particle
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volume. By using the average particle size calculated from X-ray diffraction data, the
values of K.y for nanosamples are calculated (Table 6.4). The values are one order of
magnitude larger than K value (~6 x 10* erg cm™) for bulk nickel ferrite. Evidently,
nickel-zinc-indium ferrite nanoparticles exhibit large magnetocrystalline anisotropy. This
is an expected behavior of nanosized particles, where the surface contribution is expected

to enhance the magnetic anisotropy constant.

Table 6.4 Value of relaxation time (1), anisotropy energy (Ea), effective magnetic
anisotropy constant (K.;) and value of Ty obtained after fitting in eqn. (6.4).

Sample @ 70 Ea To Koy
(10"%s)  (10Merg) (K) (10%erg/cm’)
N; 0.0l 5.49 9.66 2124030  2.80
N, 0.01 9.05 6.30 1204020  2.10
Ns  0.01 1.60 14.7 78+0.40  10.70
Conclusion

Magnetic investigation appears a powerful tool to investigate the spin dynamics and
magnetic properties of nickel-zinc ferrite particles. The narrow divergence of ZFC and
FC curves for the bulk samples in comparison to nano samples indicate the narrow
particle size distribution in the annealed samples which agrees with the grain size
obtained from X-ray diffraction pattern and as well as from transmission electron
microscopy images. Annealed samples exhibit promising properties as saturation
magnetization close to bulk samples. The magnetic properties are strongly influenced by
the reverse micelle processing: the saturation magnetization of nano nickel-zinc ferrite
particles take a value 30.15 emu/g, which is about 62 % lower than 79.91emu/g for bulk
sample. Indium ions were found to prefer the tetrahedral sublattice for small
concentration (Nig ssZng42Ing 1Fe; 904, 10 %), while with further increase in concentration
some of the ions partially occupy octahedral sites. Therefore, magnetic properties
increase by doping 10 % indium ions in nickel-zinc ferrite particles. Sample
Nig.ssZng 42Ing 1Fe; 9O4 exhibits saturation magnetization close to that of the bulk sample

which shows the applicability of this sample for magnetic storage data. Nano
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Nig ssZng 42Ing 1Fe; 904 sample having average particle size in the range 15-25 nm attain
saturation magnetization and exhibit ferromagnetic coupling at room temperature. This
behavior is promising if such materials are to be used in technological applications.

Nano sample (Nig ssZng 42Ing 3Fe; 704) with 30 % indium doping shows promising
properties with enhanced saturation magnetization in comparison to nano
NigssZngarIng 1Fe; 904 (N3) and  NigssZngalng,Fe; 304 (Ng4) samples. The nano
NigssZng 42Ing3Fe; 704 particles attain properties similar to that of bulk after heat
treatment, even the particle size is in nanoscale.

The magnetic behavior of nickel-zinc-indium ferrite samples such as the blocking
temperature and coercivity are unambiguously correlated with the particle size. The
squareness ratio Mr/M; has been found to be too small (< 0.5), which supported the
presence of strong interactions in these nanoparticle systems.

For annealed samples the value of o and b are in good agreement with the
expected Bloch behavior for bulk samples, while nano NigssZng4zIng Fe; 904 (N3),
Nig ssZng 42Ing2Fe; 04 (N4) and Nig ssZng 42Ing 3Fe; 704 (N5s) samples present a significant
deviation from the Bloch law. We ascribe it to surface disorder and interactions among
the nanoparticles. Interactions among the nanoparticles are also well described by the
Vogel-Fulcher law.

The three observations in nano samples viz., reduction in saturation
magnetization, enhancement in magnetic anisotropy constant and deviation of Bloch’s
law clearly indicates that outside a core of ordered moments, there exists a surface layer
which is in a state of frozen disorder.

From the data it can be concluded that magnetic properties of nickel-zinc-indium
ferrite particles are strongly influenced by the size of the particles and by surface defects.
These studies will surely facilitate the understanding and controlling of the magnetic
properties of nanoparticles.

To our knowledge, this is the first report which highlights the magnetic properties
of nickel-zinc-indium ferrite nanoparticles obtained by reverse micelle technique and
annealed nano nickel-zinc-indium ferrite samples at high temperature. This approach
offers several advantages because of possible high-temperature application of reverse

micelle synthesized ferrites. The changes observed in the magnetic properties of particles
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with increase in particle size suggest that this could be a useful way to design novel

magnetic materials.
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This work demonstrates the versatility of the reverse micelle technique as a reaction
control system for producing nanoparticles. A significant portion of this research
involved elucidation of the effect of altering the reaction parameters on subsequent the
nanoparticle product. In these reaction systems in which metal cations form a metal
oxide framework, the primary lesson is the importance of controlling the presence of
ambient oxygen. In ferrite systems each of the metal cations can form other stable oxide
compounds, and therefore limiting the presence of excess oxygen, limits the progression
of competing reaction pathways. The benefits of having developed a good understanding
of the reverse micelle reaction parameters can be seen in the ease at which the process
was adapted to the nickel-zinc ferrite nanoparticles and indium doped nickel-zinc ferrite
nanoparticles.

Work presented in this thesis describes studies on structural, magnetic and
Mossbauer spectroscopy characterization of nano and bulk samples of pure nickel-zinc
ferrite having basic composition NigssZng4Fe;04 and indium doped nickel-zinc ferrite
particles (NigssZng4IngFe; xO4, x = 0.1, 0.2, 0.3) synthesized via reverse micelle
technique. Bulk samples in this study are prepared by annealing the reverse micelle
synthesized nanoparticles at high temperature 1473 K. Prepared bulk and different size
nanoparticles have been characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy studies.
>’Fe Mossbauer measurements have been made in the temperature range from 5-300 K
for determining the cation distribution and hyperfine parameters. The cation distribution
of nano and bulk particles has been studied by using in-field Mdssbauer spectroscopy.
The magnetic behavior of the compositions has been studied using vibrating sample
magnetometer (VSM) and superconducting quantum interference device (SQUID)
magnetometer. To study the dynamic behavior of nanoparticles, ac susceptibility

measurements have been performed on a home made susceptometer.

7.1 Summary and important findings
Reverse micelle technique has been found to be appropriate for the synthesis of
nanostructured nickel-zinc ferrite and nickel-zinc-indium ferrite particles with uniform

size. X-ray diffraction studies suggest the formation of nano samples via reverse micelle
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technique and the persistence of the spinel phase upto 1473 K. Transmission electron
microscopy shows that the nano samples synthesized via reverse micelle technique have
spherical size and narrow particle size distribution, while in case of annealed samples
monodisperse particles are obtained. Fourier transform infrared spectroscopy spectra
confirmed that the structure remains cubic spinel after indium substitution. The
carbonization of the surfactant at high temperature results in extra bands in bulk samples
in comparison to nano samples.

The simultaneous application of Mdssbauer spectroscopy and magnetic
investigation appears a powerful tool to investigate the structure, spin dynamics and
magnetic properties of nanoparticles. The comparative in-field Mossbauer study of the
bulk and nanosized particles enables us to separate the surface effects from the bulk
effects in nanoparticles. Due to the ability of °’Fe Mossbauer spectroscopy to reveal the
noncollinearity of the spin arrangement and to discriminate between probe nuclei in
equivalent crystallographic sites provided by the spinel structure, valuable insight into a
local disorder in reverse micelle synthesized nanoparticles was obtained. It, thus, was
revealed that the surface shell of nanoparticles is structurally and magnetically disordered
due to the nearly random distribution of cations and the canted spin arrangement. This is
in contrast to the ordered core of the nanoparticles, which exhibits an inverse spinel
structure with a collinear spin alignment like bulk particles. In case of nickel-zinc-indium
ferrite bulk samples, indium ions were found to prefer the tetrahedral sublattice for small
concentration (10 %), while with further increase in concentration some of the ions
partially occupy octahedral sites. Mdssbauer study on these nano system shows that the
cation distribution not only depends on the particle size but also on the preparation route.
The nonequilibrium cation distribution and the canted spin arrangement resulting from
the reverse micelle synthesis route are metastable; that is, during the annealing process,
they relax toward their equilibrium configuration. Thus, on heating, the reverse micelle
synthesized nano samples have relaxed to a magnetic state that is similar to the bulk one.

Quantitative information on the distribution of local magnetic field, ions and on
the canted spin arrangement within the nanoparticles provided by Mdossbauer
spectroscopy is complemented by investigations of their magnetic behavior on the

macroscopic scale. The magnetic properties are strongly influenced by the reverse
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micelle processing: the saturation magnetizations of nanosamples are lower than bulk
samples. Magnetic properties of nickel-zinc-indium ferrite particles are strongly
influenced by the size of the particles and by surface defects. Magnetic properties
increase by doping 10 % indium ions in nickel-zinc ferrite particles in accordance with
Mossbauer study. Nano Nig ssZng 42Ing 1Fe; 9O4 sample having average particle size in the
range 15-25 nm attain saturation magnetization and exhibit ferromagnetic coupling at
room temperature. This behavior is promising if such materials are to be used in
technological applications.

Nano sample (Nig ssZng42Ing3Fe; 704) with 30 % indium doping shows promising
properties with enhanced saturation magnetization in comparison to nano
NigssZngapIng 1Fe; 904 (N3) and  NigsgZngalngFe; sOs4  (N4) samples. The nano
Nig ssZng 42Ing 3Fe; 704 (Ns) particles attain properties similar to that of bulk after heat
treatment, even the particle size is in nanoscale.

The thickness of the surface shell obtained for nanosamples from magnetization
experiments are found to be in agreement with that estimated from Mdossbauer
measurements.

For annealed samples the value of Bloch exponent (o)) and Bloch constant (b) are
in good agreement with the expected Bloch behavior for bulk samples, while nano
Nig ssZng 42Ing 1Fe1 904 (N3), NigssZng a2IngoFer 804 (Ng) and Nig ssZng.42IngsFe; 704 (Ns)
samples present a significant deviation from the Bloch law. We ascribe it to surface
disorder and interactions among the nanoparticles. Interactions among the nanoparticles
are also well described by the Vogel-Fulcher law.

The three observations viz., reduction in saturation magnetization in the
nanoparticle sample, enhancement in magnetic anisotropy constant and deviation of
Bloch’s law for nano samples clearly indicates that outside a core of ordered moments,

there exists a surface layer which is in a state of frozen disorder.

To our knowledge, this is the first report which highlights the properties of indium doped
nickel-zinc ferrite particles obtained by reverse micelle technique. This approach offers
several advantages because of possible high-temperature application of reverse micelle

synthesized ferrites. This is the first study where a core-shell structure of nanoparticles is
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obtained by in-field Mdssbauer spectroscopy using NORMOSS software. The changes

observed in the magnetic properties of particles with increase in particle size suggest that

this could be a useful way to design novel magnetic materials.

7.2 Future suggestions

>

In the future attempts, this technique could develop a tool/synthesis
procedure to obtain nanoparticles with higher yield in smaller time frames.
This means these reaction methodologies can be utilized to produce
material in sufficient quantity to be used in bulk sized amounts.

Further, the measurements such as high resolution transmission electron
microscopy (HRTEM) would be very helpful to enhance the validity of the
conclusions derived and also to understand the core-shell structure of these
nano systems more clearly.

In this thesis, structural and magnetic properties are studied in detail. It
would be interesting to study the effect of indium concentration on
electrical and dielectric properties of nickel-zinc ferrite particles.

NigssZng 42Fe,04 sample shows its application in high frequency region. At
room temperature the Nig ssZng4,Fe,O4 sample exhibits superparamagnetic
properties which can be suitable in biomedicine and biotechnology as
contrast agents for magnetic resonance imaging (MRI) and as drug
delivery carriers. It would be interesting to study the biomedical

application of the prepared nanoferrites.
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