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ABSTRACT

Projected work demonstrates the aqueous synthesis of MgNi ferrite nanoparticles synthe-
sized using sol-gel method. The nitrates of Mg, Ni and iron were used as precursors and
citric acid as fuel in a water based synthesis. The ferrites were annealed at 900◦C and
1100◦C temperatures for achieving the finest properties from them. To know the struc-
tural, morphological, elastic and magnetic properties, the nanoparticles so prepared were
characterized using X-ray diffraction technique (XRD), field emission scanning electron
microscopy (FESEM), transmission electron microscope (TEM), vibrating sample magne-
tometer (VSM), FTIR spectroscopy and Raman spectroscopy. The results of XRD, FTIR
and Raman spectroscopy patterns are indicative of formation of ferrite nanoparticles and the
structural studies confirm the inverse-spinel structure with crystallite size 35-61 nm and 66-
94 nm for ferrites annealed at 900◦C and 1100◦C respectively. The formation of spinel fer-
rite structure is confirmed by absorption bands corresponds to vibration of tetrahedral site-A
and by absorption bands corresponds to the octahedral site-B. Crystallite size calculations
were carried out using Williamson-Hall plot. Rietveld refinement was applied to assure the
crystal structure and allied parameters. The magnetic analysis of the prepared samples was
carried out by VSM indicates that the nanoparticles exhibited superparamagnetic behaviour
having high magnetic saturation (MS ) and negligible coercivity (HC). The estimation of
elastic properties through absorption bands reveal improvement when the same precursor is
annealed at higher temperatures i.e. 1100◦C. Uniform deformation model (UDM), uniform
stress deformation Stress (USDM) and uniform energy deformation model (UEDM) were
first time successfully applied on the MgNi ferrite spinel nano particles SNPs. The elastic
properties were studied estimating the elastic constants and compliances and applying them
for three deformations. Finally a comparative study was carried out for two sets of samples,
which confirms the rise in stability factor when samples annealed at higher temperature.
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CHAPTER 1

INTRODUCTION

The magnetic materials found tremendous applications [1–8] in every aspect of human life
like medical [9], civil aviation, surface transport, telecommunication, data storage [10–13],
safety services, water purification and navigation, etc. The term magnet is first time coined
on the name of Magnesia, district of Greek country where the deposit of this magnetic
ore material was found (nowadays called magnetite) [14]. The Chinese emperor Huang-
Ti, 2600 BC used this material for navigation of military operations and remained very
successful. The first literature on magnetism is published by W. Gilbert in 1600 BC. With the
advancement in Physics and discovery of electricity, in 1825 Oersted reported that magnetic
fields can be produced by means of electric current flowing in conductors. First of all,
this property is known to exhibit by iron (Ferrum) and later on it is found to be exhibited
by other materials like Nickel, Cobalt, etc., at room temperature also. These materials are
generally magnetic ceramics and constitute a group of magnetic materials commonly known
as ferrites. Ferrite magnetic materials are important because their properties are entirely
different from the same material in bulk form. Their properties are different mainly because
of particle size at nano scale.

1.1 MAGNETIC NANOPARTICLES

The nanoparticles that can be manipulated, tracked and targeted with the help of magnetic
field externally are called as magnetic nanoparticles (MNPs). These MNPs have two com-
ponents; first magnetic material of elements like iron, cobalt, nickel and second is chemical
functionality. These nanoparticles have size in the range of 1-100 nanometres[15, 16]. For
magnetic nanoparticles (MNPs) both physical and chemical properties are determined by
their synthesis techniques as well as their constituent ingredients. Based on these two fac-
tors, they are classified into four categories:
i) Oxides or (Ferrites)
ii) Oxides (Ferrites) with Shell
iii) Metals
iv) Metals with Shell

1.2 FERRITES

Ferrites are the oxides of magnetic elements like Fe, Ni, Mn, etc. First of all magnetism is
known to exhibit by iron (ferrum) and the later by other materials like Nickel, Cobalt, etc.,
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at room temperature also. These materials are generally magnetic ceramics and constitutes
a group of magnetic materials commonly known as ferrites. Ferrite nanoparticles turns to
superparamagnetic as they got particle size below 128 nanometers during their synthesis
process which also prevent them from self-agglomeration [16]. When individual superpara-
magnetic nano particles form beads in form of superparamagnetic clusters in controlled way,
the magnetic moments of the magneic material abrupltly rises [17]. Ferrite particles exhibit
such behaviour only by the application of external magnetic field. On switching off external
magnetic field their remanent magnetization immediately fall to zero and behave like non-
magnetic oxide nanoparticles. In present scenario, ferrites are used as reference materials
in terms of synthesizing new materials such as hard and soft ferrites depending upon the
desired applications [18]. The magnetic properties of ferrites are quantum mechanical in
nature which makes them very complicated to comprehend. Ferrites possess good magnetic
properties and high d.c. resistivity [19]. There are several methods of synthesizing ferrites
and their properties vary with method of their synthesis. Therefore, the choice of method of
synthesis predominantly constrained to one’s desired output. Ferrites can be classified into
three groups based on their commercial usage. Also there is a distinct crystal structure for
each class.

1.2.1 GARNET-STRUCTURED SOFT FERRITES

The ferrites which on the application of even little magnetic field, get magnetized and de-
magnetized without losing any energy are called as soft ferrites. In this type of ferrites, the
magnetization can easily reverse without losing much energy with low hysteresis losses and
low eddy current losses. This is due to low coercivity and high resistivity of soft ferrites
[20–22]. They also do have high values of permeability and saturation magnetization and
are non-conducting in nature.

Cobalt ferrites (CoFe 2O4), Manganese zinc ferrite (Mn Zn ferrite) and Nickel Zinc
ferrites (Ni Zn ferrite), etc., are examples of soft ferrites [23].

Figure 1.1: Use of ferrite cores as transformers and inductors
(https : //commons.wikimedia.org/wiki/File : Ferritecores. jpg)

Structure

Soft ferrites have garnet or spinel structure shown in figure 1.2.
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Figure 1.2: Spinel unit cell structure

Applications

These ferrites are used in transfonders or electromagnetic cores. With relatively low losses
at high levels of frequencies make soft ferrites most favourable to be used in the cores of
RF transformers, inductors and power supplies with switched-mode (SMPS). Cobalt ferrites
(CoFe2O4) is an example of most common soft ferrites. Recently soft ferrites found appli-
cations in biomedical field using core-shell nano structures [24–26].

1.2.2 HARD FERRITES WITH MAGNETO PLUMBITE (HEXAGO-
NAL) STRUCTURE

Permanent magnets which after magnetization have a strong coercivity and retentivity val-
ues are termed as hard ferrites. High coercivity means a high energy value of magneto crys-
talline anisotropy and is the most important property of hard ferrites. While applying low
magnetic field, they do not easily magnetize or demagnetize & require high magnetic field to
magnetize or demagnetize. Hexaferrites of barium and strontium (BaO6Fe2O3, SrO6Fe2O3)
are the examples of hard ferrites [23].

Structure

The hard ferrite materials have hexagonal structure shown in figure 1.3 [27].

3
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Figure 1.3: Crystal structure of M-Type Hexaferrite 3

Applications

Hard ferrites found applications in electric motors, recording media, magneto-optic media,
micro-wave devices, telecommunication, electronic industry and in micro and nano-type
systems such as biomarkers, bio diagnostics, and biosensors [28–33].

1.3 CRYSTAL STRUCTURE OF FERRITES

The properties of ferrites predominantly determined by the crystal structure adopted by these
materials during their synthesis. The ferrites have an interlocking network of positively
charged (Fe3+, M2+) metal ions and negatively charged divalent Oxygen (O2−) ions in their
crystal structure [34–36]. On the basis of their crystal structure, ferrite nanoparticles are
listed in following four types. a) Spinel ferrites, b) Garnets, c) Orthoferrites and d) Hexag-
onal ferrites.

1.3.1 SPINEL STRUCTURE

There are two types of metallic ions in spinel ferrite nanomaterials: divalent (site-A) and
trivalent (site-B). Spinel ferrite nanomaterials have the structure AB2X4, with A and B being

4
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tetrahedrally and octahedrally coordinated cations respectively and X being an anion (either
oxide O or fluoride F). The spinel structure is illustrated in figure 1.2.

Depending upon their chemical nature, mainly crystal field stabilization energy (CFSE),
these two types of cations may arrange themselves in two ways giving rise to two types of
structure known as normal spinel structure and inverse spinel structure. The ferrite nanopar-
ticles (FNPs) with normal spinel structures, have a close-packed collection of anions. In this
structure, tetrahedral A-voids and half of the octahedral B-voids are filled by the cations of
site-B. Each unit cell contains eight formula units and has a composition i.e. 8(AB2O4) or
A8B16O32. The inverse spinel structure is mostly similar to that of spinel structure. Each
unit cell has same number of formula units i.e. A8B16O32. The only difference between
spinel and inverse spinel structure is that half of the B type cations swap positions with A-
type cations and the structural formula is therefore is written as B(AB)O4. The AB ions in
parentheses are assigned to octahedral sites, whereas the remaining B ions are assigned to
tetrahedral sites. There are also mixed spinels, which are hybrid of the normal and inverse
spinel types. This spinel structure name is provided after the name of oxide spinel magne-
sium aluminate (MgAl2O4) mineral. For example, materials Na2Wo4, FeCr2O4 and Co3O,
etc., also have spinel structure and the materials Pb3O4, FeO4 and NiFe2O4, etc., are the
examples of inverse spinel structure.

1.3.2 GARNET STRUCTURE

Figure 1.4: Schematic of an octant of the garnet crystal structure (lattice constant (a)) showing
only cation positions

Garnets are nesosilicates having the general formula A3B2SiO4. The fundamental unit
of these minerals is the silicon-oxygen tetrahedron. The structure of unit cell of ortho-ferrite
is shown in figure 1.4 [37]. Four negatively charged oxygen ions surround the silicon cation
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(S i+4) having positive charge and got a pyramidal shape. The structure of the Garnets is
composed of either one of following type:
i. Octahedral six oxygen ions surrounding trivalent cation,
ii. Tetrahedral six oxygen ions surrounding trivalent cation,
iii. Dodecahedral polyhedral where eight oxygen atoms surrounding trivalent cation [38].
The example of garnet are Mg3Al2Si3O12, Mn3Al2Si3O12 and Ca3Al2Si3O12.

1.3.3 ORTHO-FERRITE STRUCTURE

Figure 1.5: Perovskite structure (ABO3)

Ortho-ferrite materials are nano particles with rare earth metal ion. The structure of
unit cell of ortho-ferrite is shown in figure 1.5. Ortho ferrites are weakly ferromagnetic and
feature an orthorhombic crystal structure with the space group Pbnm.

1.3.4 HEXAFERRITE STRUCTURE

The crystal structure of M-type hexaferrite is composed of a superposition of R and S blocks
along the hexagonal c-axis with the structure RSSR*S*S*. R is a three oxygen layer block
with composition XFe6O11,where X represents Ba or Sr. S is a two oxygen layer block with
composition FeO8. The ’*’ means the respective block is turned 180◦ around the hexago-
nal. Hexagonal ferrites are divided into six different types viz: M, W, Y, X, U and Z [39].
The various six types of hexaferrite, their chemical composition and chemical formula are
illstrated in table 1.1. The unit cell structure of XFe6O11 is illustrated in figure 1.3.
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Table 1.1: Hexaferrite types with their chemical formula, composition and stacking order

Ferrite Type Composition Chemical Formula Stacking order
M Ba2,Fe12O19 BaO.6Fe2O3 RSR*S*
Y Ba2, 2Me2, 2Fe12O22 2BaO.2MeO. 6Fe2O3 TSTST
W Ba2, Me2, 2Fe16O27 BaO.2MeO.8Fe2O3 RSSR*S*S*
Z Ba2, 3Me2 2Fe24O41 3BaO.2MeO.12Fe2O3 RSTSR*S*T*S*
X Ba2, 2Me2, 2Fe28O46 2BaO.2MeO.14Fe2O3 RSR*S*S*
U Ba2, 4Me2, 2Fe36O60 4BaO.2MeO.18Fe2O3 RSR*S*T*S*

1.4 MATERIAL SELECTION (LITERATURE SURVEY)

In case of magnesium doped zinc ferrite (Mgx Zn1−xFe2O4), it is observed that as Mg con-
centration rises, ferrimagnetic behaviour rises as well [40,41] for x < 0.5 attributed to cation
distribution.

The average crystallite size and lattice constant of Mg doped Ni ferrite (Ni1−xMgxFe2O4,
x = 0, 0.1, 0.3, 0.5 & 0.7) produced by co-precipitation method and annealed at 900◦C
changes as the magnesium concentration increases. The saturation magnetization found to
decrease in magnesium doped nickel ferrite besides increase in coercivity [42].

In case of nickel substituted Mg1−xNixFe2O4 (x=0, 0.1, 0.3, 0.5, 0.7 & 1.0) synthesized
using sol-gel technique at 600◦C annealing temperature, saturation magnetization, retentiv-
ity & coercivity found increasing with increasing nickel contents [43].

The magnesium doped nickel-cadmium ferrite nanoparticles MgxNi0.6−xCd0.4Fe2O4 (x
= 0, 0.1, 0.2, 0.3, 0.4, 0.5 & 0.6) was prepared usin co-precipitation technique without
annealing. It is found that with increasing magnesium ions concentration, the values of
saturation magnetization decreased while coercivity increased [44].

Nickel Zinc ferrite (Ni0.58Zn0.42Fe2O4) nano material synthesized using reverse micelle
technique annealed at 1200◦C found to have the average crystallite size of 8.4 nm. From
Mossbaur spectra of these ferrite particles at room temperature, collective magnetic excita-
tions were observed whereas when annealed (bulk) nickel zinc ferrite particles were exam-
ined with Mossbauer spectra, ferrimagnetic phase was found [45].

A well-known cobalt ferrite doped with lanthanum ions CoLaxFe2xO4 (x varies from
0 to 0.2 in steps of 0.05) was synthesized [46] by co-precipitation process. XRD, VSM
and impedance techniques are employed to investigate its structural, dielectric and magnetic
properties.

The effect of annealing, substitutions of Mg in nickel ferrites or substitution of Ni in
magnesium ferrite is visible on these properties [43, 47–50].

The effect of various factors on the properties like saturation magnetization, coercivity,
high initial permeability, narrow size distribution, remanent magnetization, etc., by different

7
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methods of synthesis, doping with an element and annealing temperature in Mn-Zn ferrite
is studied [51]. The XRD of these Mn-Zn ferrites nano particles confirmed cubic spinels
having fd-3n phase group.

In a comparative study, Magnesium ferrite nano material are synthesised via two sep-
arate techniques viz: sol-gel and co-precipitation method and the difference in their major
properties viz: structural, magnetic and electric properties were studied [52]. The crystallite
size of 9 nm is obtained from the sample prepared by sol-gel method and 12 nm for sample
obtained from co-precipitation method. The absorption bands (ν1) and (ν2) in the FTIR re-
sults for samples obtained from both the techniques are in expected range and also confirms
the spinel structure and ferrimagnetic nature with a hysteresis. However, saturation mag-
netisation value is found to be very low for the prepared by co-precipitation as compared to
saturation magnetization value sample prepared by sol-gel technique. In case of permeabil-
ity, it is found decreasing when the temperature reaches 323 ◦K for samples prepared with
sol-gel process and 363◦K for samples prepared with co-precipitation technique [53].

Nickel zinc ferrite was synthesized and a series of magneto-fluorescent core-shell nanos-
tructures was produced. Here the magnetic core is Ni-Zn and the shell is made of cadmium
sulphide (CdS) quantum dots. The nanostructures Ni-Zn-ferrites@CdS were prepared in
two step method, sol-gel and wet chemical. For the controlled growth of CdS QDs size,
2-mercaptoethanol was employed as stabilizing agent. In this study structural, optical and
magnetic properties are studied in all three cases of Ni- Zn core , CdS and Ni-Zn/CdS nano
structure [24, 54].

Calcium ferrite (CaFe2O4) nano particles were prepared via sol-gel synthesis method
taking raw materials as nitrates of calcium and iron along with citric acid chelating agent to
avoid agglomeration. The sintering is done at 550◦C and used for the purpose of targeted
drug delivery [55].

In an interesting study, the sol-gel process was used to make yttrium oxide (Y2O3)
nanoparticles and were analysed by XRD. The peak broadening of (Y2O3) is then stud-
ied in details. The study also looked at three stress models: the uniform deformation model
(UDM), the uniform stress deformation model (USDM) and the uniform energy density de-
formation model (UEDM). The W-H graphs extracted from the data of these three models
produced some astounding results. From XRD analysis dislocation density was obtained
and first time Grifith model was applied to estimate microstructural parameters like internal
stresses, internal strains, etc., to nano crystalline Y2O3 powder [56].

It is observed that the most wanted applications of the ferrites are biomedical applica-
tions including cancer treatment, water purification, data & energy storage and elimination
of hydrogen from its most abundant source i.e. water. The most important application from
the health point of view is synthesis of soft ferrites suitable for targeted drug delivery and
elimination of oxygen and hydrogen elimination reaction from water.

8
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The most studied soft ferrites are NiZnFe2O4, MnZnFe2O4 and CoFe2O4. The other soft
ferrite MgFe2O4 and NiFe2O4 are also studied with doping by a number of transition metals
and other metal ions.

From the literature survey it was observed that MgNi frrite system is least studied which
lie in the category of soft ferrites. The MgNi ferrite system is not studied for its structural
stability criteria along with varying stoichiometric concentrations of constituents and the
effect of annealing at various temperatures. Therefore the magnesium nickel ferrite material
is selected for synthesis and for structural, morphological structure and magnetic character-
izations.

1.5 MAGNETISM

A well-known physical phenomenon by virtue of which certain materials exert a force (at-
tractive or repulsive) on other specific materials only. These specific materials may be pure
metals, compounds of metals or mixtures of compounds. The iron ores which are natural
oxides of iron (hematite or magnetite) are first to exhibit this property. Orbiting electrons in
the atoms of specific materials give rise to this magnetism. The various types of magnetism,
their applications, other terms associated with the present study may be studied from litera-
ture [18, 57–79].

1.6 GENERAL PROPERTIES

The chemical compositions of all ferrites, as well as the procedures used to prepare them,
influence their properties. However, by adding a small amount of impurity, differences
in the distinct properties and consequently, their applications can be made to span a wide
range of applications. The properties of ferrites are listed below and represented in figure
1.6 [80–84].

1. They have a high dielectric constant, which ranges from thousands to tens of thou-
sands at low frequencies and between 10 and 20 at microwave frequencies. This is
owing to the oxygen ions’ tightly packed shape.

2. The majority of them are black or grey in colour. The nearly equal energies of the
3d and 4s states are responsible for this. This is also due to the fact that in the case
of ferrite crystal structure, absorption occurs solely in the visible range, rendering
ferrites black.

3. Since they lose oxygen at high temperatures, their melting points are difficult to de-
termine. Van Arkel, on the other hand, used an oxyhydrogen flame to determine their
melting points.

9
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4. Ferrites are normally insulators. However, when electric field is applied they behave
as semiconductors.

5. Ferrites contain oxide ions which leads to close-packed spatial formation and having
strong ionic bond makes them very hard and brittle in nature.

6. Ferrites have gained such high importance only due to their following specific mag-
netic properties.

i. Ferrites have magnetic anisotropy i.e. ferrites get completely magnetized along
their preferred axis of magnetization when they are placed in a magnetic field.

ii. Ferrites have two types of hysteresis loops which classify them in two types:

a. Some ferrites have very thin Hysteresis loop having small value of coercivity
and large value of saturation magnetization and are paramagnetic in nature.

b. Some ferrites, such as rare earth metal ferrites, feature square hysteresis loops
with high coercivity and low saturation magnetization value. These are hard to mag-
netize or demagnetize and therefore called hard ferrites.

Figure 1.6: Properties of soft and hard ferrites

1.7 SYNTHESIS METHODS

Ferrite nanoparticles (FNPs) are prepared via a number of synthesis methods depending
upon material of choice and purpose with desired area of utility [85–94].
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Figure 1.7: Properties of soft and hard ferrites

Till date there is no universal method of synthesis of ferrites. The shape, size, morphol-
ogy and even stability and purity of ferrites depends on their synthesis methods. Ferrites
can be prepared by two approaches; first one is known as bottom-up approach where the
ions are made to combine together chemically to form the nanoparticles and second ap-
proach is called top-down involving pulverization of materials to form nanoparticles. In
the first category i.e. bottom up category, the synthesis processes are co-precipitation, hy-
drothermal, solvothermal, sol-gel, sonochemical, vapour deposition, thermal decomposi-
tion, microwave-assisted, flame spray pyrolysis, microemulsion and polyol techniques, etc,.
Out of these processes the most popular processes are co-precipitation, sol-gel, vapour de-
position and flame spray pyrolysis. Mechanical milling processes and pulsed laser ablation
are notable examples of the second type or top-down synthesis techniques. In the present
day, sonochemical, microwave irradiation and polyol methods are used to make a variety of
SNPs. Various synthesis methods are now being employed for the creation of ferrite materi-
als, as each of these synthesis methods has its own advantages and disadvantages are shown
in figure 1.7 [95–105].
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1.8 APPLICATIONS

In the last 10 years, the ferrites found utmost important applications in biotechnology mainly
for targeted drug delivery for the treatment of cancer disease. Ferrites are also used in
various electronic circuits viz: radio, TVs and mobiles in the form of inductors, systems
operating on high-frequencies, in power devices and even in electromagnetic interference
suppression [40, 106–115]. The major application areas of ferrite are given in figure 1.8
[3, 7, 8, 24, 29, 31, 33, 54, 73, 80, 96, 116–152].

Figure 1.8: Applications of Ferrite nanoparticles

1.9 MOTIVATION OF THE RESEARCH

Motivation of the present work is to use ferrites for targeted drug delivery system. To fulfill
this, the ferrites should be following criteria:
(i) superparamagnetic in nature
(ii) in nano range and
(iii) elastically stable material to counter the deforming agents such as various chemicals
and pH environments, thermal and EM radiations.

12
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1.10 OBJECTIVES OF THE THESIS

Based on research gaps and motivation following objectives have been chalked out:
Objective 1: MgNi ferrite Nanoparticles Synthesis, Structural and Magnetic Studies at
900◦C Annealing Temperature.
Objective 2: MgNi ferrite Nanoparticles Synthesis, Structural and Magnetic Studies at
1100◦C Annealing Temperature.
Objective 3: Comparison of Structural, Magnetic and Elastic Properties of MgNi Ferrite
Nanoparticles annealed at 900◦C & 1100◦C Temperatures. The synthesis of SNPs was elab-
orated and discussed in next chapter. In order to analyse the synthesized ferrite nanopar-
ticles, several characterization tools and techniques have been used to know the properties
and discussed in the next chapter. Subsequently in coming chapters each and every objective
will be presented and discussed in thoroughly.

1.11 OUTLINE OF THESIS

Chapter 1 In this chapter general introduction of ferrites along with history of magnetism
is described. Classification of ferrites on the basis of crystal structures, their magnetic prop-
erties, properties of spinel ferrites, various synthesis techniques and their detailed literature
survey was carried out.

Chapter 2 This chapter includes experimental techniques used for the preparation of(Mg

xNi (1−x)Fe 2O 4) ferrites nanoparticles. Various characterization techniques that are used to
estimate the structural and magnetic properties are also discussed here.

Chapter 3 This chapter describes Synthesis and characterization of (MgxNi(1−x)Fe2O4) at
x= 0.1875, 0.4375, & 0.8125 nanoparticles synthesized using sol-gel technique annealed
at temperature 900◦C. It also include measurement of structural, elemental and magnetic
properties carried out by XRD, FTIR FESEM, HRTEM, RAMAN, EDX and VSM. The
effect of Mg concentration on the structural and magnetic properties of MgNi ferrites, has
also been discussed.

Chapter 4 This chapter describes Synthesis and characterization of (MgxNi(1−x)Fe2O4) at
x= 0.1875, 0.4375, & 0.8125 nanoparticles synthesized using sol-gel technique annealed at
temperature 1100◦C. Same characterizations were carried out (mentioned in chapter 3) for
the samples annealed at 1100◦C.
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Chapter 5 This chapter include comparison of structural, elastic and magnetic properties
of (MgxNi(1−x)Fe2O4) nanoparticles at x= 0.1875, 0.4375, & 0.8125 synthesized via sol-gel
technique annealed at 900◦C and 1100◦C temperatures. The properties which are compared
include measurement of structural, elemental and magnetic properties carried out by XRD,
FTIR FESEM, HRTEM, RAMAN, EDX and VSM. The structure parameters are refined
with Rietveld refinement and the structural stability based elastic coefficients so calculated
are also compared for the synthesized nanoparticles.

Chapter 6 Finally this chapter summarizes and concludes the work, as well as making
recommendations for future research.
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CHAPTER 2

SYNTHESIS AND
CHARACTERIZATION TECHNIQUES

2.1 OVERVIEW

Materials scientist has made great efforts towards the development of new and convenient
techniques for synthesis of ferrites nanoparticles. A number of methods comprising both
physical as well as chemical methods has been used to synthesis the ferrites nanoparticles.
Auto combustion technique [152], ceramic technique [153], polyol technique [154,155], co-
precipitation technique [156], hydrothermal technique [157–159], sol-gel technique [160,
161], reverse micelle technique [45], mechanically alloyed technique, etc., are some of
the most commonly used methods to prepare the ferrite nanoparticles [162]. Among the
different techniques, sol-gel method is the most important technique for preparing ferrites
nanoparticles because of their important features such as precursors materials dissolve at
atomic or molecular level, low temperature synthesis process, homogeneous reaction distri-
bution, excellent composition control, high purity product formation, better size and control
over morphology, cost economy and optimum results in comparison to other complex tech-
niques [163]. This chapter covers the synthesis and experimental methodologies used to pre-
pare magnesium nickel ferrite MgxNi1−xFe2O4 nanoparticles, x is a atomic fraction o < x < 1
and in present study x= 0.1875, 0.4375 & 0.8125. The preparation of MgxNi1−xFe2O4 ferrite
nanoparticles (FNPs) at two distinct annealing temperatures of 900◦C and 1100◦C is detailed
in this chapter using the sol-gel process. X-ray diffraction (XRD), Field Emission Scan-
ning Electron Microscopy (FESEM), High Resolution Transmission Electron Microscopy
(HRTEM), Fourier Transform Infrared Spectroscopy (FTIR) and Raman spectroscopy are
used to investigate various properties of the ferrite nano particles. Structural, morphological
and magnetic properties of the prepared samples are also investigated. The energy gap of
the samples is determined using Ultra Violet Visual Spectroscopy (UV-Vis). The magnetic
parameters are determined using Vibrating Sample Magnetometry (VSM). Various formu-
lae used to obtain different parameters required to describe their structural, morphological,
elastic and magnetic properties of these synthesized particles are also discussed in this chap-
ter.
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2.2 SYNTHESIS

Synthesis of (MgxNi1−xFe2O4) nanoparticles x = 0.1875, 0.4375 & 0.8125 by sol-gel tech-
nique was carried out followed by annealing at 900◦C and 1100◦C temperatures.

2.2.1 CHEMICAL REQUIRED FOR SYNTHESIS

For the synthesis of MgxNi1−xFe2O4 nanoparticles, the required chemicals are of Merck 99.9
percent purity. The chemicals are nickel nitrate hexahydrate (Ni(NO3)2.6H2)O, Magnesium
nitrate hexahydrate (Mg(NO3)2.6H2O) and ferric nitrate nanohydrate (Fe(NO3)3.9H2O). The
citric acid monohydrate C6H8O7.H2O (Merck, 99.9 percent) was used as a complexing
agent. Aqueous ammonia (25 percent) AR-grade (Merck, 99.9 percent) is used to con-
trol pH of the solution at desired level of 7.0.

2.2.2 PROCEDURE

Sol is a dispersion or suspension of solid particles in liquid, whereas gel is a continuous
three-dimensional network in which solid particles and liquid are disseminated in each other
in the sol-gel process [95]. In this process molecular precursors were dissolved in solvent
to form sol or colloidal suspension. Thereafter, 3D liquid fill the solid network formed
by linkage of colloidal nanoparticles with one another. The formation of gel from sol is
possible by virtue of changing the pH of the reaction solution. The various steps included

Figure 2.1: Steps included in sol-gel process
(http://www.slideshare.net/tango67/nanomateriales-17839251

in sol-gel process for the formation of nanoparticles are shown in figure 2.1. The two main
reaction processes involved in sol-gel process are hydrolysis and condensation. The gel is
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dried through evaporation process which creates high density xerogel by collapsing of gel
network. Further, high density xerogel is heated at high temperature to remove organic or
inorganic component to form the desired nanoparticle material [95].

The Optimized synthesis parameters for the synthesis of MgNi ferrite nanoparticles
(SNPs) are given in the figure 2.2. The selected chemicals nickel nitrate hexahydrate (Ni(NO3)2.6H2O),

Figure 2.2: Process flow for synthesis of MgxNi1−xFe2O4 ferrites by sol-gel method

Magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) and ferric nitrate nanohydrate (Fe(NO3)3.9H2O)
were first weighed in stoichiometric amounts and then dissolved in distilled water by con-
tinuous stirring for 30 minutes. The citric acid monohydrate C6H8O7.H2O in appropriate
amount dissolved in distilled water and stirred for 30 minute on magnetic stirrer. The two
solutions then mixed and immediately aqueous ammonia added drop wise to the mixed so-
lution maintaining pH value of 7.0. The solution was then allowed to swirl continuously for
six hours at a temperature of 80◦C to 90◦C until it turned into a yellowish gel. The gel was
placed in an oven to dry for 24 hours maintaining temperature at 110◦C. The dried material
then mashed to powder using garnet mortar. The desired MgxNi1−xFe2O4 nanoparticles were
then obtained by annealing the powder at 900◦C and 1100◦C for five hours. The schematic
of sol-gel technique is shown in figure 2.3. The following chemical reaction takes place in
the synthesis process

xMg(NO3)2.6H2O + (1 − x)(Ni(NO3)2.6H2O) + 2Fe(NO3)3.9H2O

+ 9C6H8O7.H2O + NH3
△−−−→

heat

MgxNi1−xFe2O4 + 4N2 ↑ +54CO2 ↑ +49H2 ↑ +8H2O
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Figure 2.3: Schematic diagram of sol-gel technique

2.3 CHARACTERIZATION TECHNIQUES

The nanoparticle so obtained were characterized using the following techniques:

1. X-Ray Diffraction (XRD)

2. Field Emission Scanning Electron Microscope (FESEM)

3. Energy Dispersive X-Ray Spectroscopy (EDX)

4. High Resolution Transmission Electron Microscopy (HRTEM)

5. Raman Spectroscopy

6. Vibrating Sample Magnetometer (VSM)

7. Fourier Transform Infrared Spectroscopy (FTIR)

8. UV-VIS Spectroscopy

9. Photoluminscence Spectroscopy
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2.4 VARIOUS PARAMETERS

2.4.1 THE SCHERERS FORMULA FOR CALCULATING CRYSTAL-
LITE SIZE (D)

D = Aλ/β cos θ (2.1)

where Scherer’s constant A = 0.9 for cubic system. The wavelength (λ) of Cuk−1
α X-rays is

1.5402 Å, β is full width at half maximum (FWHM) of a particular peak formed by XRD
data at a particular Braggs angle θ [164].

2.4.2 LATTICE PARAMETER AND LATTICE SPACING

The lattice parameters such as lattice constant (a) and lattice spacing (d) of synthesized
nanoparticles using miller indices of the plane namely < hkl > are determined by using
following relations [164–167].

2dsinθ = nλ (2.2)

a = d(h2 + k2 + l2)1/2 (2.3)

Strain Stocks-Wilson relation to estimate strain (ϵ) is given by

ϵ = β/4 tan θ (2.4)

where n = 1,2,3,4...... is the order of diffraction peak and β is full width at half maxima
(FWHM) of the diffraction peak at angle θ.

2.4.3 CRYSTALLITE SIZE (D)

Williamson-Hall (W-H) relation to calculate crystallite size (D) at different types of strains
(ϵ) present in synthesized nanoparticles [167] is given by

β cos θ = Aλ/D + 4ϵ sin θ (2.5)

where Scherers constant A = 0.9 for cubic system. The wavelength (λ) of Cuk−1
α X-rays is

1.5402 Å, β is full width at half maximum (FWHM) of a particular peak formed by XRD
data at a specific Bragg’s angle θ [164].
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2.4.4 THEORETICAL X-RAY DENSITY (ρx)

The theoretical x-ray density (ρx) was calculated using the relation[166, 167]

ρx =
ZM
NαV

(2.6)

where Z = 8 molecules per unit cell with volume V, M, and Nα are the molecular weight of
one unit formula and Avogadro Number respectively [167].

2.4.5 BULK DENSITY (ρ)

The bulk density (ρ) is determined by the relation [166, 167]

ρ =
MS ample

VS ample
(2.7)

where MS ample is mass and VS ample is the volume of the sample taken for the measurement.

2.4.6 PORE FRACTION (f)

Pore fraction or porosity (f) is calculated by equation[164, 167]

f =
(ρx − ρ)
ρ

(2.8)

where ρ is bulk density and ρx is theoretical X-ray density.

2.4.7 DISLOCATION DENSITY (δ)

For spinel ferrites, the dislocation density (δ) can be calculated as [166]

δ =
15ϵRMS

a.D
(2.9)

where ϵRMS denotes the lattice strain, D is the average crystallite size, and (a) is the lattice
parameter determined from XRD data. The specific surface area (S) can be calculated using
the following formula [164–167].

S =
6 × 106

ρx � D
(2.10)

where D is the particle’s diameter in nm and ρx is the particle’s density in Kg/m3 [164–167].

2.4.8 MAGNETO CRYSTALLINE ANISOTROPY (K)

The magneto crystalline anisotropy energy constant (K) is calculated using relation [167,
168]
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Hc = 0.96K/MS (2.11)

where HC and MS denote the samples’ coercivity and saturation magnetization, respectively.
The experimental magnetic moment Mµ of all prepared samples was determined using for-
mula

Mµ =
(Mw × Ms

5585

)
(2.12)

where Mw and Ms are the molecular weight and saturation magnetization. Neels two sub
lattices model of ferrimagnetism gives the theoretical total magnetic moments (Nµ) per for-
mula unit cell and was estimated using relation

Nµ = M(B) − M(A) (2.13)

where M(A) is the sub lattice moments of site-A and M(B) is that of site-B.

2.4.9 CATION DISTRIBUTION FORMULAE

The various formulae used to estimate the cation and ionic distribution are as follows [112,
166, 167, 169]:

Proposed Cation Distribution Formula is given by[
Fe3+

]A [
Mg2+

x Ni2+
1−xFe3+

]B
O2−

4 (2.14)

Theoretical value of Ionic radius( rA) of tetrahedral site-A

is given by
rA = CA(Fe)r(Fe3+) (2.15)

Theoretical value of Ionic radius (rB) of octahedral site-B

is given by

rB =
1
2

[
CA(Mg)r(Mg2+) +CB(Ni)r(Ni2+) +CB(Fe)r(Fe3+)

]
(2.16)

where CA(Fe), r (Fe3+), CB(Mg), r (Mg2+), CB(Ni), r (Ni2+), CB(Fe) and r (Fe3+) are the concentration
and concerned ionic radii of Fe3+ ions at site-A and Mg2+, Ni2+, Fe3+ ions at site-A respec-
tively.
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2.4.10 OXYGEN PARAMETER (u)

The positional parameter (u) of oxygen ion can be estimated for theoretical as well as ex-
perimental values [55, 112, 167]

u =
[
(rA + rB)

1

a
√

3
+

1
4

]
(2.17)

2.4.11 INVERSION FACTOR (δ)

Another parameter called inversion parameter (δ) also known as deviation from ideal oxygen
positional parameter (u) was determined using relation [55, 112, 167]

δ = u − uideal (2.18)

where uideal is the ideal oxygen positional parameters 0.375 Å.

2.4.12 THEORETICAL LATTICE PARAMETER (a)

The theoretical value of the lattice parameter (a) [55,112] was estimated using the values of
ionic radii of tetrahedral (rA) and octahedral sites (rB).

a =
8

3
√

3
[(rA + R0) +

√
3(rA + R0)] (2.19)

where R0 is the ionic radius of O2− and R0=1.38 Å [170].

2.4.13 MICROSTRUCTURAL PARAMETERS

Formulae for Full width at half maximum (βD), crystallite strain (ϵ) and average crystallite
size (D) are calculated using Scherer’s formula given by [55, 112, 167]

βD =
Aλ

Dcosθ
(2.20)

where for spinel cubic system the shape factor (A) has value of 0.9 [171]. λ is the wavelength
of CuK−1

α X-ray radiations, D is the crystallite size and β is the FWHM in radians at half
maximum of the diffraction peak at diffraction angle 2θ.

β = βD + βϵ (2.21)

βϵ = 4ϵ tan θ (2.22)
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β cos θ =
Aλ
D
+ 4ϵ sin θ (2.23)

where βD and βϵ are the contributions of size and strain respectively in β. The relation (2.23)
is a straight line of the form y= mx + c, where y is β cos θ and x is 4sin θ and the plot is
known as the Williamson-Hall plot [8, 43]. The crystallite strain (ϵ) is determined by the
slope of the plot and the crystallite size (D) is determined by the intercept.

2.4.14 FORCE CONSTANT

The elastic constants were determined using FTIR spectroscopic methods [9,45,47]. Nanopar-
ticles are spinel cubic crystalline in nature, and is classified into three classes to solve the
vibrational problem: continuously bonded, discontinuously bonded, and intermediate [46].
The ions are bonded to their nearest neighbour ions by forces such as ionic, covalent or
vander Waals forces. Further the frequency distribution of vibrations are given by Debye or
Bornvon Karman treatment of the problem, which is classical mechanical in nature. Based
on the geographical configuration of nearest neighbour oxygen atoms, metal ions are posi-
tioned in two distinct positions: octahedral (o) and tetrahedral (τ). The lattice disorder would
destroy the vibrations’ translational invariance, resulting in a spread of infrared-active fre-
quencies, might be caused via isotopic substitution. Unless the mode is solely determined by
symmetry requirements, the exact form of normal vibrations is determined by the "potential
energy field." Internally, three possible frequencies are inactive, one of which is the zero fre-
quency translation among eight possible frequencies [9]. The internally-inactive vibrations
take place because the location of the Fe ions on centers of symmetry and the equivalence of
the MO4 groups. Each oxide-ion is bonded to one tetrahedral ion and three octahedral ions.
In normal spinel structure, three octahedral bonds lie along the coordinate axes and provide
an isotropic force field. This field would permit oxide-ions to oscillate in any direction with
a constant frequency, in the absence of the tetrahedral bonds. On increasing the frequency
of vibrations along the τ-o axis (νl), vibrations at right angles (νs) will change frequency to
some extent (when minute bending force constants are assumed). Two low-frequency active
modes, (ν3) and (ν4) engross metal-ion oscillations in isotropic force fields in octahedral and
tetrahedral settings respectively. Because only two infrared bands were accessible in the
covered spectral range, the energy field can be estimated using only two potential constants.
The classification of these constants with accurate bonds necessitates, definite assumptions
for simplification is made (bending force constants must be ignored in the following treat-
ment). This approximation is probably closer in the ionic situation than it is in the molecular
case. To derive force constant of tetrahedral site-A (Kτ) and octahedral site-B (Ko), we must
apply the equations given below denoting the force constants associated with unit displace-
ment of the τ-O and o-O bonds.
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There are two approaches to calculate the force constant. In approach I, the following
relationships are employed to compute Kτ and Ko (suggested by Waldron) [9]:

Kτ = 7.62×M1 × ν2
τ × 10−7 (2.24)

Ko = 7.62×M2 × ν2
o × 10−7 (2.25)

where M1,M2 are the molecular weights of ions at site-A and site-B respectively and ντ, νo

are corresponding absorption frequencies.

In approach II from classical mechanics we know that for a vibrating object angular
frequency (ω) is given by the relation

ω =

√
K
µ

(2.26)

where ω = 2πνc, c is the velocity of light, ν is the wave number, K is force constant and µ
is reduced mass.

By applying this concept in the present case, the equivalent force constants for the two
absorption frequencies at site-A and site-B are as follows:

Kτ = 4πc2ν2
τµτ (2.27)

Ko = 4πc2ν2
oµo (2.28)

The reduced masses of ions at site-A and site-B are µτ and µo, respectively. The cation
distribution formula was used to determine both µτ and µo respectively. In the present study,
both the above methods are used to investigate the elastic properties of the synthesized SNPs
annealed at 900◦C. However, the results from the two methods are nearly of the same order
and the more accurate results are obtained with the second formula [112, 167]. Therefore
the second formula i.e. equation 2.27 & equation 2.28 are employed in the present research
work to carry out elastic properties.

2.4.15 ELASTIC CONSTANTS AND ELASTIC COMPLIANCES

To know the structural stability or stiffness of crystalline materials, elastic constants are
essential parameters and we apply Hook’s law directly to the single crystal in the form of
stress-strain relation given by

σi j = Ci jϵi j (2.29)
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where σi j is component of stress, ϵi j is component of strain and Ci j represents the elastic
constants in ij plane. In fact, the cubical crystals are anisotropic in nature and have different
values of Ci j in different crystallographic directions. In actual practice there are six types of
stresses applied on the crystalline materials viz: normal stress, shear stress, thermal stress,
etc. This gives rise to six types of strains i.e. normal strain, shearing strain, etc., to form a
stiffness of the order of 6x6 matrix. Thus there are a total of 36 stiffness constants Ci j. The
elastic flexibility matrix Si j is the inverse matrix of the elastic stiffness Ci j

S i j = C−1
i j (2.30)

In case of cubical crystals due to 3-D symmetry only three elastic stiffness constants are
necessary viz: C11, C12 and C44 and three elastic compliances S11, S12 and S44 [56, 167].

The following equations are used to compute the elastic stiffness constants C11, C12, and
C44

S ti f f ness constant (C11) =
Kav

a0
(2.31)

where Kav= (Ko + Kτ)/2 is the simple average of the Kτ and Ko force constants at the tetra-
hedral and octahedral sites respectively with a0 being the lattice constant.

S ti f f ness constant (C12) = C11
σ

1 − σ (2.32)

S ti f f ness constant (C44) = A
C11 −C12

2
(2.33)

here A is anisotropic constant of spinel cubic structure having the value of 0.9 and σ denotes
the poison’s ratio given by

σ = 0.324(1 − 1.043 f ) (2.34)

where f is pore fraction.

The elastic compliances are denoted as S 11, S 12 & S 44 and are formulated from corre-
sponding elastic constants C11,C12 & C44 and given by the following relations [172, 173]:

S 11 =
C11 +C12

(C11 + 2C12)(C11 −C12)
(2.35)

S 12 =
−C12

(C11 + 2C12)(C11 −C12)
(2.36)

S 44 =
1

C44
(2.37)

25



Chapter 2: Synthesis and Characterization Techniques

2.4.16 ELASTIC MODULII

The estimation of other elastic moduli is done using the following relations [56, 80, 167]

Youngs modulus (Y)

(Y) =
(C11 −C12)(C11 + 2C12)

(C11 +C12)
(2.38)

Modulus of rigidity (G)

(G) =
Y

2(σ + 1)
(2.39)

Bulk modulus (B)

(B) =
1
3

(C11 +C12) (2.40)

WAVE VELOCITY

The following equations are used to estimate the values of longitudinal wave velocity VL

and transverse wave velocity Vτ
Longitudinal wave velocity (VL) is given by

(VL) =

√
C11

ρx
(2.41)

Transverse (shear) wave velocity (Vτ) is given by

(Vτ) =

√
G0

ρx
(2.42)

G0 shown in the above equation is the modulus of rigidity calculated at zero pore fraction
[9, 42] and is given by

1
G0
=

1
G

[
1 − 15 f (1 − σ)

7 − 5σ

]
(2.43)

DEBYE TEMPERATURE (θD)

By Anderson relation [174 ]

θD = Vm
h

KB

(
3Nα
4πVA

)
(2.44)
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VA is denoted as the atomic volume and is expressed as

VA = (M/ρx)/q (2.45)

and Vm is the mean velocity calculated using the formula

(Vm) =
[
1
3

(
2

V3
L

+
1

V3
τ

)]− 1
3

(2.46)

Nα is Avogadro’s number, q is denoted for the numbers of atoms in each each formula unit
and M is molecular weight of each formula unit.

The Debye temperature θD estimated by Waldron is given by

θD =
hcνav

kB
(2.47)

where νav =
ντ+νo

2 , ντ and νo refer to frequency of tetrahedral and octahedral sites respec-
tively. h, KB and c are the Plank’s constant, Boltzmanns constant and velocity of light
respectively.

ANISOTROPIC STRAIN (ϵhkl)

In the Uniform Stress Deformation Model (USDM) [175], the anisotropic strain may be
expressed as

ϵhkl =
σ

Yhkl
(2.48)

where σ denotes uniform deformation stress and Yhkl is the measure of youngs modulus
of elasticity in the crystallographic direction <hkl> which gives modified Williamson-Hall
equation as

βhkl cos θ =
Aλ
D
+

4σ sin θ
Yhkl

(2.49)

Yhkl is Youngs modulus of elasticity and its formula for cubic system is as follows:

1
Yhkl
= S 11 − 2(S 11 − S 12 −

1
2

S 44)
(
h2k2 + k2l2 + l2h2

h2 + k2 + l2

)
(2.50)

Energy Density (u)

Hooke’s law gives below the Energy density (u) assuming uniform energy deformation
model (UEDM) [56, 173]

u = ϵ2hkl
Yhkl

2
(2.51)
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Using above relation, the modified W-H equation incorporating UEDM can be expressed as

βhkl cos θ =
Aλ
D
+ 4 sin θ

(
2u
Yhkl

) 1
2

(2.52)

The relation between uniform deformation stress (σ) & uniform energy density (u) can be
obtained from equations (2.48) & (2.51) as

u =
σ2

hkl

2Yhkl
(2.53)

Dislocations in a crystal are estimated by the following relation

ρ = (ρD · ρs)
1
2 (2.54)

here ρs = C(ϵ2/b2), C represents material constant and its value for FCC cubic crystal
structure is 16.1 with Burgers vector (b) along easy axis, b denotes modulus of the Burgers
vector given by |b| = a/

√
2 where a is the lattice constant [176].

2.4.17 GRIFFITHS MODEL

According to Griffith’s model, a strained crack tip produces inhomogeneous strain and stress
fields, which can be inferred as the deformation field formed by super-dislocations with
Burgers vector (b) [173]. The following correlation is developed based on some simple
assumptions:

ρ0 =
G

2(1 − σ)
ρbD (2.55)

where ρo being the stress in the parallel direction of b. Also G, D and σ are the shear
modulus, crystallite size and Poisson’s ratio respectively.

2.4.18 LAPLACE MODEL

This model gives the measure of hydrostatic pressure (P) (also known as Laplace pressure)
generated on the surface of synthesized nanoparticle by the intrinsic surface stress expressed
by the formula [7, 52]:

P = 2Γs/r (2.56)

with r as radius of particle and Γs is the surface stress acting on the surface of synthesized
nanoparticle .
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2.4.19 LAPLACE PRESSURE (P)

P gives the relation between surface elastic strain and surface elastic modulus as [177]:

P =
( Y
1 − 2σ

) a − ao

a
(2.57)

where Y being the Youngs modulus, σ is Poissons coefficient and factor (a-ao)/a gives the
volumetric strain.

The surface stress (Γs) which produces some surface energy (γ) along with surface strain
(ϵs) mentioned in following relation [175, 177]:

γ =
1

2Γsϵs
(2.58)

The surface strain ϵs is related to surface stress Γs and is given by

Γs =
Ysϵs
da

(2.59)

Ys gives the surface elastic modulus i.e. for surface

Ys =
2Y
3

(2.60)

da being the atomic density in a normal direction to the given surface and is expressed by

1
da
= 2ra (2.61)

here 2ra is the particle size and its value for FCC structure is given by

ra =
a

2
√

2
(2.62)

From equations (2.58, 2.59, 2.60, 2.61 & 2.62) relation for surface energy (γ) can be derived
as follows:

γ = 0.265 � Y
( r
1 − 2ν

)2 (a − ao)2

(a)3 (2.63)
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CHAPTER 3

MgNi FERRITE NANOPARTICLES
SYNTHESIS, STRUCTURAL AND
MAGNETIC STUDIES AT 900◦C
ANNEALING TEMPERATURE

3.1 INTRODUCTION

SNPs are very important materials for human support. Their specific structural, magnetic,
electrical and optical properties make them technologically favourable for mankind. They
have a general formula MFe2O4, M being one or more divalent metal cations such as Fe2+,
Zn2+, Ni2+, Co2+, etc. These SNPs maintained their importance continuously since last two
decades by establishing themselves as suitable candidates for related research due to their
amazing magnetic properties, high resistivity and operating on a considerable wide range of
frequencies (from hundred Hz to GHz) [177, 178]. The properties of SNPs strongly depend
upon the methods of synthesis, selection of material compositions and annealing temper-
atures [179]. In the present research work, MgNi ferrite nanoparticles were prepared via
sol-gel technique [47]. The various important applications of MgNi ferrite nanoparticles
include switching devices, sensors to detect gases, microwave devices, memory devices,
electric devices and targeted drug delivery, etc. [55, 169, 180, 181]. This material has also
find its application in rechargeable batteries in the form of anode material [175]. The XRD
analysis is undertaken to estimate the measure of various structural properties viz: angular
position of diffraction peaks (2θ), lattice spacing (d), particle size (D), X-Ray density (ρx)
and lattice constant (a), etc. Fourier transforms infrared (FTIR) spectroscopy is used to
observe ferrite formation and locating various functional groups present in the synthesized
materials [56, 170, 182]. Vibrating sample magnetometer (VSM) is used for magnetic char-
acterization. [50, 183, 184] and to calculate various magnetic parameters viz: magnetic sat-
uration MS , remnant field MR, coercive force HC, value of magnetic moment µB, anisotropy
constant K and squareness ratio. Topology and morphology of the prepared samples were
studied using FESEM, HRTEM and Raman spectroscopy. The optical properties are studied
with UV-Vis spectroscopy. The synthesis of such ferrites is also significant because of their
continuous use to provide an alternate to conventional energy sources, primarily fossil fuels,
etc. In the coming decades, renewable energy sources such as hydrogen and oxygen will be
critical in safeguarding the future of coming generations. Water, which is abundant on the
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planet is the primary source of hydrogen and oxygen. Electro catalysis is needed for water
splitting. Iron is usually one among the most cost-effective, abundant and most suitable
material for developing oxygen evolution reaction (OER) electro-catalysts. Iron diselenide
(FeSe2) noncrystalline plates have been found to be good for OER catalytic performance in
recent studies [185]. NiFe mixed oxides have a much stronger OER operation than pure Ni
electrodes or other mixed binary oxides [186]. The micro/nanostructure electrodes made of
metalorganic super molecular electro catalysts and mixed organic electrocatalysts can show
excellent performance in OER as well as hydrogen evaluation reaction (HER) operations
[53]. Related OER or HER behaviours can be investigated in oxides of metals (Mg-Ni-Fe).
Hierarchical hollow nano tubes (HHNTs) of Cobalt Vanadium phosphide and Nickel Iron
Vanadium Layered Double Hydroxide were also discovered to exhibit great selectivity and
durability as electrocatalysts for the Nitrogen Reduction Reaction (NRR) to ammonia (NH3)
synthesis [187].

3.2 EXPERIMENTAL DETAILS

3.2.1 SYNTHESIS

The proposed material in the present study i.e. MgxNi1−xFe2O4 (x=0.1875, 0.4375 & 0.8125)
was synthesized via aqueous sol-gel route [26]. The synthesis procedure was already dis-
cussed in details in chapter 2 section 2.2 and the annealing is done at 900◦C [112, 167].

3.2.2 CHARACTERIZATIONS

Using an X-ray diffractometer (Panalytical’s X’pert Pro), the structural parameters of the
prepared nanoparticles were studied using CuKα radiations of wavelength 1.5402 Å in the
angular range of 10◦ to 80◦. Field emission scanning electron microscopy (FESEM) from
Hitachi SU8010, Japan, and high resolution transmission electron microscopy (HRTEM)
from FP 5022/22-Tecnai G2 20 S-TWIN, FEI company USA and Raman spectroscopy from
Lab RAM HR evolution were used to examine the morphology and topology of the prepared
samples. The samples were analyzed using FTIR from Perkin Elmer-Spectrum RX-IFTIR
to validate the spinel structures of nanoparticles and functional groups presnt in the SNPs.
The magnetic characteristics of the produced ferrites were assessed using VSM from Lake
Shore, Model-7410 Series (VSM) at room temperature. UV-Vis spectroscopy was used to
investigate the sample’s optical characteristics.
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3.3 RESULTS AND DISCUSSIONS

3.3.1 X-RAY DIFFRACTION

Figure 3.1: XRD Spectra of MgxNi1−xFe2O4 ferrite SNPs annealed at 900◦C, x=(a) 0.1875, (b)
0.4375 & (c) 0.8125

Figure 3.1 shows the X-ray diffraction patterns of ferrite powders of magnesium nickel
ferrites MgxNi1−xFe2O4. The results of X-Ray diffraction indicate that the synthesized ma-
terials has a single phase spinel structure [188]. The (hkl) planes reflect various peaks and
clearly exhibit crystalline state of the synthesized samples (confirmed with JCPDS card
numbers 10-325 and 74-2081) [42]. The lattice constant (a) in each case was calculated
using equation 2.3. The XRD patterns of these samples predict that lines and peak positions
belongs to spinel structure single phase [180, 189] and cubic symmetry upto 0.4375 atomic
percent of Mg2+ ions. At higher concentration of Mg2+ an additional peak (310) obtained
in the XRD spectra visible in figure 3.1. On matching with JCPDS data it is found that the
peak belongs to less magnetic α-hematite phase [190].

Using Williamson-Hall analysis of XRD data of all three samples, the obtained W-H
plots are shown in figure 3.2. It is observed from the figure that all the three compositions
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Figure 3.2: W-H plots of MgxNi1−xFe2O4 ferrite SNPs annealed at 900◦C, x=(a) 0.1875, (b)
0.4375 & (c) 0.8125

have positive slope which indicate that the synthesized particles has positive lattice strains
leading the lattices to expand. The various lattice parameters viz: prominent peak intensity,
lattice parameter (a), strain (ϵ), crystallite size (D) and lattice spacing (d) are shown for
the three synthesized compositions in table 3.1. It is clear from the table 3.1 that with the
increasing Mg2+ ion composition, lattice parameter and crystallite size both increases. This
is due to Mg2+ ions having comparatively large size than the replaced Ni2+ ions at site-B
[112,191].

Table 3.1: Prominent peak (311) intensity, crystallite size (D), lattice spacing (d), lattice parameter
(a) and strain (ϵ) of MgNi ferrite SNPs annealed at 900◦C

x(Mol.Frac.)

Prominent
Peak Intensity
(a.u.)

Crystallite
Size D
(nm)

Lattice
Spacing
d (Å)

Lattice
parameter
a (Å)

Strain
(ϵ)

(a) 0.1875 6269 35 2.505 8.31 0.00129
(b) 0.4375 6324 48 2.508 8.33 0.00117
(c) 0.8125 6549 61 2.511 8.34 0.00103
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The variation of crystallite size (D), lattice parameter (a) & strain (ϵ) in MgxNi1−xFe2O4

nano particles with Mg2+ ions composition is shown in figure 3.3.

Figure 3.3: Variation of crystallite size (D), lattice parameter(a) & strain (ϵ) in MgNi ferrite SNPs
annealed at 900◦C with Mg2+ ions composition

MgNi ferrite has an inverse spinel structure. In this ferrite the Mg2+, Ni2+ and Fe3+

ions occupy octahedral site-B whereas remaining Fe3+ ions occupy both tetrahedral site-
A and octahedral site-B [191]. It is observed that particle size D of prepared nanoparticles
increases with Mg2+ concentration from 35 to 60 nm. The cation distribution over tetrahedral
site-A and octahedral site-B of different sizes has been used to explain the variation in D
with increasing Mg2+ ions. The increase in particle size D with Mg2+ ions is attributed
to the replacement of smaller Ni2+ (ionic radii = 0.69) ions in site-B with bigger Mg2+

(ionic radii = 0.72) ions, resulting in unit cell size enlargement [191]. Further, as the Mg2+

ions composition increases, more Mg2+ ions replace the Ni2+ ions in site-B and enlarge
volume of more number of unit cells. The impact of variation of Mg2+ ions composition on
values of structural parameters such as lattice spacing d, [192] lattice parameter (a) [193]
are mentioned in table 3.1. These values are calculated using the equation 2.2 and equation
2.3. The Stocks-Wilson equation 2.4 is used to calculate strain (ϵ) present in nanoparticles
and presented in table 3.1 [194, 195]. The calculated strain (ϵ) present in nanoparticles
decreases with increase in Mg2+ ions composition. The crystallite size (D) and strain present
in synthesized nanoparticles are determined by applying Williamson-Hall (W-H) method
using eqn.(2.5) [190] and the obtained values are mentioned in table 3.1.
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3.3.2 FESEM & EDX CHARACTERIZATIONS

The synthesized nanoparticles were characterized using FESEM. Figure 3.4 shows the FE-
SEM micrographs and corresponding histograms of three compositions of MgxNi1−xFe2O4.
It is very much clear from the micro-graphs that the prepared samples are closely identical

Figure 3.4: FESEM Micrographs of MgxNi1−xFe2O4 ferrite SNPs annealed at 900◦C, x=(a)
0.1875, (b) 0.4375 & (c) 0.8125 SNPs annealed at 900◦C and corresponding histograms

in morphology. Their crystallanity increased with Mg2+ composition. The particles sizes
in each composition is in nano meter range with fairly narrow distribution. However, in
synthesized samples some agglomeration of particles is also observed might be due to the
magnetic nature of nanoparticles. The EDAX characterization was performed to know the
composition of synthesized samples. The EDX spectra of MgxNi1−xFe2O4 are presented in
figure 3.4 and corresponding histograms prepared by measuring the sizes of particles with
the help of ImageJ software are presented in figure 3.4. The elemental composition in atomic
percentage are tabulated in table 3.2. It is observed that the average particle sizes reported
by histograms are in agreement with the crystallite sizes obtained from W-H plots in all the
three compositions. Also from EDAX figure 3.5 it was concluded that in all the prepared
MgxNi1−xFe2O4 SNPs all the presursor elements are present in desired atomic percentage.
The EDX spectra and corresponding elemental analysis of the synthesized MgxNi1−xFe2O4

SNPs are presented in figure 3.5.

3.3.3 HRTEM

The synthesized MgNi ferrites SNPs were characterized for HRTEM to study their morphol-
ogy. HRTEM images along with their corresponding histograms are shown in figure 3.7.

The HRTEM micrographs of all three compositions indicate homogeneous distribution
of particles separated by sharp boundaries. Due to mutual magnetic interactions, micro-
graphs for composition x = 0.1875 reveal strongly agglomerated states of nanoparticles
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Figure 3.5: EDX spectra and corresponding elemental analysis of MgxNi1−xFe2O4 SNPs annealed
at 900◦C, x=(a) 0.1875, (b) 0.4375 & (c) 0.8125 and corresponding elemental mapping

Figure 3.6: EDX spectra and corresponding elemental analysis of MgNi ferrite SNPs annealed at
900◦C
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Table 3.2: Atomic percentage of elements present in prepared MgxNi1−xFe2O4 SNPs, x=(a)
0.1875, (b) 0.4375 & (c) 0.8125 annealed at 900◦C

(x) (Mol. Frac.) O (At. Percent) Fe (At.percent ) Ni (At. percent) Mg (At.percent )

0.1875 38.3 43.36 16.7 1.65
0.4375 43.71 22.36 6.05 4.72
0.8125 46.46 53.1 0.26 0.18

Figure 3.7: HRTEM micrgraph of MgNi ferrite SNPs annealed at 900◦C and corresponding
histograms
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[43]. The particles appeared with uniform grains and free from impurities confirms the
crystalline structure of synthesized Mg-Ni nano-ferrites which was also confirmed from
their XRD studies [43]. The SAED patterns of Mg0.1875Ni0.8125Fe2O4 with noncrystalline
powders reveal spotty ring patterns of the cubic structure of these SNPs. The measured in-
terplanar spacing (dhkl) from SAED patterns is in accordance with the values obtained from
that of XRD analysis summarized in table 3.3.

The high-resolution TEM images in figure 3.7 reveal the details of Mg-Ni ferrites cal-
cined at 900◦C with the measured spacing of the lattice fringe of 1.047 nm. Figure 3.8 (iv)
corresponds to the <533> plane of Mg0.1875Ni0.8125Fe2O4 which is in close agreement with
the values obtained from results of XRD analysis. The values of lattice spacing related to
each ring was measured with ImageJ software and are mentioned in the table 3.3 along with
the lattice spacing values obtained from XRD analysis corresponding to each plane for the
same sample.

For Mg0.1875 Ni0.8125 Fe2O4 samples, annealed at 900◦C, diffraction patterns of <111>,
<220>, <311>, <400>, <422>, <511>, <440>, <620> and <533> planes were observed by
selected area electron diffraction analysis presented in figure 3.8. Therefore, the formation
of magnetic Mg0.1875 Ni0.8125 Fe2O4 SNPs annealed at 900◦C temperature is confirmed.

Figure 3.8: (i) HRTEM image, (ii) (SAED) pattern SAED image , (iii) identification of rings and
lattice spacing measurement and (iv) lattice spacing calculation for MgNi ferrite SNPs

39



Chapter 3: Study of MgNiFO annealed at 900◦C

Table 3.3: Measured interplanar spacing <dhkl> obtained from SAED patterns of MgNi ferrite
SNPs annealed at 900◦C

Ring
Calculated interplanar
spacing (dhkl) HRTEM

analysis

Calculated interplanar
spacing (dhkl) in XRD

analysis
Plane <hkl>

R1 4.978 4.79 111
R2 2.623 2.937 220
R3 2.382 2.505 311
R4 2.195 2.398 222
R5 1.922 2.078 400
R6 1.768 1.697 422
R7 1.604 1.6 511
R8 1.507 1.47 440
R9 1.406 1.315 640

R10 1.319 1.268 533

3.3.4 FTIR SPECTROSCOPY

FTIR plots of Mg0.1875 Ni0.8125 Fe2O4 SNPs are shown in figure 3.9. From the figure 3.9 it is
observed that the first two bands in the range 428-435 cm−1 and 568-583 cm−1 correspond
to octahedral and tetrahedral sites respectively, confirming the formation of single phase
SNPs. The change in cation-oxygen bond (A-O) lengths can cause change in the band
positions of MgNi ferrite [24,172]. There are four metal-oxide ions bonds (MO4) in ferrites
of which three are octahedral oxide bonds (o-O) and fourth one is tetrahedral oxide bond
(τ-O). If there are no tetrahedral connections the three oxide ions vibrate in any direction
with constant frequencies in this isotropic zone.

The presence of tetrahedral bonds, on the other hand, significantly increases the fre-
quency of vibrations (ντ) along the τ-O axis, whereas the frequency of vibration (ν0) changes
(may increase or decrease) only if bending force constants occur perpendicular to the τ-O
axis [172].

When IR radiation impinge on the ferrite, the τ-O and o-O bonds absorb their distinctive
energy radiations and oscillate. There are two types of oscillations they may have;

i) Oscillation along the axis of the metal-oxide bond.

ii) Oscillation in the perpendicular direction of the M-O bond.

The oxide ions travel only along the τ-O axis when vibrations occur along the M-O axis,
resulting in linear force constants. However, when oxide ions vibrate perpendicularly to
the M-O axis, a bending-like condition occurs, in which the oscillating oxide ion bends the
o-O bond about its mean direction, resulting in bending force constants. The isotropic force
field environments that surround metal ion complexes at two crytallite sites i.e. tetrahedral
or octahedral sites, known as ν3 and ν4 modes, oscillate as well. These vibration modes
(ν3) and (ν4) were not observed in the current study for any of the three compositions. The
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Figure 3.9: FTIR plots of MgNi ferrite SNPs annealed at 900◦C

first primary band appears to be splitting in all three compositions in figure 3.9 shown by
the FTIR spectrum. The presence of Fe2+ ion in ferrites causes John-Teller distortion which
causes the splitting. The existence of Mg2+- O2− complexes may explain the high frequency
bands around the octahedral site-B [196]. The C=O stretching vibration characteristic peak
for the material MgxNi1−xFe2O4 is located at 1633 cm−1 for all three formulations. Water
molecules present in band about 3431 cm−1 may be due to the stretching of the O-H bond
of water molecules which is absorbed by nanoparticles [42, 195, 195, 197]. A band about
1040 -1070 cm−1 represents the C-O group vibration modes, while a band around 1350-1500
cm−1 represents -CH3 bending [195].

Table 3.4: Different FTIR band positions in MgNi ferrite SNPs annealed at 900◦C

S.N. Band Position (cm−1) Assignment
1 428-435 Fe-O bond (Octahedral Band)
2 568-583 Mg/Ni/Fe-O bond (Tetrahedral Band)
3 1043-1055 Presence of C-O bond
4 1383-1384 -CH3 bending
5 1633-1635 Presence of C=O bond
6 3430 Presence of water molecule
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3.3.5 RAMAN SPECTROSCOPY

The phonon vibration of crystalline solids are investigated with a sensitive tool known as
Raman spectroscopy. The Raman spectra of MgxNi1−xFe2O4 annealed at 900◦C were stud-
ied using the Raman spectrometer. Raman spectra of these nano particles in the range of
100-800 cm−1 is shown in figure 3.10. The spinel unit cell has 56 atoms, yet the simplest

Figure 3.10: Raman spectra of MgNi ferrite SNPs annealed at 900◦C

primitive cell only requires 14 atoms. At k = 0, a group theory research predicts 42 vibra-
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tional modes in the spinels, 3 acoustic modes and 39 visual modes. In spinel ferrites, only
five modes A 1g + Eg + 3T2g have been reported. There are three Raman active T2g modes:
T2g(1), T2g(2) and T2g(3) with T2g(1) indicating the lowest Raman shift and T2g(3) indicating
the Raman symmetry mode at the highest wavenumber.

The A1g mode denotes a symmetric stretch of oxygen atoms along FeO bonds, while
the modes Eg and T2g(3) represent symmetric and asymmetric bends of oxygen with respect
to Fe, respectively. Mode T2g(2) denotes asymmetric stretching of Fe and O, while mode
T2g(1) denotes translational displacement of the entire FeO4 [198].

Table 3.5 shows the characteristic bands found in the magnesium nickel ferrite, which
are in good agreement with the earlier recorded values [198]. The observed band pattern
from 207 cm−1 to 213 cm−1 for sample (a), (b) & (c) annealed at 900◦C, signals towards the
presence of hematite traces in the said synthesized nanoparticles. Similar Raman spectra
with a strong band about 329 cm−1 have been published in the literature caused by deal D3d
symmetry’s strong distortion for nickel SNPs [198]. The various band positions of different
Raman modes of MgxNi1−xFe2O4 annealed at 900◦C are placed in table 3.5.

An absorption band found in the range of 100-1000 cm−1 usually corresponds to the
NiO phase. Higher annealing temperatures result in small rise in NiO traces. The broad
band around 479 cm−1 for all three samples is attributed to (Fe+3) at site-A and 695 cm−1 to
(Mg2+, Ni2+, Fe3+) at site-B positions respectively [197].

Table 3.5: The variation of different Raman modes of MgNi ferrite SNPs annealed at 900◦C

Assignment Origin of Mode
Raman Modes (cm−1)

(a) 0.1875 (b) 0.4375 (c) 0.8125

T2g(1) The symmetric bending of oxygen
atom with respect to the metal ion in
AO4 unit

207 211 213

Eg Due to the asymmetric bending of oxy-
gen

329 329 329

T2g(2) Due to asymmetric stretching of
(Fe/Ni)O bond

479 481 483

T2g(3) Attributed to the translational move-
ment of the tetrahedron (metal ion at
tetrahedral site together with four oxy-
gen atoms)

554 558 568

A1g Assigned as the symmetric breathing
mode of the AO4 unit with spinel lat-
tice (highest frequency)

702 700 697
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3.3.6 MAGNETIC CHARACTERIZATION

The magnetic properties of MgxNi1−xFe2O4 SNPs were carried out using VSM at room
temperature as shown in figure 3.11. Table 3.6 shows the values of saturation magnetization
(MS ), retentivity (MR), coercivity (Hc), Bohr’s magnetron (µB), squareness ratio (MR/MS )
and anisotropy constant (K).

It is clear from the table 3.6 that the net magnetic moment µB and saturation magnetiza-
tion MS decreases with the increase in Mg2+ ion composition. This decrease is attributed to
the inverse spinel structure of MgNi ferrites. When Mg2+ composition increases, these ions
replace more magnetic Ni2+ ions from site-B of the lattice. As the net dipole moment of the
lattice = m(B)-m(A) , the net dipole moment of the sample decreases [49,170,199,200]. The
Mg2+, Ni2+, and Fe3+ ions have magnetic moment values of 0, 2

√
2 and 6 BM respectively.

The magnetic moment (µB) is determined using equation 2.12 [201].

Figure 3.11: Hysteresis loops of MgNi ferrite SNPs annealed at 900◦C at room temperature (300K)

It is also found that MS first decreases from x = 0.1875 to x = 0.4375 with increasing
Mg2+ composition gradually but drastically decreases beyond x= 0.4375. The drastic de-
crease in the value of MS at x = 0.4375 is attributed to secondary hematite phase effect
[112]. The secondary hematite phase effect on MS is described by the spin canting effect.
The low MS value obtained at x = 0.8125 is due to the anti-ferromagnetic hematite phase,
which is present in significant numbers in this composition with spinel phase. The presence
of hematite phase is confirmed by peaks in XRD spectra denoted by * marks in figure 3.1
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in chapter 3. When anti-ferromagnetic hematite and ferromagnetic spinel phases interact,
dominant spin canting effect occurs which decreases the total magnetic moment. As a result,
the MS value of the material decreases.

Table 3.6: Values of MS , HC , MR, µB, MR/MS and anisotropy constant K of MgNi ferrites
annealed at 900◦C

x(mol.frac.) MS (emu/g) µB (emu/g) MR (emu/g) Hc(Oe) MR /MS K (erg/cm3

0.1875 30.32 1.24 10.80 135 0.3562 4264
0.4375 29.10 1.14 10.11 127 0.3474 3850
0.8125 23.32 0.86 06.65 78 0.2852 1895

The value of coercivity also decreases with increase in Mg2+ composition which may
be attributed to increase in crystallite size. This is because large crystallite size pave less
magnetoresistance to rotate the dipoles in the external applied magnetic field [162]. The
value of MR/MS lies in the range of 0 to 0.5 indicate the magnetostatic interaction between
the prepared nanoparticles. The small values of coercivity of these nanoparticles indicates
that these nanoparticles are near the superparamagnetic limit which is the ideal regime for
several biomedical applications [202]. The equation 2.11 is used to estimate the rising trend
in the magneto crystalline anisotropy energy (K) value of MgNi ferrite [112] and the values
are tabulated in table 3.6.

The above findings show that all prepared powder samples are magnetically soft. Due
to their very good magnetic properties and chemical stability, they are widely used in in-
dustries. Magnetic metal oxide nanoparticles are very important nanomaterials used for the
development of EMI shielding with the mechanism of absorption due to their high EM wave
absorption properties [203,204]. Finally, it can be concluded that both the structural as well
as magnetic properties of inverse spinel ferrite nanoparticle system directly depend upon
compositions of elements at site-B [45].

3.3.7 UV-VIS SPECTROSCOPY

A UV-Vis spectrophotometer (Model: V670 Jasco, International) was used to determine the
UV absorption spectrum of synthesized ferrites.

The optical properties of the magnesium nickel ferrite nanoparticles of MgxNi1−xFe2O4

were studied by UV-Vis spectrophotometer in the wavelength range 200 nm to 800 nm
. Figure 3.12 reveals the absence of absorption band edges in the wavelength range 200
nm to 800 nm indicating that the materials do have very high optical band gap. Thus the
synthesized nano materials are insulators. The electrical properties of ferrite nanoparticles
are indeed related to the variation of their energy band gap. Due to this fact the energy band
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Figure 3.12: UV-Vis spectra of MgNi ferrite SNPs annealed at 900◦C

gap in ferrites is comparable to that of semiconductor materials. Thus ferrite nanoparticles
significantly can be operated at higher temperatures under normal conditions [43, 49, 201,
205, 206].

3.4 CONCLUSION

The XRD results shows that the MgxNi1−xFe2O4 are successfully synthesized via sol-gel
techniques annealed at 900◦C are in nanorange. FESEM results shows that all the synthe-
sized particles have acquired cubical morph logy and all the elements are present during the
synthesis. The TEM studies shows that particles are separated by sharp edges and the parti-
cle sizes in all three composition (measured with InmageJ software) are in good agreement
with the crystallite sizes obtained by XRD analysis. The synthesized particles are of single
phase and nano size . FTIR and Raman studies shows the formation of synthesized particles
as spinel structure. However, XRD spectra of synthesized particle having higher composi-
tions of Mg2+ ions, consists of additional peaks belong to α-hematite phase. Crystallite size
found increased with the increase in Mg2+ ion composition. The saturation magnetization
MS , Retentivity MR and coercivity HC, all found to decrease with the increasing Mg2+ ion
composition. The squareness ratio MR/MS indicates that the synthesized particles are super-
paramagnetic in nature.

46



CHAPTER 4

MgNi FERRITES NANOPARTICLES
SYNTHESIS, STRUCTURAL AND
MAGNETIC STUDIES AT 1100◦C
ANNEALING TEMPERATURE

4.1 INTRODUCTION

There are enormous methods for the synthesis of SNPs [169] viz: solid-state reaction, self-
propagating micro-emulsion, co-precipitation, high-temperature mechano-synthesis, sol-gel
technique, etc. [42,47,50,180,181]. Their properties are also largely determined by the an-
nealing temperature. The average particle size and lattice constant increases [207] at higher
annealing temperature of the material. For all the three synthesized compositions of the
MgxNi1−xFe2O4 (x = 0.1875, 0.4375, & 0.8125), the observed band pattern from the FTIR
confirmed their spinel structure [208,209]. The magnetic behaviour of some ferrite nanopar-
ticles is also observed at different annealing temperature which shows a transition from the
paramagnetic to ferromagnetic region in nanoparticles [43]. The material is synthesized via
acquous sol-gel technique and annealed at 1100◦C in the present study. The obtained pow-
der form of the material annealed at 1100◦C were characterized by XRD, FESEM, HRTEM,
FTIR, Raman, VSM and UV-Vis spectroscopy to obtain the structural, optical and magnetic
properties.

4.2 EXPERIMENTAL DETAILS

4.2.1 SYNTHESIS

The proposed material in the present study i.e. MgxNi1−xFe2O4 (x=0.1875, 0.4375 & 0.8125)
was synthesized via aqueous sol-gel route [26]. The synthesis procedure has already been
discussed in detail in chapter 2 section 2.2.1. The annealing of the material was carried out
at 1100◦C.
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4.2.2 CHARACTERIZATIONS

Using an x-ray diffraction (Panalytical’s X’pert Pro), the structural parameters of the pre-
pared nanoparticles were studied using CuKα radiations of wavelength 1.5402 Å for 10o

to 80o angular range.FESEM, Hitachi SU8010, Japan, and HR-TEM, FP 5022/22-Tecnai
G2 20 S-TWIN, FEI company of USA and Raman Spectroscopy were used to examine the
morphology and topology of the prepared samples. The samples were analysed using FTIR
(Perkin Elmer-Spectrum RX-IFTIR) to validate the spinel structures of nanoparticles and
funtional groups presnt in the SNPs. The magnetic characteristics of the produced ferrites
were assessed using VSM (Lake Shore, Model-7410 Series VSM) at room temperature. UV-
Vis spectroscopy was used to investigate the sample’s optical characteristics. To determine
the atomic structure in the synthesized ferrites, Raman spectroscopy carried out using Lab
RAM HR evolution software.

4.3 RESULTS AND DISCUSSIONS

4.3.1 X-RAY DIFFRACTION

Figure 4.1 shows the XRD spectra of magnesium nickel ferrites MgxNi1−xFe2O4. In these
synthesized materials, the presence of various < hkl> planes verifies the formation of single
phase cubic spinel crystal structure having f d -3 m space group symmetry [42]. The results
are also confirmed by JCPDS card numbers 10-325 and 74-2081 [42, 180, 189].

Various lattice parameters viz: prominent peak intensity, crystallite size D(W−H), lat-
tice spacing (d), lattice parameter (a) and lattice strain (ϵ) of MgxNi1−xFe2O4 annealed at
1100◦C nanoparticles are given in table 4.1. In MgNi ferrite nanoparticles, [Fe3+] ions pre-
fer tetrahedral site-A in the ferrite lattice [189] while Mg2+ and Ni2+ ions have preference
over octahedral site-B [189].

It is observed from the table 4.1 that the lattice parameter (a) and crystallite size (D) of
MgxNi1−xFe2O4 NPs increases with increase in Mg2+ ion composition. The peak intensities
of MgxNi1−xFe2O4 nanoparticles is in the order I0.1875 > I0.4375 > I0.8125. In each sample
the average crystallite (particle) size was calculated by measuring FWHM only of most
significant peaks viz: (220), (311), (400), (511) & (440) 112, 167, 191].

Structural parameters obtained using Scherers formula given in equation 2.1 are shown
in table 4.1 [188]. MgNi ferrite has an inverse spinel structure [167]. In this ferrite the
Mg2+, Ni2+ and Fe3+ ions, occupy octahedral site-B whereas remaining Fe3+ ions occupy
tetrahedral site-A [191]. The particle size (D) of produced nanoparticles increases from 66
nm to 94 nm as Mg2+ ion composition increases. The cation distribution over tetrahedral
site-A and octahedral site-B has been used to explain the variation in D with increasing
Mg2+ ions. The increase in D with Mg2+ ions is attributed to the replacement of smaller
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Figure 4.1: XRD Spectra of MgNi ferrite SNPs annealed at 1100◦C

Ni2+ (ionic radii = 0.69) ions at site-B with bigger Mg2+ (ionic radii = 0.72) ions, resulting
in unit cell size enlargement [191]. Further as the Mg2+ ions composition increases, more
Mg2+ cations replace the Ni2+ cations at site-B and enlarges volume of more number of unit
cells. The impact of variation of Mg2+ ions composition on values of structural parameters
such as lattice spacing (d) [192], lattice parameter (a) [193] are mentioned in table 4.1.
These values are calculated using the equation 2.2 and equation 2.3.

It has been noticed that in all prepared samples, the value of average lattice spacing
(d) and lattice constant (a) rises with Mg 2+ ions concentration [190]. The Stocks-Wilson
equation (2.4) is used to obtain the value of strain (ϵ) present in nanoparticles given in table
4.1 [194]. The strain (ϵ) present in nanoparticles is found to decrease with increase in Mg
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Table 4.1: Prominent peak intensity, particle size (D), lattice spacing (d), lattice parameter (a) and
strain (ϵ) of MgNi ferrite SNPs annealed at 1100◦C

x (Mol.Frac.)

Prominent
peak inten-
sity (a.u.)

particle size
(D) (nm)

lattice
spacing (d)
(Å)

lattice pa-
rameter (a)
(Å)

Strain (ϵ)

(a) 0.1875 7773 66 2.05 8.31 0.00052
(b) 0.4375 7757 91 2.11 8.33 0.00044
(c) 0.8125 7572 94 2.13 8.34 0.00041

2+ ions composition. The particle size D and kind of strain that contained in nanoparticles
are approximated by applying Williamson-Hall (W-H) method using equation 2.5 and the
obtained values are mentioned in table 4.1 [180]. The variation of D, (a) and (ϵ) in MgNi
ferrite SNPs with Mg2+ ions composition is shown in figure 4.2. The W-H plots for three

Figure 4.2: Variation of crystallite size (D), Lattice parameter(a) & strain (ϵ) in MgNi ferrite SNPs
with Mg2+ ions composition

samples of MgxNi1−xFe2O4 are shown in figure 4.3. The crystallite size obtained from W-H
plots (D W−H) are in good agreement to that calculated from Scherers formula. It is also
found that in the W-H plots of all the compositions the slope of the linear fit are positive
confirming the presence of tensile strain in the nanoparticles [180]. The tenstile strain in
these materials cause the expansion of the lattice. In the present study the lattice in all the
three synthesized compositions of MgxNi1−xFe2O4 found to increase with the increase in
Mg2+ ions composition.
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Figure 4.3: W-H plots of MgNi ferrite SNPs annealed at 1100◦C

4.3.2 FESEM-EDX CHARACTERIZATION

Figure 4.4: FESEM micrographs of MgNi ferrite SNPs annealed at 1100◦C and corresponding
histograms

The synthesized samples were also characterized for FESEM to study their morphology
and elemental analysis. Figure 4.4 shows the FESEM micrographs of MgxNi1−xFe2O4 and
their corresponding histograms to statistically estimate the size of particles. From the FE-
SEM results, it is observed that the particle sizes are found in nano meter range.
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Table 4.2: Elemental atomic percentage of MgNi ferrite SNPs annealed at 1100◦C

Composition (x) (mol. frac.) O (At. %) Fe (At. %) Ni (At. %) Mg (At. %)
0.1875 38.3 43.36 16.7 1.65
0.4375 43.71 22.36 6.05 4.72
0.8125 46.46 53.1 0.26 0.18

The magnetic nature of nanoparticles causes agglomeration in samples. EDX is carried
out for stoichiometry analysis of prepared samples. Figure 4.5 shows the EDX spectra of
Mg0.1875Ni0.8125Fe2O4 and table 4.2 shows the atomic percentages of elements in the pre-
pared nanoparticles. The results confirmed exactly that the elements in all the prepared
samples are in stoichiometric ratio. The size of nano particles of the samples obtained from
XRD analysis are verified from the particle size obtained from histogram created from FE-
SEM micrograph by using Image J software. The EDAX analysis is carried out for all

Figure 4.5: EDX spectra and corresponding elemental analysis of MgNi ferrite SNPs annealed at
1100◦C

the three compositions of MgxNi1−xFe2O4 and are presented in the figure 4.6. From the
micrographs, it is observed that all the synthesized compositions have elements under con-
sideration with no impurities mark.

Figure 4.5 (a) (i) gives the micrographs of Mg0.1875Ni0.8125Fe2O4 characterized for EDAX
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Figure 4.6: EDX spectra and corresponding elemental mapping of MgNi ferrite SNPs annealed at
1100◦C

analysis, a(ii) gives the elements present in the sample, a(iii) is the micrographs representing
the composition of magnesium, a(iv) is the micrographs representing the composition of
oxygen, a(v) is the micrographs representing the composition of nickel and a(vi) is the
micrographs representing the composition of iron in the synthesized sample.

4.3.3 HRTEM

Figure 4.7: HRTEM spectra of MgNi ferrite SNPs annealed at 1100◦C and corresponding
histograms

To obtain the particle size, lattice spacing and morphology of the synthesized samples of
MgxNi1−xFe2O4 annealed at 1100◦C ferrites were characterized by HRTEM. The HRTEM
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micrographs and corresponding histograms of the MgxNi1−xFe2O4 are presented in figure
4.7. It is clearly seen from the micrographs that the particles are homogeneously distributed
and are separated with sharp edges. The micrographs for all the three compositions shows
some agglomeration in nanoparticles which are attributed to their respective magnetic nature
[43]. The micrographs also confirm the nano size of the synthesized particles.

Figure 4.8: HRTEM image of MgNi ferrite SNPs annealed at 1100◦C, (a1) Lattice planes in SAED
pattern and (a2) lattice spacing from HRTEM image

Table 4.3: lattice spacing values measured from HRTEM image of MgNi ferrite SNPs annealed at
1100◦C

Ring
lattice spacing (dhkl) Calcu-
lated from SAED TEM Im-
age

lattice spacing (dhkl) Calcu-
lated from (W-H) XRD anal-
ysis

Plane < h k l >

R1 2.769 2.937 220
R2 2.518 2.535 311
R3 1.832 2.078 400
R4 1.637 1.697 422
R5 1.494 1.6 511
R6 1.388 1.47 440
R7 1.288 1.315 640
R8 1.192 1.268 533

The particles are observed as the uniform grains visible in these HRTEM micrographs
without any impurity. Moreover, this further confirms their crystalline structure which are
in great agreement with the results of the XRD studies [43]. The size of particles obtained
from HRTEM images are also in agreement with that obtained from FESEM and as well
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as the data obtained from W-H/XRD analysis. The values of lattice spacing related to each
ring was measured with ImageJ software and are mentioned in the table 4.3 along with the
lattice spacing values obtained from XRD analysis corresponding to each plane for the same
sample.

Figure 4.9: Identification of rings and lattice spacing measurement of MgNi ferrite SNPs annealed
at 1100◦C

For Mg0.1875Ni0.8125Fe2O4 samples, diffraction patterns of <220>, <311>, <400>, <422>,
<511>, <440>, <620> and <533> planes were observed by selected area electron diffraction
(SAED) and presented in figure 4.9. It is observed from the table 4.3 that lattice spacing
values measured from TEM images strongly agrees with the values obtained from XRD
analysis. The lattice spacing of the synthesized materials was also investigated with HR-
TEM analysis given in figure 4.8. The measured lattice spacing was 2.54 nm for <311>
plane which provides further confirmation from SAED analysis.

4.3.4 FTIR SPECTROSCOPY

FTIR plots of MgxNi1−xFe2O4 annealed at 1100◦C are shown in figure 4.10. It shows that
very first two bands 431-438 cm−1 and 579-687 cm−1 correspond to the octahedral and
the tetrahedral sites respectively. Further it also confirms the formation of single phase
cubic spinel nanoparticles. Variations in the cation-oxygen (A-O) bond lengths can cause
variations in the band positions of MgNi ferrite [172, 209]. Ferrites include four metal-
oxide ions (MO4). Three of the linkages are octahedral oxide bonds (o-O), while fourth is a
tetrahedral oxide link (τ-O). The three oxide ions will vibrate in any direction with consistent
frequencies in this isotropic zone only if there are no tetrahedral connections in the area.
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However, tetrahedral bonds are present and they enhance the frequency of vibrations (ντ)
along the τ-O axis greatly. The frequency of vibration (νo) vary (increase or decrease) only
if bending force constants are perpendicular to the τ-O axis [172] .

Figure 4.10: FTIR plots of MgNi ferrite SNPs annealed at 1100◦C

Further when IR radiation impinge on the ferrite, the τ-O and o-O bonds absorb their
distinctive energy radiations and oscillate. There are two types of oscillations they may
have;
i.) Oscillation along the metal-oxide bond axis;
ii) Oscillation in the M-O bond’s perpendicular direction.

The oxide ions only travel along the τ-O axis when vibrations occur along the M-O axis,
resulting in linear force constants. However, when oxide ions vibrate perpendicularly to the
M-O axis, a bending-like condition occurs, in which the oscillating oxide ion bends the o-O
bond about its mean direction, resulting in bending force constants. The isotropic force field
environments surrounding metal ion complexes at tetrahedral or octahedral sites, (known
as n3 and n4 modes) oscillate as well. These vibration modes (n3) and (n4) were not ob-
served in the current study for any of the three compositions. The first primary band appears
to be splitting in all the three compositions shown in figure 4.10 by the FTIR spectrum.
The presence of Fe2+ ion in ferrites causes John-Teller distortion which causes the split-
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ting [196]. The existence of Mg2+- O 2− complexes may explain the high frequency bands
around the octahedral site-B. The C=O stretching vibration characteristic peak for the ma-
terial MgxNi1−xFe2O4 is located at 1633 cm−1 [195] for all three formulations [42,195,197]
and may be due to the stretching of the O-H bond of water molecules absorbed by nanopar-
ticles. The C-O group vibration modes are characterized by a band about 1027 -1050 cm−1,
while a band representing -CH3 bending around 1383 cm−1 is almost absent [195].

4.3.5 RAMAN SPECTRA

The spinel unit cell comprises 56 atoms, yet the simplest primitive cell requires only 14
atoms. At k = 0, a group theory research predicts 42 vibrational modes in the spinels, 3
acoustic modes and 39 visual modes. In spinel ferrites, only five modes have been reported:
A1g + Eg + 3T2g. The three Raman active T2g modes are T2g (1), T2g (2), and T2g (3) denoting
the lowest Raman shift and T2g(3) denotes the Raman T2g symmetry mode at the highest
wavenumber [198]. Raman spectra of these MgNi ferrite nanoparticles observed in 200-800
cm−1 range is presented in figure 4.11. Table 4.4 shows the characteristic bands observed
in magnesium nickel ferrite samples which are are in good agreement with the FTIR results
and other recorded values from literature [195].

Figure 4.11: Raman plots of MgNi ferrite SNPs annealed at 1100◦C
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In the AB2O4 inverse spinel structure of ferrites, the broad band about 464 - 482 cm−1 for
all three samples is allocated to tetrahedral (Fe3+) at site-A and octahedral (Mg2+, Ni2+, Fe3+)
at site-B respectively [195, 197]. Table 4.4 shows the various Raman modes corresponding
to these three samples.

Table 4.4: The variation of different Raman modes of MgNi ferrite SNPs annealed at 1100◦C

Assignment Origin of Mode
Raman Modes (cm−1)

(a) 0.1875 (b) 0.4375 (c) 0.8125

T2g(1) "The symmetric bending of oxygen atom
with respect to the metal ion in AO4 unit"

208 210 213

Eg "Due to the asymmetric bending of oxy-
gen"

327 329 333

T2g(2) "Due to asymmetric stretching of (Fe/Ni)O
bond"

478 481 482

T2g(3) "Attributed to the translational movement
of the tetrahedron (metal ion at tetrahedral
site together with four oxygen atoms)"

559 561 563

A1g "Assigned as the symmetric breathing
mode of the AO4 unit with spinel lattice
(highest frequency)"

701 699 696

4.3.6 MAGNETIC CHARACTERIZATION

The magnetic properties of MgxNi1−xFe2O4 were investigated using a VSM at room tem-
perature and the hysteresis loops plotted are shown in figure 4.12. Table 4.5 present the
data of the magnetic parameters viz: saturation magnetization (MS ), retentivity (MR), co-
ercivity (HC) and squareness ratio (MR /MS ). The magnetization of spinel ferrite material
is greatly influenced by the super-exchange interaction between magnetic ions at the site-B
and site-A. The spinel system’s net magnetic moment is the difference between the mag-
netic moments of the site-B and site-A [210]. The Mg2+, Ni2+and Fe3+ ions have standard
magnetic moment values of 0BM, 2

√
2BM and 6 BM respectively. The obtained value of

MS and the magnetic moment (µB) were calculated for MgxNi1−xFe2O4 using equation 2.12
and are shown in table 4.5 [211].

It is found that MS , MR and HC all decreased with the increase in Mg2+ ions compo-
sition [170, 199]. When Mg2+ ions composition increases, these non-magnetic Mg2+ ions
replace magnetic Ni2+ ions from the site-B thereby decreasing the magnetic moment of site-
B. Hence, the net magnetic moment of the crystallite decreases. The decrease in value of
HC with increase in Mg2+ ions composition is attributed to increase in particle size. This
is because, large particle size pave less resistance to demagnetize a particle which is called
coercivity [162]. It is also clear from the table 4.5 that the value of ratio of MR to Ms

lies in the range of 0 to 0.5 indicating the magneto static interaction between the prepared
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Figure 4.12: Hysteresis loops of MgNi ferrite SNPs annealed at 1100◦C at room temperature
(300K)

Table 4.5: Values of MS , HC , MR, µB, MR/MS and anisotropy constant K of MgNi ferrites
annealed at 1100◦C

x(mol.frac.) MS (emu/g) µB (emu/g) MR (emu/g) Hc(Oe) MR /MS K (erg/cm3

0.1875 28.45 1.16 9.91 115 0.3483 3408
0.4375 27.41 1.08 9.45 110 0.3448 3141
0.8125 27.22 0.01 9.33 1.01 0.3428 2977

nanoparticles. Moreover, these particles also exhibit superparamagntic nature. The decrease
in magneto crystalline anisotropy energy (K) value with increase in Mg2+ ions composition
is again attributed to increase in particle size. This is because large paricle size pave less
magnetocrystalline anisotropy. The value of K is obtained using relation 2.11 [112,212] and
is also presented in table 4.5.

Thus the afore mentioned data reveal that all synthesized powder samples are magneti-
cally soft, with the high saturation magnetization value. Finally it is suggested that synthe-
sized nanoparticles could be used as an EMI shielding material [196].
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4.3.7 UV-VIS SPECTROSCOPY

Figure 4.13: The UV-Vis plots for MgNi ferrite SNPs annealed at 1100◦C

The optical properties of the magnesium nickel ferrite nanoparticles of MgxNi1−xFe2O4,
x= (a) 0.1875-0, (b) 0.4375 and (c) 0.8125 nanoparticles synthesized by sol-gel method were
studied by UV-Vis spectrophotometer (Model: V670 Jasco, International) in the wavelength
range 200 nm to 800 nm. Figure 4.13 reveals the absence of absorption band edges in the
wavelength range 200 nm to 800 nm confirming the synthesized materials do have very
high optical band gap. Thus the synthesized nano materials are insulators. The electrical
properties of ferrite nanoparticles are indeed related to the variation of their energy band gap.
As a result, the band gap is a critical parameter in determining the electrical conductivity
of materials. Due to the fact that the energy band gap in ferrites is compared to that of
semiconductor materials, enable them significantly operate at higher temperatures under
normal conditions [205].

4.4 CONCLUSION

This study demonstrated the structural, morphological, optical and magnetic properties of
MgxNi1−xFe2O4 with x = (a) 0.1875, (b) 0.4375 and (c) 0.8125 synthesized via the sol-gel
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route and annealed at 1100◦C. XRD analysis revealed that all three samples have a spinel
cubic structure with single phase. The secondary hematite phase (α-Fe2O3) is found absent
for all the samples. Since Mg2+ ions have greater ionic radii than Ni2+ ions, the particle
size (D) increases with Mg2+ ion composition. The presence of tensile strain in all prepared
nanoparticles is indicated by the positive slope of linear W-H plots. FESEM was used to
investigate how Mg2+ increases the crystalline of prepared samples. All elements present in
the samples investigated by FESEM and EDAX. The samples were found to be in stoichio-
metric ratio, according to an EDX analysis. The HRTEM analysis reveals that these SNPs
are in nano-metre range and have spinel cubic structure. The lattice plane and d-pacing
acquired from TEM images, as well as SAED patterns, are quite close to the values ob-
tained from XRD analysis. According to VSM analysis, the saturation magnetization (MS )
decreases with Mg2+ ion composition. The VSM results shows that the synthesized mate-
rials are soft magnetic materials and exhibit superparamagnetic nature. The experimentally
obtained findings are in strong agreement with the theoretically determined structural and
magnetic parameters from proposed cations distribution models. Thus these materials may
be beneficial in EMI shielding due to their single phase spinel cubic structure and higher
saturation magnetization (MS ).
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CHAPTER 5

COMPARISION OF STRUCTURAL,
MAGNETIC AND ELASTIC

PROPERTIES OF MgNi FERRITE
NANOPARTICLES ANNEALED AT
900◦C & 1100◦C TEMPERATURES

5.1 INTRODUCTION

The demand of technologically advanced SNPs is growing very fast. This demand paved
the large market opportunity in all parts of the world in various fields such as magnetic
storage devices, recording media, telecasting, telecommunication and many more [208].
These SNPs provide their outstanding electrical, magnetic, optical and catalytic properties
in medical and other industries. Industry sector has the option to develop the product with
these SNPs by altering their characteristic properties such as magnetic, optical and electrical
[213]. Researches have shown that these goals are often achieved by altering the crucial fac-
tors like size of the ferrite particles, cation distribution of metal ions and the temperature of
the manufacturing process or annealing [214]. The other major benefits of synthesizing these
ferrites at different annealing temperature is to develop the SNPs for application in devices
operating at higher temperature essentially required to know their elastic properties and sta-
bility at different temperatures. The density of states and band structure of these synthesized
nanoparticles annealed at two different temperatures can be investigated using first princi-
pal calculations to have energetically more favorable material [36]. MgxNi1−xFe2O4 were
synthesized via sol-gel route and annealed at two different temperatures 900◦C and 1100◦C
respectively. Therefore, in the present chapter a comparative study of various parameters of
these SNPs like structural, magnetic and elastic properties were estimated. Various analysis
were carried out like morphological, structural and functional, elastic parameters viz: elastic
velocity, elastic constants and their compliances, Young’s modulus, shear modulus, Bulk’s
modulus, Poisson’s ratio and Debye temperature. Various models were implemented such
as Uniform Deformation Model (UDM), Uniform Stress Deformation Model (USDM) and
Uniform Energy Deformation Model (UEDM) to estimate and address various parameters.
Moreover, on the basis of detailed comparative interpretation for the prepared magnetic
nanoferrites, magnetic properties such as magnetic saturation, remanant field, coercivity,

63



Chapter 5: Comparative Study of MgNiFO annealed at 900◦C & 1100◦C

magnetic moment, squareness ratio, anisotropy constant, susceptibility [24, 54] and other
allied parameters were studied.

5.2 EXPERIMENTAL DETAILS

5.2.1 SYNTHESIS

The proposed material in the present study i.e. MgxNi1−xFe2O4 was synthesized via aque-
ous sol-gel route [26]. The synthesized SNPs were annealed at two different temperatures
i.e. 900◦C and 1100◦C. The synthesis procedure of these nanoparticles has already been
discussed in chapter 3, section 3.2.1 for the material annealed at 900◦C and section 4.2.1 at
1100◦C [167].

5.2.2 CHARACTERIZATION

Both the sets of prepared nano materials are subjected to the similar characterizations to
sudy the structural, morphological, optical and magnetic properties already been discussed
in section 3.2.2 of chapter 3 for the NPs annealed at 900◦C and in section 4.2.2 of chapter 4
for the material annealed at 1100◦C.

5.3 RESULTS AND DISCUSSIONS

5.3.1 X-RAY DIFFRACTION ANALYSIS

The XRD patterns of MgxNi1−xFe2O4 nanoparticles annealed at 900◦C is presented in figure
3.1 and for the materials annealed at 1100◦C is presented in figure 4.1. The nanostruc-
ture formation of the prepared samples annealed at 900◦C and 1100◦C have been verified
with the standard data of magnesium doped nickel ferrite [19] JCPDS data card No. 10-
325, 86-2267 and 74-2081 [20]. It has been revealed from the XRD patterns that the syn-
thesized Mg-Ni-Ferrite nanoparticles contains no impurity peaks, as found earlier in the
similar material synthesized through solid state route [23]. The values of 2θ, normalized
peak value, FWHM (β), crystallite size from Scherer’s formula (D), lattice spacing (d), lat-
tice plane <hkl>, lattice parameter (a) and lattice strainn (ϵ) for all three compositions of
MgxNi1−xFe2O4 nanoparticles annealed at 900◦C and 1100◦C are shown in table 5.1.

The lattice parameter (a) is found in the range of 8.31 Å to 8.34 Å for the SNPs annealed
at 900◦C whereas it varies from 8.32 Å to 8.34 Å for SNPs annealed at 1100◦C which are
in line with the previously obtained results for the similar composition annealed at 500◦C
[182]. The disparity in lattice parameter values is due to difference in annealing temperature.
The crystal structural parametric values viz: most abundant peak intensity, crystallite size
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Table 5.1: The values of 2θ, normalized peak values, (FWHM) (β), crytallite size (D), lattice
spacing (d), lattice plane <hkl>, lattice parameter (a) and lattice strainn (ϵ) of MgNi ferrite SNPs

annealed at 900◦C and 1100◦C
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Chapter 5: Comparative Study of MgNiFO annealed at 900◦C & 1100◦C

(calculated from W-H analysis), crystal lattice spacing (d), lattice constant (a) and strain
(ϵRMS ) are listed in table 3.1 for all the three compositions of MgxNi1−xFe2O4.

Table 5.2: Important parameters of MgNi ferrite SNPs obtained using Rietveld refinement analysis

Annealing temperature of 900◦C Annealing temperature of 1100◦C

Sample Lattice
parame-
ter (a) Å

Cell
volume
(a3)Å3

RB RF χ2 Lattice
parame-
ter (a) Å

Cell
volume
(a3)Å3

RB RF χ2

(a) 8.3267 577.32 2.57 1.68 1.20 8.3215 576.24 6.46 2.30 2.84
(b) 8.3364 579.34 2.49 1.90 1.33 8.3086 573.57 6.31 2.18 2.72
(c) 8.3436 580.85 6.07 1.70 1.35 8.3412 580.34 6.21 2.21 2.83

The XRD data of all the three compositions of MgxNi1−xFe2O4 (SNPs) have been refined
for Rietveld refinement using Fullprof suit software and presented in figure 5.1.

In these synthesized ferrites, the lattice parameter (a) determined through Rietveld re-
finement corresponds well with the values calculated from XRD. For all spinel cubic ferrites
with the space group of Fd-3m, the experimental data is well matched with the revised data
points. For all of the samples, the goodness of fit (GOF) value was found to be very close to
1, indicating good fitting of data points [215]. The presence of any form of contaminant in
the produced nanostructures was ruled out by Rietveld refinement analysis. The value of χ2

in the Rietveld data is observed close to 1 further indicates the excellent fit with the exper-
imental data. The results of the Rietveld refinement analysis are shown in table 5.2. After
fitting, all of the results lead to the synthesis of defect-free ferrite nanoparticles [112, 167].
The comparative values of structural parameters for Mg0.1875Ni0.8125Fe2O4 SNPs annealed
at (a) 900◦C and (b) 1100◦C obtained from X-Ray Diffraction and Rietveld refinement are
mentioned in table 5.3.

The particle sizes of prepared SNPs as calculated from the most prominent peak (311)
for MgxNi1−xFe2O4 annealed at 900◦C ranges from 35 nm to 61 nm (table 3.1 ) and 66 nm
to 94 nm for the same material annealed at 1100◦C (table 4.1 ) confirms the nano range of
prepared SNPs. The size of synthesized nanoparticles was found to be increased when an-
nealed at 1100◦C as compared to particles annealed at 900◦C, may be attributed for increase
in the values of lattice parameter and lattice spacing when the same material precursor an-
nealed at higher temperature 1100◦C. The value of ϵRMS for nanoparticles annealed at 900◦C
and 1100◦ C are 12.9×10−04 to 5.2×10−04 respectively indicating that the atoms have more
access to fit in their most preferable position in the lattice during the nucleation process and
have less value of strain. The value of strain may be positive or negative [25]. Compressive
stress causes negative strain, while tensile tension causes positive strain. The strain discov-
ered in this investigation is positive and is termed as tensile strain responsible for lattice
expansion.
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Chapter 5: Comparative Study of MgNiFO annealed at 900◦C & 1100◦C

Figure 5.1: Reitveld ftted XRD profles of MgNi ferrite SNPs annealed at 900◦C and at 1100◦C

This hypothesis is supported by the findings in investigations of the current research.
Furthermore, several essential structural characteristics may be computed using XRD results
[26] of noncrystalline Mg-Ni- ferrite annealed at 900◦C and 1100◦C using the equation 2.1
- equation 2.9 described in chapter 2.

The crystal structure of the ferrite nano material Mg0.8125Ni0.1875Fe2O4 annealed at 1100
◦C is drawn with the help of "vesta" software using Rietveld refinement data is presented in
figure 5.2.

The theoretical x-ray density (ρx) was estimated using equation 2.6 the bulk density
(ρ) was determined using equation 2.7 and the pore fraction (f) was calculated using equa-
tion2.8. The values of these parameters are mentioned in the table 5.4 for both the sets of
annealed samples. The results are quite similar to those obtained at an annealing tempera-
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Chapter 5: Comparative Study of MgNiFO annealed at 900◦C & 1100◦C

Table 5.3: Structural parameters of MgNi ferrite SNPs annealed at 900◦C and 1100◦C obtained
from XRD and Rietveld refinement

Annealing Temp. 900oC 1100oC

Sample (a) 0.1875 (b) 0.4375 (c) 0.8125 (a) 0.1875 (b) 0.4375 (c) 0.8125
XRD Rietveld XRD Rietveld XRD Rietveld XRD Rietveld XRD Rietveld XRD Rietveld

Lattice Parameter
(Å)

8.31 8.32 8.33 8.34 8.34 8.34 8.32 8.32 8.33 8.34 8.34 8.34

Unit Cell Volume
(Å3)

574 578 578 580 580 580 576 576 578 580 580 580

Crystallite Size D
(nm)

35 - 48 - 61 - 66 - 91 - 94 -

Specific Area (S)
m2/g

32.49 - 24.71 - 20.81 - 17.29 - 12.6 - 11.58 -

Disloc Density (d)
x1016 lines/m2

21.9 - 14.2 - 9.81 - 4.58 - 2.81 - 2.53 -

ath 8.35 8.35 8.35 8.36 8.37 8.37 8.35 8.35 8.35 8.36 8.37 8.37
aExp 8.31 8.32 8.33 8.34 8.34 8.34 8.32 8.32 8.33 8.34 8.34 8.34
ulit 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.38 0.375 0.375 0.375
uTh 0.3794 0.3794 0.3792 0.3792 0.379 0.379 0.379 0.3794 0.38 0.3795 0.379 0.379
uexp 0.3799 0.3798 0.3796 0.3795 0.3795 0.3795 0.38 0.3797 0.38 0.3795 0.3795 0.3794

0.0044 0.0044 0.0042 0.0042 0.004 0.004 0.004 0.0044 0 0.0045 0.004 0.004
dAL 1.8697 1.8705 1.8699 1.8707 1.8707 1.8707 1.878 1.8694 1.87 1.8704 1.8707 1.8695
dBL 2.0376 2.0408 2.0449 2.0482 2.0482 2.0482 2.047 2.042 2.05 2.0478 2.0559 2.0493
dAES 3.0532 3.0545 3.0535 3.0548 3.0548 3.0548 3.054 3.0527 3.05 3.0543 3.0548 3.0529
dBES 2.8229 2.8286 2.8367 2.8425 2.8425 2.8425 2.823 2.8315 2.83 2.842 2.8425 2.8453
dBEU 2.9392 2.9426 2.9461 2.9496 2.9608 2.9496 2.952 2.9431 2.96 2.9491 2.9608 2.95
LA 3.5983 3.6027 3.607 3.6113 3.6113 3.6113 3.599 3.6033 3.61 3.6107 3.6113 3.6118
LB 2.938 2.9416 2.9451 2.9486 2.9486 2.9486 2.939 2.9421 2.94 2.9481 2.9486 2.9491

Figure 5.2: Crystal structure of Mg0.8125Ni0.1875Fe2O4 annealed at 1100◦C

ture of 800 ◦C for a similar composition [28].

The Archemedes principle was used to calculate the bulk density. The values of bulk
density (ρ) for noncrystalline MgxNi1−xFe2O4 powder at 1100◦C annealing temperatures is
higher in contrast to material annealed at 900◦C. Due to a more systematic arrangement of
atoms in the sample, the higher density of the sample at annealing temperature 1100 ◦C
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Table 5.4: Values of X-ray density, bulk density and porosity of MgNi ferrite SNPs annealed at
900◦C and 1100◦C

900 ◦C 1100 ◦C
x
(Mol.
frac.)

X-Ray
Density
(ρx) Kg/m3

Bulk Den-
sity (ρ)
Kg/m3

Porosity
(P)

X-Ray
Density
(ρx) Kg/m3

Bulk Den-
sity (ρ)
Kg/m3

Porosity
(P)

0.1875 5268 4730 0.1021 5268 4920 0.0661
0.3125 5161 3740 0.2753 5260 4800 0.0875
0.4375 5074 3590 0.2925 5273 4610 0.1257
0.5625 4912 3290 0.3302 5207 4510 0.1339
0.1875 4783 3175 0.3362 5174 4370 0.1554
0.8125 4746 3080 0.351 5174 3680 0.2888

accounts for the higher degree of crystalline of the material [167]. These values are compa-
rable to those obtained from a similar nanocrystalline ferrite powder synthesized via similar
method. [26, 28]. The pore fraction values are high along with different bulk density values
when compared to similar material synthesized using a different process [28]. Equation 2.9
- 2.10 are used to calculate the dislocation density (δ) and specific surface area (S) of spinel
ferrites. The obtained values are mentioned in table 5.5.

The X-ray density and bulk density of the SNPs are also found to decrease with increas-
ing Mg2+ ions composition for the samples annealed at 900◦C and 1100◦C as seen in table
5.4. This decrease in density is may be due to the large size of Mg2+ ions replacing the Ni2+

ions from site-B of crystal lattice. In the present study the observed experimental results
agrees with theoretical concept.

The dislocation density (δ) for SNP’s MgxNi1−xFe2O4 material is calculated using equa-
tion 2.9 for the materials annealed at 900◦C and 1100◦C and found to be 1.8 x 1014 and 9.2
x 1013 dislocation lines /m2 respectively.

In comparison to other ferrites, these values of dislocation densities are very low [26,
29, 30] which shows that MgxNi1−xFe2O4 SNPs synthesized via sol-gel method have good
degree of crystallanity. The data also show that the degree of crystallanity rises when syn-
thesized at higher annealing temperatures, since dislocation density is lower in material
annealed at 1100◦C compared to 900◦C.

The equation 2.10 was used to calculate specific surface area. The values of specific
surface area and dislocation density for nanocrystalline MgxNi1−xFe2O4 are given in table
5.5 which is attributed to increase in particle size with increasing Mg2+ ion composition.

The table 5.1 shows the values of 2θ, β, particle size (D), lattice spacing (d) and lattice
parameter a. However, the lattice parameter is found to be increasing with increasing Mg2+

ions attributed to large size of Mg2+ ions replacing comparatively smaller size Ni2+ ios from
site-B of the ferrite lattice. Also lattice parameter and particle size increases with increase
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in annealing temperature [167].

Table 5.5: Dislocation density & specific surface area of MgNi ferrite SNPs annealed at 900◦C &
1100◦C

900◦C 1100◦C

Sample Dislocation Den-
sity (δ) (×1013)
lines/m2

Specific
Surface Area
m2/g

Dislocation Den-
sity (δ) (×1014)
lines/m2

Specific
Surface Area
m2/g

(a) 2.33 32.39 1.55 17.23
(b) 2.99 24.73 0.26 12.96
(c) 5.18 20.88 1.98 12.31

5.3.2 CATION DISTRIBUTION

In MgxNi1−xFe2O4, Magnesium (Mg) and Nickel (Ni) are non-transitional and transitional
metals respectively [31–33]. The Mg2+ ions has strong tendency to occupy the octahedral
site-B. Since Ni2+ ions have d8 electronic configuration and has large value of legand field
stabilization energy (LFSE) for octahedral site-B, they also occupy octahedral site-B [38,
66, 216]. Fe3+ ions are pushed from the octahedral site-B to the tetrahedral site-A by both
the Mg2+ and Ni2+ ions . However, Fe3+ ions with a d5 electronic configuration can occupy
any lattice site [33, 34, 38, 39]. Therefore, Fe3+ ions occupied both octahedral site-B and
tetrahedral site-A. As a result, the examined material should have the inverse spinel structure
[31, 38, 40]. Equation 2.14 presents the cation distribution for this material. The theoretical
values of ionic radii of tetrahedral site-A and octahedral site-B have been derived using the
equation 2.15 & equation 2.16.

At octahedral site-B, the value of r (Ni2+) of Ni2+ ions is 0.69Å, r (Mg2+) is 0.72Å, ionic
radii r (Fe3+) at tetrahedral site-A is 0.49Å and Fe3+ ions have ionic radii r(Fe3+) at octahedral
site-A is 0.67Å. The ionic radii of the oxygen ion O2− have been taken as 0.138Å[169,180].

5.3.3 MICROSTRUCTURAL PARAMETERS

The detailed study of the structural information has been carried out by obtaining the mi-
crostructural parameters. The combined impact of crystallite size (βD) and crystallite strain
(βϵ) that causes the broadening of the XRD peaks is investigated to estimate the average
crystallite size using Scherer’s method, given by equation 2.20 and equation 2.21.The aver-
age crystallite size (D) is calculated by linear fitting of the Williamson-Hall plot using the
relation 2.23 for MgxNi1−xFe2O4 ferrite nanoparticles annealed at 900◦C & 1100◦C respec-
tively.
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Williamson-Hall plots of the corresponding structures are shown in figure 5.3.

Figure 5.3: W-H plots of MgNi ferrite SNPs annealed at 900◦C & 1100◦C in UDM

From the figure 5.3 of W-H plots of MgNi ferrites nanoparticles the slope of the plots for
both the samples was found to be positive indicating that during the annealing, the material
is under the tensile strains which controls the crystallite size. The tensile strain of the ferrite
particle annealed a 1100◦C is greater than for the same composition annealed at 900◦C
(mentioned in the table 5.1).

5.3.4 RAMAN SPECTROSCOPY

Raman spectroscopy is a sensitive tool for observing the structural insight of material by
investigating the phonon vibration of crystallite solids [217]. In the present study, Raman
spectra is obtained for MgNi ferrites for all compositions synthesized at 900◦C and 1100◦C.
Raman spectra of these MgNi ferrites is recorded in the range of 100 cm−1 - 800 cm−1 and
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are presented in figure 3.10. Tables 3.5 and 4.4 show the characteristic bands observed for
ferrite samples annealed at 900◦C and 1100◦C respectively, which are in good agreement
with the published values [44,45,53, 218].

Table 5.6: Values of different Raman modes in MgNi ferrite SNPs annealed at 900◦C and 1100◦C

Raman Modes (cm−1)
Annealing Temp. 900◦C 1100◦C

Assignment Origin of Mode (a) (b) (c) (a) (b) (c)

A1g Symmetric stretch of Oxygen atoms
along Fe-O bonds

702 700 697 701 699 696

T2g(1) The symmetric bending of oxygen
atom with respect to the metal ion in
AO4 unit

207 211 213 208 210 213

Eg Due to the asymmetric bending of
oxygen

329 330 233 327 329 333

T2g(2) Due to asymmetric stretching of
(Fe/Ni/Mg)–O bond

479 481 483 478 481 482

T2g(3) Attributed to the translational move-
ment of the tetrahedron (metal ion at
tetrahedral site-B together with four
oxygen atoms)

554 558 568 559 561 563

On comparison, it is clear from the table 5.6 that both the synthesized nano particles
exhibit tetrahedral and octahedral bands hence got spinel structure. Also the observed bands
in case of samples annealed at 1100◦C suffers a blue shift as compared to the bands observed
in case of samples prepared by 900◦C annealing temperature. This may be attributed to more
ordered structure of these ferrites at higher annealing temperature.

5.3.5 FTIR SPECTROSCOPY

The FTIR plots of MgNi ferrite SNPs are presented in figure 3.9 and figure 4.10 respectively.
For material synthesized at two different annealing temperature, the various observed band
positions are given in table 5.7 [15]. The band positions of various functional groups viz:

presence of of C-O bond is observed at around 1045 cm−1, -CH3 bending is observed at
around 1384 cm−1 for the material annealed at 900◦C. However, this band is absent in the
material when annealed at 1100◦C and presence of C=O is observed at around 3430 cm−1

[15]. The tetrahedral band is around 583-568 cm−1 and 579-587 cm−1 for materials annealed
at 900◦C & 1100◦C respectively. The octahedral band positions are found around 428-535
cm−1 and 431-438 cm−1 for materials annealed at 900◦C & 1100◦C respectively. The cations
in MgNi ferrite are Fe3+ at tetrahedral site-A and Mg2+, Ni2+, Fe3+at octahedral site-B.
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Table 5.7: Various FTIR band positions of MgNi ferrite SNPs annealed at 900◦C and 1100◦C

Band Position (cm−1)
Annealing Temperature 900◦C 1100◦C

S.No. Assignment (a)
0.1875

(b)
0.4375

(c)
0.8125

(a)
0.1875

(b)
0.4375

(c)
0.8125

1 Fe-O bond (Octahedral
band)

428 432 435 431 436 438

2 Mg/Ni/Fe-O bond (Tetrahe-
dral band)

583 578 568 587 583 579

3 Presence of C-O bond 1043 1050 1055 1045 1048 1050
4 -CH3 bending 1383 1383 1384 - - -
5 Presence of C=O bond 1633 1633 1635 1642 1642 1642
6 -OH bond (Presence of wa-

ter molecule)
3430 3430 3430 3427 3427 3427

Table 5.8: Elastic parameters from FTIR spectroscopy of MgNi ferrite SNPs annealed at 900◦C &
1100◦C

Annealing Temperature 900◦C 1100◦C

Composition (x) 0.1875 0.4375 0.8125 0.1875 0.4375 0.8125

Tetra. band position ν1 ×102 (m−1) 583 578 568 587 583 579

Octa. band position ν2 ×102 (m−1) 428 432 435 431 436 438

Tetra. force constant kτ ×102 (Nm−1) 249 245 237 253 249 246

Octa. force constant ko×102 (Nm−1) 151 151 151 153 155 152

Avg. force constant kavg×102 (Nm−1) 200 198 194 203 202 199

Long. Elastic wave velocity vL (ms−1) 6752 6865 6708 6807 6787 6767

Trans. Elastic wave velocity vT (ms−1)) 4085 6218 7715 3867 4334 6129

Mean Elastic wave velocity vm (ms−1) 4515 6406 7448 4299 4763 6315

Mean atomic volume vA ×10−6 (m3 ) 6.18 6.18 6.21 6.19 5.94 5.65

Bulk modulus B (Gpa) 146 125 119 151 144 127

Rigidity modulus R (GPa) 71 84 85 70 74 84

Youngs modulus Y (GPa) 184 206 206 181 190 206

Poisson ratio 0.29 0.23 0.21 0.3 0.28 0.23

Debye temp. D (K) 463 462 459 466 466 466
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From table 5.7 it is observed that tetrahedral band position show blue shift with in-
creasing Mg2+ composition and annealing temperature whereas octahedral band position
shows a red shift. With increasing Mg2+ composition, lattice parameter and particle size
also increases which signifies that tetrahedral and octahedral bond lengths increase. Also the
reduced mass of ions decreases at octahedral site-B. The band position is inversely propor-
tional to bond length and reduce mass of ions at site-A. In the present case MgxNi1−xFe2O4

has inverse spinel structure therefore, increase in Mg2+ ions only decrease the reduce mass
of site-B, because lighter Mg2+ ions replacing heavier Ni2+ ions at site-B. Therefore, it may
be concluded that

1. In case of tetrahedral site-A, due to increase in τ-O bond length, band position shifts
towards lower wave number i.e. blue shift.

2. In case of octahedral site-B, due to increase in o-O bond length, band position shifts
towards lower wave number (blue shift) and due to decrease in reduced mass, band
position shift towards higher wave number side i.e. (red shift). Here the later shift
dominates the former resulting to net red shift in the band position .

Using the values of band positions from table 5.7 the values of the force constants Kτ and Ko

are computed using equation 2.27 & 2.28 for all the three compositions of MgxNi1−xFe2O4

and are placed in table 5.8. It has been discovered that the value of Kτ is higher than the
value of Ko. This is because the ionic radii of ions at tetrahedral site-A is less than that at
octahedral site-B which means that the tetrahedral bond length is less than octahedral bond
length and force constant is inversely proportional to the bond length.

Figure 5.4: Values of tetrahedral and octahedral frequencies of MgNiFO annealed at 900◦C and
1100◦C at different compositions of Mg2+ ions

The variation in the values of force constants may be explained analogous to that ex-
plained in case of shift in tetrahedral and octahedral frequencies. [39]. The variation of
tetrahedral and octahedral band positions with Mg2+ ions of ferrite SNPs annealed at 900◦C
and 1100◦C temperatures are shown in figure 5.4.
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5.3.6 MAGNETIC MEASUREMENT

At room temperature, magnetic measurements of MgNi ferrite nanoparticles were recorded
using VSM. The hysteresis loops plotted from the VSM data of these samples are shown
in figure 3.11 for materials annealed at 900

◦
C and in figure 4.3 for the material annealed at

1100
◦
C respectively. The values of various magnetic parameters viz: saturation magnetiza-

tion (MS ), remanence magnetization (MR), coercivity (Hc) for the material are tabulated in
table 5.9.

Table 5.9: Magnetic parameters of MgNi ferrite SNPs annealed at 900◦C and 1100◦C

Annealing Temp. 900◦C 1100◦C
Mg2+ ion Compo.

(x)

MS

(emu/g)

MR

(emu/g)

HC

(Oe)

MS

(emu/g)

MR

(emu/g)

Hc

(Oe)

0.1875 28.45 9.91 115 30.32 10.8 135

0.4375 27.41 9.45 110 29.1 10.11 127

0.8125 27.22 9.33 105 23.32 6.65 78

The magnetic parameters of the synthesized materials are same as typical for spinel fer-
rites [59]. The synthesized SNPs have low value of squareness ratio well below 0.5, low
hysteresis loop area results in low eddy current losses. This indicates that the synthesized
nanoparticles are superparamagnetic (SPM) in nature. The magnetic moment per unit for-
mula unit µB, the value of the anisotropy constant K, MS , HC and MR are calculated by
equations 2.11, 2.12 and 2.13 and are listed in table 3.6.

Figure 5.5: The values of saturation magnetization, coercivity and retentivity of MgNi ferrite SNPs
annealed at 900◦C and 1100◦C

The anisotropy constant (K) value for the samples decreases with increase in Mg2+ com-
position. The decrease in K value is attributed to an increase in grain size with an increase
in Mg2+ ions [167].
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The magneto-crystalline anisotropy energy, which functions as an energy barrier to
change in magnetizing direction, is connected to the anisotropic constant K. On the other
hand, thermal agitation can be used to overcome this barrier. The association between mag-
netic characteristics and cationic distribution could explain the decline in magnetic param-
eters of MgxNi1−xFe2O4 [60, 60]. These findings are consistent with previous research on
the same substance [20,26]. The decrease in values of MS , HC and MR of ferrite SNPs have
already been discussed in chapter 3 section 3.5 and in chapter 4 section 4.5 respectively.

It is pertinent to mention here that the decrease in saturation magnetization, coercivity
and retentivity is abrupt at higher composition of Mg2+ in materials annealed at 900◦C may
be attributed to presence of α-hematite phase. However, no such change is observed in the
materials annealed at 1100◦C because of absence of α-hematite phase.

5.3.7 ELASTIC PROPERTIES

The structural stability of crystal structures and the phase transitions that occurs are related
to the physical quantity known as elasticity. Elasticity is the function of internal energy and
binding forces between the molecules. Because of this, elastic coefficients are playing sig-
nificant role in interpreting structural stability of crystalline materials. A contribution of C11

is required for the uniaxial strain, while for the biaxial strain, both the elastic components
C11 and C12 are needed. However, for the zero diagonal strain tensor, only C44 is needed.
For example, the elastic constants C11, C12 denote elasticity in length and area respectively.
When pressure is applied, the elastic constants grow monotonically, whereas C44 initially
increases and then drops [27]. In general, cubic structures are regarded isotropic, meaning
that elastic constants in three dimensions, namely C11, C12 and C44 where (C11 ∼ C12) do
not contribute to the cubic crystal structure. However, this approximation is only true if the
synthesized particle has a low order or a very small crystallite size. In the present study of
MgxNi1−xFe2O4, both have crystallite sizes ranging from 30 nm to 100 nm. Therefore the
elastic constants C11, C12 and C44 are determined using the equations 2.31, 2.32 & 2.33 and
the values are tabulated in table 5.10 [10, 19, 42, 47, 50].

The elastic moduli of ferrite SNPs are calculated with their respective equations [10,
48, 52] viz: Young’s modulus (Y) by equation (2.38), modulus of rigidity (G) by equation
2.39, Bulk modulus (B) by equation (2.40), poisson’s ratio by equation 2.34 and Debye
temperature by equation 2.47. The obtained values of these parameters are presented in
table 5.8. The variation of Y, B and G with composition of Mg2+ ions in MgxNi1−xFe2O4

SNPs are shown in figure 5.7.
The value of Poisson’s ratio is found to increase with higher Mg2+ composition and also

increase with annealing temperature. This increase is attributed to the materials becoming
more rigid at higher compositions of Mg2+ and higher annealing temperature as well. The
Young’s modulus and shear modulus found to increase with Mg2+ composition. However,
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Figure 5.6: Variation of C11 and C12 with Mg2+ ion Composition in MgNi Ferrite at 900◦C and
1100◦ C

Figure 5.7: Values of Young’s modulus (Y), shear modulus (G) & Bulk’s modulus (B) v/s variation
of MgNi ferrite SNPs annealed at 900◦C and 1100 ◦C

Bulk’s modulus decreases which may be attributed to the fact that volume of the material
increases with Mg2+ composition abruptly. With an increase in annealing temperature, the
bulk density also increases, indicating an increase in the crystallanity. The synthesized
material is mechanically stable if the values of elastic constants obtained for the cubic crystal
satisfies the following condition:

C11 - C12 > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0

In the present study for ferrite SNPs, the above condition holds good for all synthesized
samples. Hence the synthesized materials are elastically stable.

The longitudinal wave velocity (VL ) and transverse wave velocity (Vτ) in MgxNi1−xFe2O4

are estimated by equations 2.41, 2.42 & 2.43 respectively [9, 42]. The mean velocity (Vm)
was estimated with the equation (2.46). The Anderson’s relation [44] given in equation
(2.43) used to find Debye temperature (θD). The value of VA for MgxNi1−xFe2O4 SNPs
annealed at 900

◦
C, is 6.19 × 10−6 m3 whereas it is 6.17×10−6 m3 for sample annealed at

1100◦C. The atomic volume of MgxNi1−xFe2O4 decreases for samples annealed at tempera-
ture of 1100 ◦C as compared to its value for sample annealed at 900 ◦C. Thus crystallanity of
the synthesized material increased when they are annealed at higher temperature. In general,
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as the annealing temperature increases, there occur a decay in the value of force constant
(force constant is inversely proportional to bond length) attributed to increase in the τ-O and
o-O bond lengths.

The W-H plots were linearly fitted using the equation 2.5, assuming that spinel cubic
structure is always isotropic, i.e., elastic strain produced in the crystallite is same in all direc-
tion of the crystallite known as the Uniform Deformation Model (UDM). In actual practice
crystal structure is always anisotropic, meaning that elastic characteristics vary depending
on the direction in which the crystal is oriented. This implies that even when applying a
homogeneous deforming stress to a nanoparticle, different strains are produced in different
directions due to a uniform deforming stress to produce variable strains in crystallographic
directions [8]. This model is known as uniform stress deformation model (USDM). The
equation 2.23 describes the anisotropic strain in this case. In this way, the Williamson-Hall
equation has been reworked provided in equation 2.49, where in the cubic system Young’s
modulus of elasticity Yhkl is modified to equation 2.50.

The elastic compliances namely S11, S12 and S44 may be estimated from their elastic
constants C11, C12 & C44 using the relation 2.35, 2.36 & 2.37 and their values for both the
SNPs are mentioned in table 5.10. The variation of elastic compliances S11 &, S12 are shown
in figure 5.8.

Figure 5.8: The values of S11 & S12 of MgNi ferrite SNPs annealed at 900◦C and 1100◦C

The saturation in values of S11 and S12 is attributed to the presence of α-hematite phase in
the material having higher compositions of Mg2+ ions. The W-H plots plotted using USDM
are shown in figure 5.9.

Anisotropic elastic modulus and lattice strain are considered in the uniform energy de-
formation model (UEDM). Although in this model, the density of deformation energy (u )
is believed to be the cause of anisotropic lattice strain ϵhkl. The modified W-H equation in
uniform energy deformation model ( UEDM ) is given by equation 2.51 and energy density
is obtained by equation 2.52, with Hooke’s law assuming homogeneity. On the basis of
these equations, the W-H plots are shown in figure 5.10.

These values have been derived from the slope and intercept of the regression line in the
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Figure 5.9: W-H plots for the MgNi ferrite SNPs annealed at 900◦ &1100◦C in USDM

UEDM plots and their estimated values and corresponding strain values ϵhkl are listed in table
5.12 for SNPs MgxNi1−x Fe2O4. For example, according to equation 2.53, the deformation
stress and the deformation energy density are both inversely related. In the same material,
the Young’s modulus of elasticity of MgxNi1−xFe2O4 is lower at 900◦C than at 1100◦C. The
lattice strain in MgxNi1−x Fe2O4 annealed at 900◦C is 6.08×10−4ă and 5.34×10−5 for the
same material annealed at 1100◦C, respectively. W-H plots can be used to compare three of
the aforementioned models used to investigate the XRD peak broadening of nanocrystalline
MgxNi1−x Fe2O4. The W-H plots from the considered three models yield non-zero slopes and
intercepts. This observation advocates the co-existence of both size and strain broadening
in the diffraction peaks of the synthesized ferrite nanoparticles. The combustion process
involves a gas producing, self-propagating, exothermic redox reaction [8] between the metal
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Figure 5.10: W-H plots for the MgNi ferrite SNPs annealed at 900◦ &1100◦C in UEDM

Table 5.10: Values of elastic constants, elastic compliances, Pugh’s ratio and porosity of MgNi
ferrite SNPs annealed at 900◦C and 1100◦C

Annealing Temp. 900◦C 1100◦C
Composition (x) 0.1875 0.4375 0.8125 0.1875 0.4375 0.8125

C11 (Gpa) 241 237 231 244 243 239
C12 (Gpa) 98 63 61 104 95 71
C44 (Gpa) 64 76 76 63 67 75
S11 (×10−12)Pa−1 5.45 4.86 4.85 5.53 5.26 4.85
S12(×10−12)Pa−1 -1.58 -1.12 -1.01 -1.7 -1.5 -1.1
S44(×10−12)Pa−1 15.6 13.3 13 16 15 13.3
Porosity 0.1 0.29 0.35 0.06 0.13 0.29
Pughs Ratio 2.05 1.52 1.39 2.17 1.84 1.52

nitrate and fuel used. The lattice strain in MgxNi1−xFe2O4 is caused due to the sudden
thermal fluctuations. This may be due to the abrupt release of heat due to the decomposition
of the precursor-mixture and the concurrent quenching of the product by the swift evolution
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of gases during the auto-ignited combustion-reaction. Further this reaction runs for a very
short duration and may be attributed to segregation of nanoparticles. The presence of tensile
strain in the crystal lattice is indicated by a positive slope in the W-H plot, while the presence
of compressive strain in the crystal lattice is indicated by a negative slope of the fitted line.
However, the absence of any slope in the W-H plot indicates that the sample is strain free
[54]. Because of the varying assumptions used for these three models, the equations for
UDM, USDM, and UEDM are fundamentally different. As a result, W-H plots based on
these three models for a given sample are expected to yield a wide range of crystallite size
and lattice strain values. All of the W-H graphs in this study show positive slopes, indicating
that all these SNPs have tenstile strain and expanded during their synthesis. It’s also worth
noting that the crystallite sizes computed from the intercepts of all the W-H plots are of
comparable sizes. Positive slopes of W-H plots and various [24, 54] crystallite size values
have been obtained from each of these three models and are shown in table 5.12.

Another important parameter which affects the diffraction peak broadening is dislocation
density [55]. The dislocation density also influences the physical properties of poly crys-
talline material. It is used to find the internal strain and deforming stresses in the crystallites.
Dislocations are estimated in the nano crystallite ferrite materials using Williamson-Hall re-
lation 2.54.

The resultant dislocation density for MgxNi1−xFe2O4 for sample prepared at 900◦C an-
nealing temperature is 6.73×1013 m−2. The particles in a nanoparticle system are held to-
gether by high adhesion [30], which causes welding between contacting surfaces.

The interaction between the particles causes them to stick together, increasing the necking-
surface and decreasing the free surface area, resulting in significant strains and stresses in
the necking-contact zones [56]. By considering the opening between particles, as well as the
welded region, the Griffith model of stresses in strained fractures [52,219] may be applied to
nanoparticles. A stressed crack tip, according to Griffith’s model, generates inhomogeneous
strain and stress fields, can be inferred as the deformation field formed by super-dislocations
with Burgers vector b. On the basis of some simple assumptions, the following correlation
developed by Ungar et al. [47, 220] given by equation 2.55.
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Table 5.11: Values of Youngs modulus, strain using USDM & UEDM models annealed at 900◦C
and 1100◦C

Composition

900◦C 1100◦C

<hkl> Yhkl ϵ (No. of Units x 10−5) Yhkl ϵ (No. of Units x 10−5)

(GPa) USDM UEDM (GPa) USDM UEDM

(a) x=0.1875

111 211.45 39.9155 61.7343 206.55 5.6223 5.431

220 215.64 39.1384 61.1304 210.78 5.5094 5.3762

311 220.53 38.2715 60.4496 215.72 5.3833 5.3143

222 211.45 39.9155 61.7343 206.55 5.6223 5.431

400 229.3 36.8073 59.282 224.6 5.1704 5.2082

422 215.64 39.1384 61.1304 210.78 5.5094 5.3762

511 225.31 37.4596 59.805 220.56 5.2653 5.2557

440 215.64 39.1384 61.1304 210.78 5.5094 5.3762

620 224.19 37.6465 59.954 219.42 5.2924 5.2693

533 213.75 39.4851 61.4006 208.87 5.5598 5.4007

(b) x=0.4375

111 180.08 7.4597 7.8555 149.14 41.5754 15.3022

220 188.88 7.1121 7.6703 157.33 39.4123 14.8988

311 199.78 6.7242 7.4582 167.59 36.9988 14.4354

222 180.08 7.4597 7.8555 149.14 41.5754 15.3022

400 221.34 6.0692 7.0857 188.34 32.9228 13.6171

422 188.88 7.1121 7.6703 157.33 39.4123 14.8988

511 211.18 6.361 7.254 178.49 34.7388 13.9876

440 188.88 7.1121 7.6703 157.33 39.4123 14.8988

620 208.44 6.4447 7.3015 175.86 35.259 14.0919

533 184.85 7.2672 7.7535 153.57 40.3775 15.0801

111 168.68 107.8297 113.4127 165.19 22.125 24.6664

220 176.51 103.048 110.8695 173.27 21.0939 24.0848

311 186.14 97.713 107.9614 183.26 19.9436 23.4189

222 168.68 107.8297 113.4127 165.19 22.125 24.6664

400 205.05 88.7028 102.8634 203.04 18.0008 22.249

(c) x=0.8125 422 176.51 103.048 110.8695 173.27 21.0939 24.0848

511 168.68 107.8297 113.4127 193.73 18.8663 22.7776

440 176.51 103.048 110.8695 173.27 21.0939 24.0848

620 193.77 93.867 105.8154 191.21 19.1143 22.9268

533 172.92 105.1815 112.0114 169.57 21.554 24.346
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Internal-stress and internal-strain degrees, represented by ρ0 and ρbD, respectively, were
calculated using equation 2.55. Table 5.12 shows the Griffith strain and stress values ob-
tained for the nano crystallite MgxNi1−xFe2O4. The hydrostatic pressure created on the
nanoparticle’s surface by the intrinsic surface stress was calculated using the modified Laplace
rule for solids, using equation 2.56 [8, 57, 221].

A tensile surface stress pulls the surface in and makes the curve of a particle surface more
concave, whereas a compressive surface stress makes the curvature more convex. Based on
these curvature measurements, surface stress was calculated experimentally.

A compressive surface stress (where Γs< 0) causes the particles to have tensile stress,
which leads to lattice expansion. The current study’s findings also support the theory of
negative surface stress. The experimentally estimated surface stress for MgxNi1−xFe2O4 (x
= 0.1875) nanoparticles annealed at 900◦C is -14.21 Nm−1. For the identical nanoparticle
annealed at 1100◦C the values -34.83 Nm−1. Because the order of value is so near, the dif-
ference in surface stress estimated at a given temperature (900◦C or 1100◦C) noted in table
5.12. This surface stress is attributed solely to the assumptions made in the experimen-
tal estimates of force constants of site- A and site-B. The surface stress of MgxNi1−xFe2O4

nanoparticles is higher than that of the same particle annealed at (900◦C) , implying that ten-
sile stress is higher for the particle annealed at higher temperature. While the particle size
of MgxNi1−xFe2O4 annealed at 1100◦C is 66.03 nm, the particle size of the same material
annealed at 900◦C is 35.19 nm.

Table 5.12: Micro structural parameters obtained for nanocrystalline MgNi ferrite SNPs annealed
at 900◦C & 1100◦C

900◦ C 1100◦C

Method Parameter (unit), x= (a) 0.1875 (b) 0.4375 (c) 0.8125 (a) 0.1875 (b) 0.4375 (c) 0.8125

W-H Analysis

UDM
D (nm) 35.19 47.81 60.55 66.03 94 93
ϵ(no. unit)x10−4 7.93 0.791 1.75 5.45 4.18 4.13

USDM
D (nm) 30.08 47.48 54.16 66.03 90.61 75.36
σ(Mpa) 84.4 13.43 181.89 11.61 62.01 36.55

UDEM
D (nm) 32.54 47.65 57.3 66.03 90.01 72.44
u (kJm−3) 40.29 0.56 108.46 0.3 1.75 5.03
Po(GPa) 0.28 2.62 6.71 0.19 0.15 0.15

Grifth Model
ρbD (no. unit )x10−3 5.51 44.8 125.06 3.79 2.91 2.87
Γs (Nm−1) -14.21 -22.79 -12.05 -34.83 -27.86 -22.04

Laplace Approach
ϵs (no. unit )x10−2 -1.83 -0.72 -3.67 -0.17 -0.32 -0.48
γ (Jm−2) 1.92 3.06 1.13 8.62 5.68 4.68
P (GPa) -1.89 -1.92 -0.89 -2.11 -1.23 -1.17

The expression for surface energy is given by equation 2.59 using the relation 2.58 to
2.62. Surface strain, surface stress, and surface energy values for nanocrystalline MgxNi1−xFe2O4

have been determined using the afore mentioned relations and are presented in table 5.12. In
the literature, there is no credible experimental measurement of surface stress of MgxNi1−xFe2O4.
In the table 5.12, the values of crystallite size (D)calculated from UDM, USDM and UEDM
models are presented. The crystallite size in all three models are in good agreement at both
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annealing temperature and respective composition [42].
Table 5.12 shows the value of surface energy for MgxNi1−xFe2O4 SNPs. The surface

energy is higher for samples annealed at higher temperatures [167, 222–224]. Also as the
Mg2+ ion concentration increases, the surface energy increases as well.

5.4 CONCLUSION

All the three compositions of the MgxNi1−xFe2O4 were successfully synthesized using the
sol-gel route annealed at 900◦C & 1100◦C have single phase. At 900◦C annealing temper-
ature secondary hematite phase is observed at higher compositions of Mg 2+ ions. Both
the SNPs are in manometer range. The size of SNPs annealed at 1100◦C have large size
(66-94 nm), whereas SNPs prepared at 900◦C annealing temperature have particle in the
size range (35-61 nm). Elastic parameters are found improved at higher annealing temper-
ature. Rietveld refinement and spectroscopic studies indicates that the synthesized particles
have inverse spinel structure. Magnetic parameters slightly improves their values however
coercivity slightly decreases with higher annealing temperature. The synthesized materials
are found to be superparamagnetic in nature. The elastic properties of synthesized particles
shows that they are elastically stable. The stability increases with increase in annealing tem-
perature. The morphological studies shows that the SNPs annealed at 900◦C and 1100◦C
have cubical structure.
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SUMMARY & CONCLUSION

MgNi ferrites are soft magnetic material and very important from technological point of
view. The unique properties of MgNi ferrite nanoparticles such as low coercivity, low mag-
netic losses, high resistivity (106 Ω-cm), moderate saturation magnetization, good mechani-
cal hardness, chemical stability over wide range of temperature, high magnetic permeability
and superparamagnetism in nature makes it promising candidates for electrical, electronic
and bio-medical applications. In this work we have enhanced the magnetic properties of
MgNi ferrite system in terms of substituting Mg2+ ions, synthesis methods and annealing
temperature. Mg2+ ions have been used to replace the Ni2+ ions. As Mg2+ ion are non-
magnetic the net magnetic moment of the lattice decreases with increase in Mg2+ ion com-
position consequently decreases the coercivity, saturation magnetization and retentivity of
the synthesized material. In order to synthesize the MgNi ferrite particles in the nano range,
sol-gel method has been used because this method has control over the size of synthesized
particles. In order to visualize the effect of annealing temperature, the synthesized mate-
rial is annealed at two temperatures i.e., 900◦C and 1100◦C. The structural, morphological,
magnetic and elastic properties of all the prepared samples have been analyzed using XRD,
FESEM, EDX, FTIR, Raman, UV-Vis and VSM respectively. The variation in structural,
morphological and magnetic properties have been explained in terms of variation of Mg2+

ion composition, distribution of cations in different sub-lattices, synthesis methods and an-
nealing temperatures.

In first objective, all the samples have been processed by sol-gel method annealed at
900◦C temperature. The variations in structural, morphological and magnetic properties
have been explained in terms of Mg2+ ion composition. From XRD analysis it has been
found that the prepared samples at x = 0.1875 and 0.4375 of Mg2+ ion composition has
single phase spinel cubic structure. However, at x= 0.8125 the traces of less magnetic α-
hematite phase also observed which is found to affect the structural and magnetic properties
of ferrites adversely. The crystallite size (D) of all prepared samples has been calculated us-
ing Scherer formula and found to increase with Mg2+ ion composition because of its cation
distribution in octahedral sites having larger size as compared to replaced Ni2+ ions. The
confirmation of crystallite size and type of strain present in prepared nanoparticles has been
carried out by Williamson-Hall (W-H) method using XRD data. The calculated crystallite
size D from W-H method is in good agreement to that calculated from Scherer’s formula in
nm range and also a positive slop of linear fitted W-H plots shows tensile strain presented in
all the prepared nanoparticles. The morphology of prepared samples gets changed with in-
creasing Mg2+ ion composition with agglomeration of particles as investigated by FESEM.
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FESEM micrographs also shows the porous nature of samples. EDX study revealed that
in prepared samples, all elements are present in proper atomic percentage. The magnetic
properties measurement from VSM shows that the saturation magnetization (MS ) decreased
with increasing Mg2+ ion composition. The reduced value of (MS ) is due to replacement
of magnetic Ni2+ ions from the octahedral siteB by non-magnetic Mg2+ ions. At higher
composition of Mg2+ ion, the decrease in the value of (MS ) is due to spin canting effect
caused by prominent secondary phase. The obtained values of retentivity (Mr) as well as
coercivity(HC) continuously decreases with Mg2+ analogous to the decrease in the value of
(MS ) because of its positive magneto-crystalline anisotropy energy. The value of squareness
ratio lies well below 0.5 indicate the superparamagnetic nature of the material. The theoret-
ical and experimental results have good agreement with each other according to proposed
cations distribution. The single phase spinel cubic structure and higher value of MS indi-
cates the usefulness of these material in EMI shielding.

In second objective, MgNi ferrite nanoparticles were again synthesized by sol-gel method
and annealed at 1100◦C. XRD study revealed that when samples annealed at high tempera-
ture, most of the hematite phase diminished and single phase spinel cubic structure nanopar-
ticles has formed. The morphology of prepared samples gets changed with increasing Mg2+

ion composition with agglomeration of particles as investigated by FESEM. FESEM mi-
crographs also shows the porous nature of samples. EDX study revealed that in prepared
samples, all elements are present in atomic percentage. The magnetic properties measure-
ment from VSM shows that the MS decreases with increasing Mg2+ ion composition. The
reduced value of MS is due to replacement of magnetic Ni2+ ions from the octahedral site-B
by non-magnetic Mg2+ ions. The obtained values of MR as well as HC continuously de-
creases with Mg2+ analogous to the decrease in the value of MS because of its positive
magneto-crystalline anisotropy energy. The value of squareness ratio lies below 0.5 indi-
cates that the synthesized materials are superparamagnetic in nature. Further the low value
of HC and squareness ratio show that the synthesized materials are suitable for targeted drug
delivery application. The theoretical and experimental results have good agreement with
each other according to proposed cations distribution. The single phase spinel cubic struc-
ture and higher value of MS indicates the usefulness of these material in EMI shielding. The
theoretical lattice constant (ath), Neel magnetic moment (N) and other parameters calculated
from proposed cations distribution also have good agreement with results obtained from ex-
perimental data.

In third objective a comparative study of various parameters of these SNPs viz: struc-
tural, magnetic and elastic properties were estimated. Various analysis were carried out like
morphological, structural and elastic parameters viz: elastic velocity, elastic constants and
their compliances, Young’s modulus, shear modulus, Bulk’s modulus, Poissons ratio and
Debye temperature. Various models were introduced such as Uniform Deformation Model
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(UDM), Uniform Stress Deformation Model (USDM) and Uniform Energy Deformation
Model(UEDM) to estimate and address the various parameters. Moreover, on the basis of
detailed comparative interpretation for the prepared magnetic nano ferrites, magnetic prop-
erties such as magnetic saturation, remnant field, coercivity, magnetic moment, squareness
ratio, anisotropy constant and other allied parameters were studied. The XRD data of all
the three compositions of MgxNi1−xFe2O4 (SNPs) have been refined for Rietveld refinement
using Fullprof suit software. For all of the samples, the goodness of fit (GOF) value was
found to very close to 1, indicating good fitting of data points. The presence of any form of
contaminant in the produced nanostructures was ruled out by Rietveld refinement analysis.
The value of χ2 in the Rietveld data is observed close to 1 further indicates the excellent fit
with the experimental data.

On comparing it is observed that the synthesized materials annealed at 900 ◦C and
1100◦C have single cubical phase. However, in material synthesized at 900◦C, traces of
secondary hematite phase are observed at higher Mg2+ ion composition. The lattice param-
eter obtained from Sherer’s formula and from W-H analysis shows that crystallite sizes are
in nano meter range and found to increase at higher annealing temperature. The particle
size obtained from HRTEM and FESEM are also in good agreement with the crystallite size
calculated from XRD data. The materials shows exhibiting superparamagnetic nature and
magnetic properties got improved at higher annealing temperature. The comparative anal-
ysis of the materials annealed at two temperature show that these synthesized materials are
elastically stable and stability increases with increase in annealing temperature. The vari-
ation in MS , MR and HC with Mg2+ ion composition are due to cations distribution effect.
Low value of coercivity HC indicates that prepared samples are magnetically soft in nature.
Thus nanoparticles are successfully prepared by aqueous sol-gel method have their useful-
ness in targeted drug delivery, hyperthermia, MRI, EMI shielding and magnetic recording
device, etc. From these results it can be concluded that

1. MgNi Ferrites are successfully synthesized in nano range at annealing temperature of
900◦C and 1100◦C.

2. Both the synthesized MgNi ferrite nanoparticles exhibits superparamagnetism.

3. Synthesized SNPs are elastically stable at both annealing temperature and elasticity
rises with rise in annealing temperature.

On the basis of above findings it is concluded that
MgNi Ferrite nanoparticles are more stable at 1100◦C annealing temperature and

suitable for targeted drug delivery and electrocatalysis of water.
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Future scope

Based on the findings of the work done in the thesis further research is possible. Following
are the possible future plans related to the current research:

• More characterizations of the synthesized particles can be performed viz: dielectric
studies, mossabaur, etc., to study the electrical properties along with more structural
inputs.

• Furthermore, the synthesized nano particles can be doped with suitable elements to
improvise the existing properties of nanoparticles.
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