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ABSTRACT 

Mn substituted Li-Ni-Zn ferrite nanoparticles with nominal compositions of  
Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 (where x=0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) were 
synthesized by the chemical sol-gel auto-combustion technique. Disk- and toroid-shaped 
samples prepared from each composition have been sintered at the temperature of 1373, 
1423, 1473, and 1523 K for 4~5 h. The internal structure was characterized by X-ray 
diffraction (XRD), which has confirmed the formation of spinel structure for each 
composition consist of major spinel cubic phase with the minor impurity phases (Fe2O3 
and MnO). The crystallite size of the as-grown powder varied from 46 to 52 nm estimated 
by using Debye-Scherrer formula. The lattice constant (ao) slightly increased with the 
increase of Mn content up to x=0.12, beyond that a slight decrease in ao was observed. 
Both theoretical density (ρth) and bulk density (ρB) decreased in a similar fashion with the 
increase of Mn content except x=0.15, in present ferrite samples for a fixed sintering 
temperature (Ts=1523 K). An opposite trend was found for the porosity of the samples. 
The density of various samples increased and as expected porosity decreased with Ts. The 
mean ionic radius of the variant ions, as well as hopping lengths of the samples sintered at 
optimum Ts, were also observed. To reveal the microstructure of the ferrites, the surface 
micrographs and the elemental analyses of the samples were taken using Field Emission 
Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray Spectroscopy 
(EDS), respectively. The average grain size (Dgrain) was found to increase with increasing 
Mn2+ substitution up to x=0.12, beyond that Dgrain decreased, which was estimated by 
linear intercept technique from the FESEM micrograph. The real part (μi′) and imaginary 
part (μi′′) of initial permeability, relative quality factor (RQF), and magnetic loss factor 
(tanδM) varied with Mn content for a fixed Ts. It was also observed that μi′ of 
Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 increased with Ts. The maximum value of μi′ (=334) and 
RQF (=14067) were observed for Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 sintered at 1523 K, which 
are 7% and 16% greater compared to the parent composition, respectively. As a result, the 
minimum tanδM was observed in this composition. The weakening of exchange interaction 
confirmed by increasing the ao and decreasing the Néel temperature (TN) as the increase 
of Mn content up to x=0.12. The real part of dielectric constant (ε′), dielectric loss tangent 
(tanδE), complex impedance, ac conductivity (σac) as well as ac resistivity (ρac) were 
studied in the frequency range 100 Hz-100 MHz to achieve the information about the 
dielectric features of the studied ferrites. 
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CHAPTER 1 

 INTRODUCTION  

This chapter focused on the basic and general information of the ferrite 

materials. The importance of the spinel ferrites and applications of it’s as 

‘magnetic nanoparticles’ are also discussed here. Motivation, objectives with 

specific aims, and possible outcome of this present study are also briefly 

discussed in this chapter. This chapter also includes an outline of the thesis. 

 

1.1 Introduction to spinel ferrites 

Spinel ferrites are the prominent magnetic ceramics which are attractive for 

electrical and biomedical applications for their high electrical resistivity, low dielectric 

loss, low magnetic loss, high saturation magnetization, excellent chemical stability, 

mechanical hardness, squareness of hysteresis loop, high Néel temperature, high 

permeability in the radio-frequency (RF) region, easy to fabrication, and reasonable cost 

[1-8]. From the application point of view, spinel ferrites become the interesting research 

field for many researchers over recent decades. These ferrites show various magnetic 

properties based on their chemical composition and cation distribution in tetrahedral-A 

sites and octahedral-B sites in AB2O4 crystal structure [9]. 

The chemical formula of magnetically soft ferrites which have a cubic (spinel) 

structure, is generally expressed as MeFe2O4, where ‘Me’ represents a divalent metal ion 

(e.g. Fe2+, Ni2+, Mn2+, Mg2+, Co2+, Zn2+, Cu2+, etc.). The microstructural, electrical and 

magnetic features of ferrites depend on several factors including the method of preparation, 

the quantity of substitution, sintering temperature, sintering atmosphere, and chemical 

composition [10]. 

 

1.2 Manganese substituted Li-Ni-Zn ferrites 

It was found that Ni–Zn and Mn–Zn ferrites have been investigated widely. The 

Ni–Zn ferrites have higher resistivity and Mn–Zn ferrites exhibit higher permeability. The 

Ni–Zn ferrites are most suitable for frequencies over Hz610  and Mn–Zn ferrites are 
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suitable up to Hz6103  [11-16]. The lattice parameter, average grain size, and initial 

permeability increased with Mn-substitution in Ni-Zn ferrites. In this case, the initial 

permeability strongly depends on the average grain size and porosity [17]. However, 

studies on the combination of these two ferrites (Ni–Zn and Mn–Zn) are inadequate. 

Many researchers also have investigated the structural, electrical and magnetic 

properties of Li-Mn [18], Li-Ni [19], Li-Co [20], Li-Zn [21], Li-Cu-Co-Zn [22], and  

Li–Mg–Ni ferrites [23,24] prepared by auto-combustion method and solid state reaction 

technique. Recently studies on Li-Ni-Mn [25] and Li-Ni-Zn [26] ferrites have been carried 

out by the researchers. The Curie temperature is found to increases with Li content in  

Li-Ni-Mn ferrites and real part of initial permeability is found to increases with increasing 

Zn content in Li-Ni-Zn ferrites. All these indicated that investigations on Mn-substitutions 

in Li-Ni-Zn ferrites will open a new window in material research. In this present research, 

microstructural and electro-magnetic properties of nanocrystalline  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 have been investigated. 

 

1.3 Motivation, objectives, and possible outcome 

For more than half a century ferrite materials have been considered as most 

important electronic materials. Because of their high resistivity, ferrites are especially 

convenient for high frequency uses. The high-frequency response of the complex 

permeability is very useful in determining the convenient frequency range in which a 

particular ferrite material can be applied in practical purpose. From the relative magnitudes 

of the real and imaginary part of the complex permeability, the mechanism of eddy current 

losses and damping of domain wall motion can be understood. Therefore, the composition, 

sintering temperature, and microstructure have a very powerful effect on the frequency 

response. 

 

1.3.1 Motivation 

 Bangladesh is very dependent on the imported soft magnetic materials including 

ferrite core. So to save foreign currency, we need to concentrate on developing a  

high-quality ferrite with desired characteristics in our country. 
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 However, the selection of these present compositions of Mn substituted Li-Ni-Zn 

ferrite is to achieve suitable permeability, loss reduction, adequate saturation 

magnetization, justified Néel temperature, at last, but not the least cost effectiveness. 

 In addition, from scientific point of view, researchers need to focus on ferrite 

material to enhance its features to develop effective future technology. 

 

1.3.2 Objectives with specific aims 

The main objectives of the present research are as follows: 

a) Preparation of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 (where x=0.00, 0.03, 0.06, 

0.09, 0.12, and 0.15) compositions using auto-combustion technique. 

b) Investigation of surface morphology and microstructure using Scanning 

Electron Microscopy (SEM). 

c) Investigation of compositional analyses using Energy Dispersive X-ray (EDX) 

spectroscopy. 

d) X-ray diffraction (XRD) analysis for phase identification. 

e) Determination of initial permeability as a function of frequency (100 Hz- 

120 MHz) for samples having various microstructures (e. g. grain size). 

f) Measurement of the ferrimagnetic to paramagnetic transition temperature (TN) 

from the measurement of temperature dependent initial permeability. 

g) Investigation of dc magnetization. 

h) Investigation of dielectric properties (dielectric constant and dielectric loss). 

i) Investigation of impedance and ac conductivity using Impedance Analyzer. 

 

1.3.3 Possible outcome of the present work 

The possible outcome of the research is as follows: 

The crystal structure and cation distribution are expected to change due to the 

substitution of Mn in Li0.15Ni0.30-xMnxZn0.40Fe2.15O4. Due to above changes, there may be a 

variation of magnetic interaction between A-site and B-site cations and hence a 
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modification of electromagnetic properties are also expected in proposed ferrites. The 

results of this study might be helpful for practical application of these ferrites. For 

example, these ferrite materials might be applicable as the component of electronic filter, 

microwave devices, transducers, magnetic switches, and memory elements for the 

computer. Magnetic nanoparticles of these ferrites might be useful for the biomedical 

application. 

 

1.4 Outline of the thesis 

The overall summary of this thesis is as follows: 

 The importance of the ferrite and applications of it’s as ‘magnetic 

nanoparticles’ are discussed in the first chapter of this thesis. Objectives with 

specific aims and possible outcome of this current research work are also 

presented here. 

 A brief overview of the materials as well as the theoretical background of 

magnetic moment, magnetic domain, and hysteresis loop are discussed in the 

second chapter. Crystal structure of the spinel type ferrites is also described in 

this chapter of the thesis. 

 Details of the sample preparation technique are given in the third chapter. This 

chapter also includes the structural characterization of the samples. 

 Different experimental techniques (e.g. XRD, SEM, and EDS analysis; 

impedance, dielectric, and permeability measurements) that have been used in 

this present research are presented in the fourth chapter. 

 The fifth chapter of this thesis is devoted to the results of various investigations 

of the study. Explanation of results in the light of existing theories is also given 

in this chapter. 

 The conclusions including suggested future works drawn from the overall 

experimental results and discussion are displayed in the sixth chapter. 
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  CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

This chapter includes a brief overview of the ferrite materials. Origin of 

magnetism as well as the theoretical background of the magnetic moment, 

magnetic domain, structure of domain wall, and hysteresis loop are also 

described in this chapter. Theories of initial permeability and crystal structure 

of the spinel type ferrites are also explained here. 

 

2.1 Aspects of magnetism: General ideas 

 Magnetism, which is caused by the motion of electric charges, is the force exerted 

by magnets when they attract or repel each other. It is well known that every substance is 

made up of atoms, which have electrons that carry electric charges. The movement of 

electrons generates an electric current and causes each electron to act like a microscopic 

magnet. However, equal numbers of electrons spin in opposite directions cancels out the 

magnetism. This is happening in most substances. That’s why materials such as cloth, 

wood or paper are said to be weakly magnetic. 

In substances such as iron, cobalt, manganese, zinc, and nickel, most of the 

electrons spin in the same direction. This makes the atoms in these substances strongly 

magnetic (but they are not magnets). To become magnetized, another strongly magnetic 

substance must enter the magnetic field of an existing magnet [1-3]. 

 

2.2 Magnetism and its origin 

Magnetism is considered as a class of physical phenomena that are mediated by 

magnetic fields. The electric currents and magnetic moments of elementary particles give 

rise to a magnetic field, which effects on other currents and magnetic moments [2,3]. 

The origin of magnetism lies in the orbital and spin motions of electrons and how 

the electrons interact with one another. The greatest way to introduce the different types 

of magnetism is to explain how materials respond to magnetic fields. It is just that some 

materials are much more magnetic than others. The main difference is that some materials 
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have no collective interaction of atomic magnetic moments, whereas other materials have 

a very strong interaction between atomic moments. The magnetic moment of an electron 

in orbit can be introduced by the following equation, 











r
evr



2

2  

2
evr

 .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....   (2.1) 

Where, ‘r’ is the radius of the orbit, ‘e’ is the charge of the electron, and ‘v’ is the velocity. 

The angular momentum of an electron must be an integral multiple of Planck’s 

constant (h) as below, 











2
hnmvr  

nmvr        .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.2) 

Where ‘m’ is the mass of the electron and ‘  ’ is the reduced Planck’s constant. 

If the electron revolves in the first orbit then n=1. Therefore orbital magnetic 

moment of an electron is given by from equations (2.1) & (2.2), 

m
e
2


  .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.3) 

This is known as Bohr magneton ( B ), the smallest possible orbital magnetic moment. 

The simplest way to produce an electromagnet is wrapping copper wire into the 

form of a coil and connecting the wire to a battery. A magnetic field is created in the coil 

but it remains there only while electricity flows through the wire. The field created by the 

magnet is associated with the motions and interactions of its electrons, the minute charged 

particles which orbit the nucleus of each atom. Electricity is nothing but the movement of 

electrons, whether in a wire or in an atom, so each atom represents a tiny permanent magnet 

in its own right. The circulating electron produces its own orbital magnetic moment, 

measured in Bohr magnetons ( B ), and there is also a spin magnetic moment associated 

with it due to the electron itself spinning, like the spin of the earth, on its own axis (shown 

in Fig. 2.1 and Fig. 2.2). In most materials there is a resultant magnetic moment, due to 
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the electrons being grouped in pairs causing the magnetic moment to be cancelled by its 

neighbor. 

 

 

 

 

Fig. 2.1. A spin magnetic moment associated with 

it due to the electron itself spinning (like the earth 

on its own axis). 

 Fig. 2.2. Spinning electron on its own axis and 

orbiting electron around the nucleus (like the earth 

around the sun). 

 

To produce a unified magnetic field in a certain magnetic material, the magnetic 

moments of a large proportion of the electrons aligned. The field produced in the material 

(or by an electromagnet) has a direction of flow and any magnet will experience a force 

trying to align it with an externally applied field, the smallest possible magnetic moment 

due to the spin of the electron is 
m

e
2


 . According to quantum theory the spin of 

electrons has only two possibilities (+1/2 or -1/2). Similar to equation (2.3) we can write 

it in the form, 

S
m
e










2
      .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.4) 

Where, ‘S’ is the spin quantum number here given by 
2
1 . 

In short, 

S
m
eg 









2
      .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.5) 

Here, ‘g’ is the term known as g-factor. When g=2, the spin contribution arises and when 

g=1, the orbital contribution arises. However, the magnetic moment contribution can be 

http://www.nitt.edu/home/academics/departments/physics/Faculty/lecturers/justin/students/magnetic/origin/origin.gif
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neglected compared to the electronic magnetic moment because of the larger mass of the 

nucleus. The gyromagnetic ratio is proportional to the g-factor and ‘g’ arises due to the 

precession of the electrons similar to the precession of a top in a gravitational force. 

Whether the origin of magnetic moment is spin or orbital motion of electrons, it is 

confirmed by the value of ‘g’ (i.e. by the g-factor). 

 

2.2.1 Magnetic moment of atoms 

The strength of a magnetic dipole, called the magnetic dipole moment, may be 

thought of as a measure of a dipole’s ability to turn itself into alignment with a given 

external magnetic field. In a uniform magnetic field, the magnitude of the dipole moment 

is proportional to the maximum amount of torque on the dipole, which occurs when the 

dipole is at right angles to the magnetic field [4]. 

The magnetic moment or magnetic dipole moment is a measure of the strength of 

a magnetic source. In the simplest case of a current loop, the magnetic moment is defined 

as, 

 daIm .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.6) 

Where ‘a’ is the vector area of the current loop and the current, ‘I’ is constant. By 

convention, the direction of the vector area is given by the right hand rule (moving one’s 

right-hand in the current direction around the loop, when the palm of the hand is ‘touching’ 

the loop’s surface, and the straight thumb indicates the direction). 

In the more complicated case of a spinning charged solid, the magnetic moment 

can be found by the following equation, 

 dJrm  


2
1

  .....     .....     .....     .....     .....     .....     .....     .....     .....     ..... (2.7) 

Where dτ = r2sinθ dr dθ dφ and ‘J’ is the current density. 

Magnetic moment can be explained by a bar magnet which has magnetic poles of 

equal magnitude but opposite polarity. Each pole is the source of magnetic force which 

weakens with distance. Since magnetic poles come in pairs, their forces interfere with each 

other because while one pole pulls, the other repels. This interference is greatest when the 

poles are close to each other i.e. when the bar magnet is short. The magnetic force produced 
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by a bar magnet, at a given point in space, therefore depends on two factors: 

a) On the strength of its poles (P), and  

b) On the distance separating them (d). 

The force is proportional to the following product, 

PR  .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.8) 

Where ‘µ’ describes the ‘magnetic moment’ or ‘dipole moment’ of the magnet along a 

distance ‘R’ and its direction as the angle between ‘R’ and the axis of the bar magnet. 

Magnetism can be created by the electric current in loops and coils so any current 

circulating in a planar loop produces a magnetic moment whose magnitude is equal to the 

product of the current and the area of the loop. When any charged particle is rotating, it 

behaves like a current loop with a magnetic moment. 

The equation for the magnetic moment in the current-carrying loop, carrying 

current (I) and of area vector (a) for which the magnitude is given by, 

aIm


    .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.9) 

Where ‘ m
 ’ is the magnetic moment, a vector measured in ampere-square meters, or 

equivalent joules per tesla, ‘I’ is the current, a scalar measured in amperes, and ‘ a ’  is the 

loop area vector, having as x, y, and z coordinates the area in square meters of the projection 

of the loop into the yz-, zx-, and xy-planes. 

 

2.2.2 Magnetic moment of electrons 

It is well known that the electron is a negatively charged particle with angular 

momentum. A rotating electrically charged body in classical electrodynamics causes a 

magnetic dipole effect creating magnetic poles of equal magnitude but opposite polarity 

like a bar magnet. For magnetic dipoles, the dipole moment points from the magnetic south 

to the magnetic north pole. The electron exists in a magnetic field which exerts a torque 

opposing its alignment creating potential energy that depends on its orientation with 

respect to the field. The magnetic energy of an electron is approximately twice what it 

should be in classical mechanics. The factor of two multiplying the electron spin angular 

momentum comes from the fact that it is twice as effective in producing magnetic moment. 
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This factor is called the electronic spin g-factor. The persistent early spectroscopists, such 

as Alfred Lande, worked out a way to calculate the effect of the various directions of 

angular momenta. The resulting geometric factor is called the Lande g-factor. 

The intrinsic magnetic moment of a particle with charge (q), mass (m), and spin (s) 

is, 

s
m
egm












2
   .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.10) 

Where the dimensionless quantity ‘g’ is called the g-factor. 

The g-factor is an essential value related to the magnetic moment of the subatomic 

particles and corrects for the precession of the angular momentum. One of the triumphs of 

the theory of quantum electrodynamics is its accurate prediction of the electron g-factor, 

which has been experimentally determined to have the value 2.002319. The value of 2 

arises from the Dirac equation, a fundamental equation connecting the electron’s spin with 

its electromagnetic properties, and the correction of 0.002319, called the anomalous 

magnetic dipole moment of the electron, arises from the electron’s interaction with virtual 

photons in quantum electrodynamics. Reduction of the Dirac equation for an electron in a 

magnetic field to its non-relativistic limit yields the Schrödinger equation with a correction 

term which takes account of the interaction of the electron’s intrinsic magnetic moment 

with the magnetic field giving the correct energy [5]. 

The total spin magnetic moment of the electron is, 














 sg Bss  .....     .....     .....     .....     .....     .....     .....     .....     .....     .....   (2.11) 

Where 2sg  in Dirac mechanics, but is slightly larger due to quantum electrodynamics 

effects, ‘ B ’ is the Bohr magneton, and ‘ s ’ is the electron spin (in vector form). 

The z-component of the electron magnetic moment is, 

sBsz mg  
   .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.12) 

Where ‘ sm ’ is the spin quantum number. 

The total magnetic dipole moment due to orbital angular momentum in form of 
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Bohr magneton ( B ) is given by the following equation, 

)1(
2

 llL
m
e

B
e

s 
          .....     .....     .....     .....     .....     .....     .....    (2.13) 

The z-component of the orbital magnetic dipole moment for an electron is given 

by, 

lBz m 
     .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.14) 

Where ‘ lm ’ is the magnetic quantum number. 

 

2.3 Magnetic behavior of materials 

The magnetic properties of a matter are fundamentally the result of the electrons 

of the atom, which have a magnetic moment by means of the electron motion. There are 

two types of electronic motion, spin and orbital, and each has a magnetic moment 

associated with it. Since the response of a material to a magnetic field (H) is characteristic 

of the magnetic induction or the flux density (B) and the effect that material has upon the 

magnetic induction in a magnetic field is represented by the magnetization (M). Thus a 

universal equation can be established, relating these three magnetic quantities by the 

following expression, 

 MHB  0  .....     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.15) 

Where ‘ 0 ’ is a universal constant of permeability in free space. Again, 

 HB    .....     …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.16) 

Where ‘  ’ is the permeability of the material. 

In equation (2.15), one can see that ‘ H0 ’ is the magnetic induction generated by 

the field alone and ‘ M0 ’ is the additional magnetic induction contributed by a material. 

The ratio of magnetization to a magnetic field is referred to as magnetic 

susceptibility (χ). Therefore, 
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H
M

    .....     …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.17) 

The permeability and susceptibility of a material is correlated with respect to each other 

as below, 

   10    …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.18) 

Now from the equation (2.16), we can write the magnetic flux density (B) is, 

 HB   10 …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.19) 

 

2.4 Classification of magnetic behavior of materials 

Materials can be classified into five major groups based on their magnetic 

behavior. These are mentioned below: 

a) Diamagnetism; 

b) Paramagnetism; 

c) Ferromagnetism; 

d) Antiferromagnetism and 

e) Ferrimagnetism. 

 

Below a certain critical temperature, long-range magnetic order can be observed in 

the materials of the last three groups. But materials in the first two groups are not 

magnetically ordered and that materials exhibit no collective magnetic interactions [4,5]. 

Ferromagnetic and ferrimagnetic materials are usually what we consider as being 

magnetic (i.e. behaving like iron). The remaining three are so weakly magnetic that they 

are usually thought of as ‘non-magnetic’. Schematic diagrams to identify the varieties of 

magnetic orderings is presented in Fig. 2.3. 

A brief description of the above-mentioned classes of magnetic materials is 

described in the next five sub-sections of this chapter. 
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2.4.1 Diamagnetism 

 Diamagnetism is a fundamental property of all matter, although it is usually very 

weak. It is due to the non-cooperative behavior of orbiting electrons when exposed to an 

applied magnetic field. Diamagnetic substances are composed of atoms which have no net 

magnetic moments (i.e., all the orbital shells are filled and there are no unpaired electrons). 

However, when exposed to a field, a negative magnetization is produced and thus the 

susceptibility is negative. It obeys Lenz’s law. The other characteristic behavior of 

diamagnetic materials is that the susceptibility is temperature independent. The typical 

value of susceptibility is on the order of 10-5
 to 10-6. Most of the materials are diamagnetic, 

including Cu, B, S, N2, and most organic compounds. 

  
(a) Diamagnetism (b) Paramagnetism 

 
(c) Ferromagnetism 

  
(d) Antiferromagnetism (e) Ferrimagnetism 

Fig. 2.3. (a-e) Schematic diagrams of 5 (five) major magnetic materials based on their magnetic orderings. 
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2.4.2 Paramagnetism 

 Paramagnetic materials possess a permanent dipole moment due to incomplete 

cancellation of electron spin and/or orbital magnetic moments (unpaired electrons). In the 

absence of an applied magnetic field the dipole moments are randomly oriented; therefore 

the material has no net macroscopic magnetization. When a field is applied these moments 

tend to align by rotation towards the direction of the applied field and the material acquires 

a net magnetization [6]. The magnetic moment can be oriented along an applied field to 

give rise to a positive susceptibility and the values of susceptibility are very small with the 

order of 10-5
 to 10-3. Just a few examples of the paramagnetic materials are O2, NO, Mn, 

and Cr. The susceptibility of paramagnetic material is inversely dependent on temperature, 

illustrated in Fig. 2.4(a). Therefore, the susceptibility of paramagnetic material is, 

T
C

    .....     …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.20) 

Which is known as Curie law and ‘C’ is known as Curie constant. 

 

2.4.3 Ferromagnetism 

Ferromagnetic material differs from diamagnetic and paramagnetic materials in 

many different ways. In a ferromagnetic material, the exchange coupling between 

neighboring moments leads the moments to align parallel with each other. In 

ferromagnetic materials, this permanent magnetic moment is the result of the cooperative 

interaction of large numbers of atomic spins in what are called domains regions where all 

spins are aligned in the same direction. The exchange force is a quantum mechanical 

phenomenon due to the relative orientation of the spins of two electrons. 

Therefore, the ferromagnetic materials generally can acquire a large magnetization 

even in absence of a magnetic field, since all magnetic moments are easily aligned 

together. The susceptibility of a ferromagnetic material does not follow the Curie law but 

displayed a modified behavior defined by Curie-Weiss law illustrated in Fig. 2.4(b). 

Therefore, the susceptibility of a ferromagnetic material is, 







T
C

    …..     .....     .....     .....     .....     .....     .....     .....     .....     .....    (2.21) 
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Where ‘C’ is a constant and ‘θ’ is called Weiss constant. 

For ferromagnetic materials, the Weiss constant is almost identical to the Curie 

temperature (TC). At a temperature below TC, the magnetic moments are ordered whereas 

above TC, material losses magnetic ordering and show paramagnetic character. The 

elements Fe, Ni, Co, and many of their alloys are typical ferromagnetic materials. 

Two distinct characteristics of ferromagnetic materials are: 

a. Spontaneous magnetization and 

b. The existence of magnetic ordering temperature (Curie temperature). 

 

The spontaneous magnetization is the net magnetization that exists inside a 

uniformly magnetized microscopic volume in the absence of a field. The magnitude of this 

magnetization, 0 K, is dependent on the spin magnetic moments of electrons. The 

saturation magnetization is the maximum induced magnetic moment that can be obtained 

in a magnetic field (Hsat); beyond this field, no further increase in magnetization occurs. 

Saturation magnetization is an intrinsic property, independent of particle size but 

dependent on temperature. 

Even though electronic exchange forces in ferromagnets are very large, thermal 

energy eventually overcomes the exchange and produces a randomizing effect. This occurs 

at a particular temperature called the Curie temperature (Tc). Below the Curie temperature, 

the ferromagnet is ordered and above it, disordered. The saturation magnetization goes to 

zero at the Curie temperature. The Curie temperature is also an intrinsic property. 

 

Fig. 2.4. The inverse susceptibility varies with temperature T for (a) Paramagnetic, (b) 

Ferromagnetic, (c) Ferrimagnetic, and (d) Antiferromagnetic materials. ‘TN’ and ‘TC’ are Néel 

temperature and Curie temperature, respectively. 
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2.4.4 Antiferromagnetism 

Antiferromagnetic material aligns the magnetic moments in a way that all moments 

are anti-parallel to each other, the net moment is zero. The antiferromagnetic susceptibility 

is followed by the Curie-Weiss law with a negative ‘θ’ as in equation (2.21). The inverse 

susceptibility as a function of temperature is shown in Fig. 2.4(d). Common examples of 

materials with antiferromagnetic ordering include MnO, FeO, CoO, and NiO. 

However, imperfect antiferromagnetic form, which is referred to as canted 

antiferromagnetism, exhibits parasitic ferromagnetism which may result due to impurities 

or lattice defects, and by spin canting. The spins are not exactly anti-parallel and are 

inclined at a small angle, do not cancel out completely and thus results in spontaneous as 

well as remanent magnetizations. An important geological example is a hematite  

(-Fe2O3), in which both the spin-canted and defect moments contribute to the 

ferromagnetic properties and another example is iron hydroxide (Goethite -FeOOH). 

 

2.4.5 Ferrimagnetism 

Ferritnagnetic material has the same anti-parallel alignment of magnetic moments 

as an antiferromagnetic material does. However, the magnitude of the magnetic moment 

in one direction differs from that of the opposite direction. As a result, a net magnetic 

moment remains in the absence of an external magnetic field. The behavior of 

susceptibility of a ferrimagnetic material also obeys Curie-Weiss law and has a negative 

‘θ’ as well in equation (2.21) and shown in Fig. 2.4(c). In ionic compounds, such as 

oxides, more complex forms of magnetic ordering can occur as a result of the crystal 

structure. The magnetic structure is composed of two magnetic sub-lattices (called A and 

B) separated by oxygens. The exchange interactions are mediated by the oxygen anions. 

When this happens, the interactions are called indirect or super-exchange interactions. The 

strongest super-exchange interactions result in an antiparallel alignment of spins between 

the A and B sub-lattices. In ferrimagnets, the magnetic moments of the A and B sub-lattices 

are not equal and result in a net magnetic moment. Ferrimagnetisrn is therefore similar to 

ferromagnetism. It exhibits all the hallmarks of ferromagnetic behavior like spontaneous 

magnetization, Néel temperature, hysteresis, and remanence. However, ferromagnets and 

ferrimagnets have a very different magnetic ordering. 
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2.5 Ferrites 

Ferrites are ceramic materials that are dark grey or black in color [7]. They are 

divided into three sub-classes according to their crystal structures: spinels (cubic ferrites), 

magnetoplumbite (hexagonal ferrites), and Garnets (rare earth ferrites). The cubic ferrites 

are used as soft magnetic materials, whereas hexagonal ferrites are hard magnets exhibiting 

permanent magnetism. Garnets are utilized in high-frequency microwave applications [8]. 

These sub-classes are distinguished with respect to the molar ratio of Fe2O3 to the other 

oxide component within the ceramic as shown in Table 2.1.  

 

Table 2.1. Summary of ferrite structure types, typified by changes in the Fe2O3-MeO (or Me2O3) modifier 

oxide ratios [9]. 

Sl. No. Types Ferrites Name Compositions Comment(s) 

i)  Spinet Cubic 1 Fe2O3-1 MeO Where MeO is a transition 

metal oxide 

ii)  Magnetoplumbite Hexagonal 6 Fe2O3-1 MeO Where MeO is a divalent 

metal oxide from group 

IIA- BaO, CaO, SrO 

iii)  Garnet Rare earth 5 Fe2O3-3 Me2O3 Where MeO is a rare 

earth metal oxide 

 

2.5.1 Soft magnetic materials (soft ferrites) 

The wide variety of magnetic materials can be divided into two groups, the 

magnetically soft and the magnetically hard.  

At high frequency metallic soft magnetic materials simply cannot be used due to 

the eddy current losses. Therefore, soft ferrites, which are ceramic insulators, become the 

most desirable material. These materials are ferrimagnetic with a cubic crystal structure 

and the general composition MeO.Fe2O3, where ‘Me’ is a transition metal such as nickel, 

manganese, magnesium or zinc [5]. The magnetically soft ferrites first came into 

commercial production in 1948. 

Mn-Zn ferrite sold commercially as ferroxcube, can be used at frequencies up to 
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10 MHz, for example in telephone signal transmitters and receivers and in switch mode 

power supplies (also referred to as dc-dc converters). For these type of application, the 

driving force to increase frequency is to allow miniaturization. 

Additionally, part of the family of soft ferrites, are the microwave ferrites, e.g. 

yttrium iron carnet. These ferrites are used in the frequency range from  

100 MHz to 500 GHz, for waveguides for electromagnetic radiation and in microwave 

devices such as phase shifters. 

 

2.5.2 Crystal structure of spinel ferrites 

Ferrites have the cubic structure, which is very close to that of the mineral spinel 

MgO.Al2O3, and are called cubic spinel. Analogous to the mineral spinel, magnetic spinel 

have the general formula MeO.Fe2O3 or MeFe2O4 where ‘Me’ is the divalent metal ion 

[10]. This crystal structure was first determined by Bragg and by Nishikawa [4,11]. 

Formerly, spinels containing ‘Fe’ were called ferrites but now the term has been broadened 

to include many other ferrimagnets including garnets and hexagonal ferrites these need not 

necessarily contain iron. The spinel lattice is composed of a close-packed oxygen (radius 

about 0.13 nm) arrangement in which 32 oxygen ions form a unit cell that is the smallest 

repeating unit in the crystal network. The unit cell of the ideal spinel structures is given in 

Fig. 2.5. Between the layers of oxygen ions, if we simply visualize them as spheres, there 

are interstices that may accommodate the metal ions (radii ranging from 0.06 to 0.08 nm). 

Now, the interstices are not all the same: some which we call A-sites are surrounded by or 

coordinated with 4 nearest neighboring oxygen ions whose lines connecting their centers 

form a tetrahedron. Thus, A-sites are called tetrahedral sites. The other type of sites  

(B-sites) is coordinated by 6 nearest neighbor oxygen ions whose center connecting lines 

describe an octahedron. The B-sites are called octahedral sites. In the unit cell of 32 oxygen 

ions, there are 64 tetrahedral sites and 32 octahedral sites. If all these were filled with metal 

ions, of either +2 or +3 valence, the positive charge would be very much greater than the 

negative charge and so the structure would not be electrically neutral. It turns out that of 

the 64 tetrahedral sites, only 8 are occupied and out of 32 octahedral sites, only 16 are 

occupied. Thus the unit cell contains eight formula units AB2O4, with 8 A-sites, 16 B-sites, 

and 32 oxygen ions, and a total of  56 (8 x 7) ions. A spinel unit cell contains two types of 
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sub cells, Fig. 2.5.  The two types of sub-cells alternate in a three-dimensional array so 

that each fully repeating unit cell requires eight sub-cells, Fig. 2.6. 

The positions of the ions in the spinel lattice are not perfectly regular (as the 

packing of hard spheres) and some distortion does occur. The tetrahedral sites are 

often too small for the metal ions so that the oxygen ions move slightly to 

accommodate them. The oxygen ions connected with the octahedral sites move in 

such a way as to shrink the size of the octahedral cell by the same amount as the 

tetrahedral site expands. 

 

 

Fig. 2.5. Two sub-cells of a unit cell of the spinel structure. 

 

 

 

Fig. 2.6. A unit cell of spinel ferrite divided into eight sub-cells with A- and B-sites. 
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The movement of the tetrahedral oxygen is reflected in a quantity called the 

oxygen parameter, which is the distance between the oxygen ion and the face of the 

cube edge along the cube diagonal of the spinel sub-cell. This distance is 

theoretically equal to 08
3 a , where ‘ 0a ’ is the lattice constant [11]. 

 

2.5.3 Cation distribution of spinel ferrites 

The cation distribution in the spinel ferrite Me2+Fe3+O4 can be as follows [12,13]: 

 Normal spinel ferrite 

The Me2+ cations are in tetrahedral A-sites, while the two Fe3+
 cations are in 

octahedral B-sites which are represented as (Me2+)A[Fe2
3+]BO4. 

 Inverse spinel ferrite 

In this case, the Me2+ cation and one of the Fe3+ cations are in octahedral B-sites 

while the second Fe3+ cation occupies tetrahedral A-sites. The arrangement is as 

(Fe3+)A[Me2+Fe3+]BO4. 

 Mixed spinel ferrite 

The arrangement of the form 4
3
1

2
1

32
1 ][)( OFeMeFeMe BxxA











  is often referred to as 

mixed spinel, where ‘δ’ is called the inversion parameter. δ=0 for completely 

normal, δ=1 for completely inverse spinel ferrites, and 0<δ<1 for mixed spinel 

ferrites. 

The factors affecting the cation distribution over A- and B- sites are as follows 

[13,14]: 

 The size of the cations, 

 The electronic configurations of the cations, 

 The electronic energy, 

 The saturation magnetization of the lattice etc. 

Smaller cations (trivalent) prefer to occupy the A-sites. The cations have a special 

preference for A- and B-sites and the preference depends on some factors, such as: 
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 Ionic radius, 

 Size of interstices, 

 Sintering temperature, 

 Orbital preference for the specific coordination etc. 

 

However, Zn2+, Cd2+, Ga2+, In3+, Ge2+ etc. have a strong preference for A-sites 

while Ni2+, Cr3+, Ti4+, Sn4+ etc. have the preference for B-sites. Mg2+, Fe3+, A13+, Mn2+, 

Cu2+, Co2+ are distributed among A- and B-sites. Moreover, the electrostatic energy also 

affects the cation distribution in the spinel lattice. 

Spinel oxides are ionic compounds and hence the chemical bonding occurring in 

them can be taken as purely ionic to a good approximation. The total energy involved, 

however, consists of the Coulomb energy, the Born repulsive energy, the polarization, and 

the magnetic interaction energy. The energy terms are all dependent on the lattice constant, 

the oxygen position parameter, and the ionic distribution. In principle, the equilibrium 

cation distribution can be calculated by minimizing the total energy with respect to these 

variables. But the only energy that can be written with any accuracy is the Coulomb energy. The 

individual preference of some ions for certain sites resulting from their electronic 

configuration also plays an important role. The divalent ions are generally larger than the 

trivalent (because the larger charge produces greater electrostatic attraction and so pulls 

the outer orbits inward). The octahedral sites are also larger than the tetrahedral. Therefore, 

it would be reasonable that the trivalent ions Fe3+ (0.067 nm) would go into the tetrahedral 

sites and the divalent ions Fe2+ (0.083 nm) go into the octahedral. Two exceptions are 

found in Zn2+ and 2Cd  which prefer tetrahedral sites because the electronic configuration 

is favorable for tetrahedral bonding to the oxygen ions. Thus Zn2+ (0.074 nm) prefer 

tetrahedral sites over the Fe3+ (0.067 nm) ions. Zn2+ (0.074 nm) and Ni2+ (0.077 nm) have 

almost the same ionic radius but Zn prefers tetrahedral sites and Ni prefers octahedral sites 

because of the configuration exception. Ni2+ (0.077 nm) and Cr3+ (0.064 nm) have strong 

preferences for octahedral sites [15-17]. In addition, Mn2+ (0.089 nm) has a strong 

preference for tetrahedral sites. Hence the factors influencing the distribution the cations 

among the two possible lattice sites are mainly their ionic radii of the specific ions, the 

size of the interstices, temperature, the matching of their electronic configuration to the 
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surrounding anions, and the electrostatic energy of the lattice, the so-called Madelung 

energy, which has the predominant contribution to the lattice energy under the constraint 

of overall energy minimization and charge neutrality. 

 

2.6 Hysteresis loop 

Hysteresis is the lagging of the magnetization of a ferromagnetic material behind 

the magnetizing force (H). A curve, or loop, plotted on B-H coordinates showing how the 

magnetization of a ferromagnetic material varies when subjected to a periodically 

reversing magnetic field, is called hysteresis loop. 

By using a graph having B-H coordinates (or M-H coordinates), we can plot the 

hysteresis characteristics of a given ferromagnetic material. Such a curve with B-H 

coordinates is plotted in Fig. 2.7 and it is known as the hysteresis loop. By periodically 

reversing a magnetizing force, we can plot the changing values of (B) within the material. 

 
Fig. 2.7. Hysteresis loop 

 

Actually, a hysteresis loop is a B-H curve under the influence of an ac magnetizing 

force. Values of flux density (B) are shown on the vertical axis and are in Tesla. 

Magnetizing force (H) is plotted on the horizontal axis. 

http://electricalacademia.com/electromagnetism/magnetic-materials-para-dia-and-ferromagnetic-materials/
http://electricalacademia.com/electromagnetism/magnetic-flux-intensity-definition-unit-formula/
http://electricalacademia.com/definitions/electrical-engineering-terminology-basic-electrical-terms-13/
http://electricalacademia.com/electromagnetism/magnetic-materials-para-dia-and-ferromagnetic-materials/
http://electricalacademia.com/electromagnetism/magnetic-field-and-magnetic-lines-of-force/
http://electricalacademia.com/electromagnetism/magnetic-flux-definition-unit-formula/
http://electricalacademia.com/wp-content/uploads/2017/01/hyesteresis-1.gif
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2.6.1 Magnetization in the hysteresis loop 

In Fig. 2.7, the specimen is assumed to be unmagnified, and the current is starting 

from zero in the center of the graph. As H increases positively, B follows the dotted curve 

from origin to saturation point ‘a’, indicated by ‘Bmax’. As H decreases to zero, the flux 

follows the curve ‘ab’ and drops to ‘Br’, which indicates the retentively or residual 

induction. This point represents the amount of flux remaining in the core after the 

magnetizing force is removed. 

 

2.6.2 Demagnetization or degaussing in the hysteresis loop 

Demagnetization or degaussing is the process by which the magnetization within 

the ferromagnetic materials is reduced to zero by exposing it to a strong alternating 

magnetic field that is gradually reduced to zero. 

To demagnetize any magnetic material, we must reduce its residual magnetism (Br) 

to zero. This can be done by connecting a suitable coil to a source of alternating current 

and placing it close to the object to be degaussed. Slowly moving the coil and object away 

from each other, causes the hysteresis loop to become progressively small. Finally, a point 

is reached where the loop is reduced to zero and no residual magnetism remains. 

In Fig. 2.7, when ‘H’ starts in the negative direction, the core will lose its 

magnetism, as shown by following the curve from point ‘b’ to ‘c’. The amount of 

magnetizing force required to completely demagnetize the core is called the coercive force 

and is designated as ‘-Hc’. As the peak of the negative cycle is approached, the flux follows 

the portion of the curve labeled ‘cd’. Point ‘-Bmax’ represents saturation in the opposite 

direction from ‘Bmax’. From point ‘d’, the ‘-H’ value decreases to point ‘e’, which 

corresponds to a zero magnetizing force. Flux ‘-Br’ still remains in the core. 

A coercive force of ‘+Hc’ is required to reduce the core magnetization to zero. As 

the magnetic force continues to increase in the positive direction, the portion of the loop 

from point ‘f’ to ‘a’ is completed. The periodic reversal of the magnetizing force causes 

the core flux to repeatedly trace out the hysteresis loop. 
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2.6.3 Different magnetic properties in the hysteresis loop 

From the hysteresis loop, we can conclude different magnetic properties of a material 

such as: 

i. Reluctance: The opposition that a magnetic circuit presents to the passage of 

magnetic lines through it. 

ii. Retentivity: The ability of a ferromagnetic material to retain residual 

magnetism is termed its retentivity. 

iii. Residual magnetism: The magnetism remaining after the external 

magnetizing force is removed. 

iv. Coercive force: The magnetic field strength required to reduce the residual 

magnetism to zero is termed the coercive force. 

v. Permeability: Permeability is the measure of the ease, with which magnetic 

lines of force pass through a given material. 

 

2.7  Magnetic domains 

Magnetic domain theory was developed by French physicist Pierre-Ernest Weiss 

[18]. In 1906 Weiss proposed that a magnetic material consists of physically distinct 

regions called domains and each of which was magnetically saturated in different 

directions (the magnetic moments are oriented in a fixed direction) as shown schematically 

in Fig. 2.8. Even each domain is fully magnetized but the material as a whole may have 

zero magnetization. The externally applied field aligns the domains, so there is a net 

moment. At low fields, this alignment occurs through the growth of some domains at the 

cost of less favorably oriented ones and the intensity of the magnetization increases 

rapidly. The growth of domains stops as the saturation region is approached and rotation 

of unfavorably aligned domain occurs. Domain rotation requires more energy than domain 

growth. In a ferromagnetic domain, there is a parallel alignment of the atomic moments. 

In a ferrite domain, the net moments of the antiferromagnetic interactions are 

spontaneously oriented parallel to each other. Domains typically contain from 1012 to 1018 

atoms and are separated by domain boundaries or walls called Bloch walls. The formation 

of domains allows a ferro- or ferri-material to minimize its total magnetic energy [19]. 

http://electricalacademia.com/electromagnetism/magnetic-circuits-analysis-with-electrical-analogies/
http://electricalacademia.com/electromagnetism/magnetic-field-and-magnetic-lines-of-force/
http://electricalacademia.com/electromagnetism/magnetism/
http://electricalacademia.com/electromagnetism/magnetic-flux-intensity-definition-unit-formula/
https://en.wikipedia.org/wiki/Pierre-Ernest_Weiss
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 (a) First stage  (b) Second stage  (c) Third stage 

Fig. 2.8. (a-c) Stages of the rotation of orientation and increase in the size of magnetic domains after 

applying external field. 

 

The magnetic energy is composed of several types of energy [13,20], which are 

described below: 

a)   Magneto-static or demagnetization energy: The magnetized material 

behaves like a magnet, with a surrounding magnetic field. This field acts to magnetize the 

material in the direction opposite from its own magnetization, causing magneto-static 

energy which depends on the shape of the material. This magneto-static energy can be 

reduced by reducing the net external field through the formation of domains inside the 

material. 

b)  Magneto-crystalline anisotropy energy: In some materials, the domain 

magnetization tends to align in a particular crystal direction (the so-called easy axis). The 

material is easiest to magnetize to saturation or demagnetize from saturation if the field is 

applied along an easy axis. The energy difference between aligning the domain in the easy 

and another direction (hard direction) is called magneto-crystalline anisotropy energy. 

Anisotropy energy is the energy needed to rotate the moment from the easy direction to a 

hard direction. For materials with a cubic crystalline structure (such as ferrites), the energy 

is expressed in terms of anisotropy constants and the direction to which the magnetization 

rotates. Therefore, for hexagonal structure, 

Ek=K1sin2θ+K2sin4θ.....    .....     .....     .....     .....     …..     …..     …..     …..     (2.22) 

and for cubic structure, 
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Ek=K1(α1
2α2

2+α2
2α3

2+α3
2α1

2)+K2(α1
2α2

2α3
2+.....     .....     .....     .....     .....     (2.23) 

Where, ‘K’ is the anisotropy constant, ‘θ’ is the angle between the easy axis and the 

direction of magnetization, and ‘α1’, ‘α2’, ‘α3’ ... are the direction cosines, which are the 

ratios of the individual components of the magnetization projected on each axis divided 

by the magnitude of the magnetization. A crystal is higher in anisotropy energy when the 

magnetization points in the hard direction rather than in the easy direction. The formation 

of domains permits the magnetization to point along the easy axis, resulting in a decrease 

in the net anisotropy energy. 

c)   Magnetostrictive energy: In a magnetic field, the material may change its 

dimensions on the order of several parts per million. This change in dimension results in 

what is called magnetostrictive energy, which is dropped by a reduction in the size of the 

domains, requiring the formation of more domains. 

d) Domain wall energy: This is energy resulting from the increase or 

decrease in the width of the walls due to the growth or shrinkage of domains. The 

magnetization in a domain changes by two mechanisms: rotation of the magnetic dipoles 

toward the direction of the applied field and change in the domain volume. In the first 

case, a certain amount of anisotropy energy is needed to rotate the magnetization in a 

crystal from the easy to another axis. In the second mechanism, the volume of the domain 

changes, changing its contribution to the bulk magnetization, while the magnetization 

direction is unchanged. The change in the magnetization intensity of a domain depends 

on how close its direction is to the direction of the applied field. If the magnetization 

direction is close, the intensity in the domain increases, whereas if it is far, the intensity 

decreases. 

The domain volume changes due to the motion of the domain wall. This movement 

is originated by a torque that rotates the moments of the domain in line with the field, 

moving the center of the wall toward the domain opposed to the field. Consequently, the 

volume of the domains whose direction is favorable is increased whereas the domains with 

unfavorable direction decrease in volume [8]. In order to explain the fact that 

ferromagnetic materials with spontaneous magnetization could exist in the demagnetized 

state Weiss proposed the concept of magnetic domains. The magnetization within the 

domain is saturated and will always lie in the easy direction of magnetization when there 
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is no externally applied field. The direction of the domain alignment across a large volume 

of material is more or less random and hence the magnetization of a specimen can be zero. 

Magnetic domains exist in order to reduce the energy of the system. A uniformly 

magnetized specimen as shown in Fig. 2.9(a) has large magneto-static energy associated 

with it. This is the result of the presence of magnetic free poles at the surface of the 

specimen generating a demagnetizing field (Hd). From the convention adopted for the 

definition of the magnetic moment for a magnetic dipole the magnetization within the 

specimen points from the South Pole to the North Pole, while the direction of the magnetic 

field points from north to south. Therefore, the demagnetizing field is in opposition to the 

magnetization of the specimen. The magnitude of Hd is dependent on the geometry and 

magnetization of the specimen. In general, if the sample has a high length to diameter ratio 

(and is magnetized in the long axis) then the demagnetizing field and the magneto-static 

energy will be low. 

 

 

Fig. 2.9. Schematic illustration of the breakup of magnetization into domains: (a) Single domain, (b) Two 

domains, (c) Four domains, and (d) Closure domains. 

 

The breakup of the magnetization into two domains as illustrated in Fig. 2.9(b) 

reduces the magneto-static energy by half. In fact, if the magnet breaks down into ‘N’ 

domains then the magneto-static energy is reduced by a factor of ‘1/N’, hence Fig. 2.9(c) 

has a quarter of the magneto-static energy of Fig. 2.9(a). 
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Fig. 2.9(d) shows a closure domain structure where, the magneto-static energy is 

zero, this is only possible for materials that do not have a strong uniaxial anisotropy, and 

the neighboring domains do not have to be at 180˚ to each other. 

 

2.7.1 Structure of domain wall 

The overall energy of the system is raised by introducing a domain. The division 

into domains only keeps up while the minimization in magneto-static energy is larger than 

the energy required to form the domain wall. The energy related to a domain wall is 

proportional to the area of the domain wall. In the domain wall, the dipole moments of the 

atoms are not pointing in the easy direction of magnetization and hence are in a higher 

energy state, which is illustrated in Fig. 2.10. In addition, the exchange energy is also 

raised within the wall because of the atomic dipoles within the wall are not at 180˚ to each 

other. 

 
Fig. 2.10. Schematic representation of a 180° domain wall. 

 

Therefore, the domain wall energy is an intrinsic property of a material, which 

depends on: 

a) Degree of magneto-crystalline anisotropy and 

b) Strength of the exchange interaction between neighboring atoms. 

The thickness of the domain wall will also vary in relation to these parameters. The 
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narrower wall is because of strong magneto-crystalline anisotropy, whereas the wider wall 

is for a strong exchange interaction between neighboring atoms. 

However, within a specimen, minimum energy can be obtained with a specific 

number of domains. This number of domains will depend on the size and shape of the 

sample (which will affect the magneto-static energy) and the intrinsic magnetic properties 

of the material (which will affect the magneto-static energy and the domain wall energy). 

Ferromagnetic materials get their magnetic properties not only because of their atoms to 

carry a magnetic moment but also because the material is made up of small regions known 

as magnetic domains. In each domain, all of the atomic dipoles are coupled together in a 

preferential direction. During solidification, a trillion or more atom moments are aligned 

parallel so that the magnetic force within the domain is strong in the same direction. 

Ferromagnetic materials are said to be characterized by ‘spontaneous 

magnetization’ since they obtain saturation magnetization in each of the domains without 

an external magnetic field is applied. Even though the domains are magnetically saturated, 

the bulk material may not show any signs of magnetism because the domains develop 

themselves and are randomly oriented relative to each other. Ferromagnetic materials 

become magnetized when the magnetic domains within the material are aligned. This can 

be done by placing the material in a strong external magnetic field or by passing electrical 

current through the material. Some or all of the domains can become aligned. The more 

domains that are aligned, the stronger the magnetic field in the material. When all of the 

domains are aligned, the material is said to be magnetically saturated. When a material is 

magnetically saturated, no additional amount of external magnetization force will cause 

an increase in its internal level of magnetization. In an un-magnetized sample of material, 

there is no overall magnetization of the sample; because the domains are pointed in random 

directions, or form closed loops. In a magnetized sample of material, a strong overall 

magnetism is produced by the combination of magnetic effects of the aligned domains. 

 

2.8 Microstructure of magnetic materials 

A polycrystalline material is much more than many tiny crystals bonded together. 

The interfaces between the crystals, or the grain boundaries which separate and bond the 

grains, are complex and interactive interfaces. The whole set of a given material’s 
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properties (mechanical, chemical, and especially electro-magnetic) depend strongly on the 

nature of the microstructure. 

In the simplest case, the grain boundary is the region, which accommodates the 

difference in crystallographic orientation between the neighboring grains. For certain 

simple arrangements, the grain boundary is made of an array of dislocations whose number 

and spacing depends on the angular deviation between the grains. The ionic nature of 

ferrites leads to dislocation patterns considerably more complex than in metals since 

electrostatic energy accounts for a significant fraction of the total boundary energy [5]. 

For low-loss ferrite, Ghate states that the grain boundaries influence properties by 

[6]: 

a) Creating a high resistivity inter-granular layer, 

b) Acting as a sink for impurities which may act as a sintering aid and grain 

growth modifiers, 

c) Providing a path for oxygen diffusion, which may modify the oxidation state 

of cations near the boundaries. 

In addition to grain boundaries, ceramic imperfections can impede domain wall 

motion and thus reduce the magnetic property. Among these are pores, cracks, inclusions, 

second phases, as well as residual strains. Imperfections also act as energy wells that pin 

the domain walls and require higher activation energy to detach. Stresses are 

microstructural imperfections that can result from impurities or processing problems such 

as too rapid a cool. They affect the domain dynamics and are responsible for a much greater 

share of the degradation of properties than would expect [6]. 

Grain growth kinetics depends strongly on the impurity content. A minor dopant 

can drastically change the nature and concentration of defects in the matrix, affecting grain 

boundary motion, pore mobility, and pore removal [5]. The effect of a given dopant 

depends on its valence and solubility with respect to the host material. If it is not soluble 

at the sintering temperature, the dopant becomes a second phase which usually segregates 

to the grain boundary. 
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Fig. 2.11. Porosity character: (a) Inter-granular 

and (b) Intra-granular. 
 Fig. 2.12. Grain growth: (a) Discontinuous and (b) 

Duplex (schematic). 

 

The porosity of ceramic samples results from two sources, inter-granular porosity 

and intra-granular porosity, illustrated in Fig. 2.11. An undesirable effect in ceramic 

samples is the formation of exaggerated or discontinuous grain growth which is 

characterized by the excessive growth of some grains at the expense of small, neighboring 

ones, shown in Fig. 2.12. When this occurs, the large grain has a high defect concentration. 

Discontinuous growth is believed to result from one or several of the following: 

a) Powder mixtures with impurities, 

b) A very large distribution of initial particle size, 

c) Sintering at excessively high temperatures, 

d) In ferrites containing Zn and/or Mn, and 

e) A low O2 partial pressure in the sintering atmosphere. 

When a very large grain is surrounded by smaller ones, it is called ‘duplex’ microstructure. 

 

2.9 Theories of initial permeability 

For high-frequency applications, the desirable property of ferrite is the high initial 

permeability with low-loss. The present goal of most of the recent ferrite researches is to 

fulfill this requirement. The initial permeability ( i ) is defined as the derivative of 

induction B with respect to the initial field H in the demagnetization state. Therefore, 

0,0,  BdH
dH
dB

i .....     .....     .....     .....     …..     …..     …..     …..    (2.24) 
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At microwave frequency, and also in low anisotropic amorphous materials, dB and 

dH may be in different directions, the permeability thus a tensor character. In the case of 

amorphous materials containing a large number of randomly oriented magnetic atoms, the 

permeability will be scalar. As we have the equation (2.15) of magnetic induction (B). 

Now the susceptibility, 

)1(1)(
00

 


 HB
dH
d

dH
dM     .....     .....     …..     …..     …..     …..    (2.25) 

Again, the magnetic energy density, 

 HdBE
0

1


 .....     .....     .....     .....     .....     .....     …..     …..     …..     …..  (2.26) 

For time-harmonic fields, tHH sin0 , the dissipation can be described by a 

phase difference (δ) between H and B. In the case of permeability, defined as the 

proportional constant between the magnetic field induction (B) and applied field intensity 

(H), as equation (2.16). 

If a magnetic material is subjected to an ac magnetic field as we get, 

tieBB 
0    .....     .....     .....     .....     .....     .....     …..     …..     …..     …..  (2.27) 

Then it is observed that the magnetic flux density (B) experiences a delay. This is 

caused due to the presence of various losses and is thus expressed as, 

)(
0

  tieBB .....     .....     .....     .....     .....     .....     …..     …..     …..     …..  (2.28) 

Where ‘δ’ is the phase angle and marks the delay of B with respect to H, the permeability 

is then given by, 
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Where  cos
0

0/

H
B

 .....     .....     .....     .....     .....     .....     …..     …..     …..     ….. (2.30) 

   And  sin
0

0//

H
B

 .....     .....     .....     .....     .....     .....     …..     …..     …..     …..  (2.31) 
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The real part ( / ) of complex permeability (  ) as expressed in equation (2.30) 

represents the component of induction (B), which is in phase with H, so it corresponds to 

the normal permeability. 

If there are no losses, we should have ‘ /  ’. The imaginary part ( // ) 

corresponds to that part of B, which is delayed by phase ‘δ’ from H. The presence of such 

a component requires a supply of energy to maintain the alternation magnetization, 

regardless of the origin of delay. It is useful to introduce the magnetic loss factor or loss 

tangent (tanδM). 

The ratio of //  to / , as is evident from equation gives, 









 tan
cos

sin

0

0

0

0

/

//



H
B
H
B

  .....     .....     .....     .....     .....     …..     …..     …..     (2.32) 

This ‘tanδ’ is called the loss factor (also known as magnetic loss factor or loss 

tangent ‘tanδM’). 

 

 

Fig. 2.13. Schematic magnetization curve showing initial permeability ‘ i ’ (the slope of the curve at 

low fields) and the main magnetization mechanism in each magnetization range. 

 

The Q-factor or quality factor is defined as the reciprocal of this loss factor i.e. 

Mtan
1factor)-Q(or factor Quality    .....     .....     .....     …..     …..     …..     (2.33) 
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And, the relative quality factor, 
M

RQF




tan

/

       .....     …..     …..     …..     (2.34) 

The behavior of /  versus frequency and //  versus frequency is known as the 

complex permeability spectrum. The combined effect of the wall permeability and 

rotational permeability mechanism is referred to as the initial permeability of a 

ferromagnetic substance. A Schematic magnetization curve showing the initial 

permeability i  and the main magnetization mechanism in each magnetization range is 

presented in Fig. 2.13. 

 

2.9.1 Mechanisms of permeability 

A demagnetized magnetic material is divided into the number of Weiss domains 

separated by Bloch walls. In each domain, all the magnetic moments are oriented in 

parallel and the magnetization has its saturation value ‘MS’. In the walls, the magnetization 

direction changes gradually from the direction of magnetization in one domain to that in 

the next. 

The equilibrium positions of the walls result from the interactions with the 

magnetization in neighboring domains and from the influence of pores; crystal boundaries 

and chemical in-homogeneities which tend to favor certain wall positions. This is the 

explanation of the mechanisms of the permeability of magnetic materials. 

 

2.9.2 Wall permeability 

The mechanism of wall permeability arises from the displacement of the domain 

walls in small fields. Let us consider a piece of material in the demagnetized state, divided 

into Weiss domains with equal thickness ‘L’ by means of 180˚ Bloch walls  

(as in Fig. 2.14). The walls are parallel to the yz-plane. The magnetization (MS) in the 

domains is oriented alternately in the +z- or -z-direction. When a field H with a component 

in the +z direction is applied, the magnetization in this direction will be favored. A 

displacement ‘dx’ of the walls in the direction shown by the dotted lines will decrease the 

energy density by the amount mentioned hereafter [21], 
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 densityEnergy  Decrease  
L

dxHM zs2
 .....     .....     .....     .....     …..     …..     (2.35) 

This can be described as a pressure ‘MsHz’ exerted on each wall. The pressure will 

be counteracted by restoring forces which for small deviations may assume to be ‘kdx’ per 

unit wall surface. The new equilibrium position is then given by, 

 d
L

dxHM zs .....     .....     .....     .....     .....     .....     .....     …..     …..     …..  (2.36) 

The wall susceptibility ( w ) may be calculated from the change in the magnetization, 

L
dMM s2

 .....     .....     .....     .....     .....     .....     .....     …..     …..     …..     (2.37) 

 

 

Fig. 2.14. Magnetization by wall motion and spin rotation. 

 

Let ‘H’ makes the angle ‘θ’ with z-direction. The magnetization in the ‘θ’ direction 

becomes, 

 cos2)(
L

dMM s      .....     .....     .....     .....     .....     …..     …..     …..     (2.38) 

With cosHH z         .....     .....     .....     .....     .....     …..     …..     …..     (2.39) 

And 
K

HMd zs2
 .....     .....     .....     .....     .....     .....     …..     …..     …..    (2.40) 
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Now, we obtain the following equation,  

 
KL

M
H
M s

w


 
22 cos4)(




       .....     .....     .....     .....     .....     …..     …..     (2.41) 

 

2.9.3 Rotational permeability 

The rotational permeability mechanism arises from the rotation of the 

magnetization in each domain. The direction of M can be found by minimizing the 

magnetic energy (E) as a function of the orientation. The major contribution to E comes 

from the crystal anisotropy energy. Other contributions may be due to the stress and shape 

anisotropy. The stress may influence the magnetic energy via the magnetostriction. The 

shape anisotropy is caused by the boundaries of the sample as well as by pores, non-

magnetic inclusions, and in-homogeneities. For small angular deviations, ‘αx’ and ‘αy’ may 

be written as, 

 
s

x
x M

M
      .....     .....     .....     .....     .....     .....     .....     .....     …..     …..     (2.42) 

And 
s

y
y M

M
 .....     .....     .....     .....     .....     .....     .....     .....     …..     …..    (2.43) 

  

For equilibrium z-direction, E may be expressed as [3,22], 

yyyxxx EEEE 22
0 2

1
2
1

  .....     .....     .....     .....     .....     .....     .....     …..   (2.44) 

Where it is assumed that x- and y- are the principal axes of the energy minimum. Instead 

of ‘ xxE ’ and ‘ yyE ’, the anisotropy field ‘ A
xH ’ and ‘ B

yH ’ are often introduced. Their 

magnitude is given by, 

s

xxA
x M

EH
2

 .....     .....     .....     .....     .....     .....     .....     .....     …..     …..     (2.45) 

And 
s
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y M

E
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2
      .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.46) 
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 Where ‘ A
xH ’ and ‘ B

yH ’ represent the stiffness with which the magnetization is 

bound to the equilibrium direction for deviations in the x- and y-direction, respectively.  

The rotational susceptibilities ‘ xr , ’ and ‘ yr , ’ for fields applied along x- and  

y-directions, respectively are, 

A
x

s
xr H

M
,    .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.47) 

And A
y

s
yr H

M
,      .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.48) 

For cubic materials, it is often found that A
xH  and B

yH  are equal. For AA
y

A
x HHH   

and a field ‘H’ which makes an angle ‘ ’ with the z-direction (as shown in Fig. 2.14) 

the rotational susceptibility ( cr , ) in one crystallite becomes, 

 2
, sinA

s
cr H

M
    .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.49) 

A polycrystalline material consisting of a large number of randomly oriented 

grains of different shapes, with each grain divided into domains in a certain way. The 

rotational susceptibility ( r ) of the material has to be obtained as a weighted average of 

cr ,  of each crystallite, where the mutual influence of neighboring crystallites has to be 

taken into account. If the crystal anisotropy dominates other anisotropies, then AH  will 

be constant throughout the material, so only the factor ‘ 2sin ’ in equation (2.49) has to 

be averaged. Snoek [21] assuming a linear averaging of cr , and found the following, 

 A
s

r H
M

3
2

      .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.50) 

 The total internal susceptibility, 
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If the shape and stress anisotropies cannot be neglected, AH  will be larger. Any 

estimate of r  will then be rather uncertain as long as the domain structure and the pore 

distribution in the material are not known. A similar estimate of w  would require 

knowledge of the stiffness parameter (K) and the domain width (L). 

These parameters are influenced by such factors as imperfection, porosity, and 

crystallite shape and distribution which are essentially unknown. 

 

2.10 Interaction between magnetic moments on lattice sites 

Spontaneous magnetization of spinels (at 0 K) can be estimated on the basis of their 

composition, cation distribution, and the relative strength of the possible interaction. Since 

cation-cation distances are generally large, direct (ferromagnetic) interactions are 

negligible. Because of the geometry of orbital involved, the strongest super-exchange 

interaction is expected to occur between octahedral and tetrahedral cations. 

 

 

Fig. 2.15. Schematic diagram of nearest neighbors of (a) a tetrahedral site, (b) an octahedral site, and (c) 

an anion site. 
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The strength of interaction or exchange force between the moments of the two 

metal ions on different sites depends on the distances between these ions and the oxygen 

ion that links them and also on the angle between the three ions. The nearest neighbors of 

a tetrahedral, an octahedral and an anion site are shown in Fig. 2.15. The interaction is 

greatest for an angle of 180˚ and also where the interionic distances are the shortest. 

 

Fig. 2.16 shows the interionic distances and the angles between the ions for the 

different type of interactions. In the A-A and B-B cases, the angles are too small or the 

distances between the metal ions and the oxygen ions are too large. The best combination 

of distances and angles are found in A-B interactions. 

 

 

Fig. 2.16. Interionic angles in the spinel structure for the different type of lattice site interactions. 

 

For an undistorted spinel, the A-O-B angles are about 125˚ and 154˚ [3,23-24]. The 

B-O-B angles are 90˚ and 125˚ but the latter, one of the B-B distances is large. In the A-A 

case, the angle is about 80˚. Therefore, the interaction between moments on the A- and  

B-site is strongest. The B-B interaction is much weaker and the most unfavorable situation 

occurs in the A-A interaction. 

By examining the interaction involving the major contributor, or the A-B 

interaction which orients the unpaired spins of these ions antiparallel, Néel was able to 

explain the ferrimagnetism of ferrites. 
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2.11 Magnetic exchange interaction 

The exchange energy between the two atoms having spins ‘Si’ and ‘Sj’ can be 

expressed universally in terms of Heisenberg Hamiltonian [25], 

 jiij SSJH     .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.52) 

Where ‘Jij’ the exchange integral represents the strength of the exchange coupling between 

the spin angular momentum ‘i’ and ‘j’. It is well known that the favored situation is the 

one with the lowest energy and there are two ways in which the wave functions can 

combine for lowering the energy by ‘H’. These are: 

If ‘Jij’ is positive, the parallel spin configuration will minimize the system total 

energy and all spins aligned to each other in the ground state. This is the case leading to 

ferromagnetic ordering. 

If ‘Jij’ is negative, ‘Jij’ favors the antiparallel alignment of spins and consequently 

gives rise to antiferromagnetic ordering. 

 

2.11.1 Super-exchange interaction 

The magnetic interaction in magnetic oxide (ferrites) cannot be explained on the 

basis of direct exchange interaction because of the following facts: 

 The magnetic ions are located too far apart from each other shielded by the 

nonmagnetic anion (oxygen). This is because these are not band type 

semiconductor. The non-magnetic anion is situated in the line joining magnetic 

cations. 

 Super-exchange interactions appear, i.e., indirect exchange via anion p-orbitals 

that may be strong enough to order the magnetic moments. 

 

Ferrimagnetic oxides are one kind of magnetic systems in which there exist at least 

two equivalent sub-lattices for the magnetic ions. The antiparallel alignment between these 

sub-lattices (ferrimagnetic ordering) may occur provided the inter-sub-lattice exchange 

interactions are antiferromagnetic (AF) and some requirements concerning the signs and 
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strengths of the intra-sub-lattice interactions are fulfilled. Since usually in ferrimagnetic 

oxides, the magnetic cations are surrounded by bigger oxygen anions (almost excluding 

the direct overlap between cation orbitals) magnetic interactions occur via indirect  

super-exchange mediated by the ‘p’ oxygen orbitals. 

 

 

Fig. 2.17. Three major types of super-exchange interactions in spinel ferrites are as follows: ‘JAB’, ‘JBB’, 

and ‘JAA’. The small empty circle is A-site, the small solid circle is B-site, and the large empty circle is 

oxygen anion. 

 

It is well known that the sign of these super-exchange interactions depends both on 

the electronic structure of the cations and their geometrical arrangement (Fig. 2.17). In 

most of the ferrimagnetic oxides, the crystallographic and electronic structure give rise to 

antiferromagnetic inter and intra-sub-lattice competing interactions. The magnitude of 

negative exchange energies between two magnetic ions ‘M’ and ‘M′’ depends upon the 

distances from these ions to the oxygen ion O2-, via which the super-exchange takes place, 

and on the angle M-O2-M' (φ). According to the super-exchange theory, the angle φ=l80˚ 

gives rise to the greatest exchange energy, and this energy decreases very rapidly as the 

distance between the ions increases. 

If A-and B- are the tetrahedral and octahedral ions respectively in a spinet structure, 

the A-B interaction is the greatest and A-A exchange interaction is the weakest [25-27]. 
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2.12 Two sub-lattices in spinel ferrites 

The term ‘magnetic sub-lattice’ is widely used in the study of magnetic structures 

of the whole spectrum of magnetic materials. In the case of ferromagnetic materials, the 

‘magnetic sub-lattice’ is exactly the same as the crystal structure and no problem arises. In 

the case of antiferromagnetic, the importance of the direction of the magnetic moments is 

evident and makes clear the existence of two magnetic sub-lattices, as for example, in 

MnO. The difference between the two magnetic sub-lattices is the direction of their 

magnetic moment. However, ferrimagnetic materials are considerably more complex and 

the application of the molecular field theory to spinels has pointed to the problem of a clear 

definition of the concept of magnetic sub-lattices. In spinel ferrites, the metal ions are 

separated by the oxygen ions and the exchange energy between spins of neighboring metal 

ions is found to be negative, that is, antiferromagnetic. This is explained in terms of  

super-exchange interaction of the metal ions via the intermediate oxygen ions [25,28]. 

 

 

Fig. 2.18. Schematic representation of ions ‘M’ and ‘M′’ and the O2- ion through which super-exchange 

is made. ‘r’ and ‘q’ are the center to center distances from ‘M’ and ‘M′’ respectively to O2- and ‘φ’ is the 

angle between ‘M’ and ‘M′’. 

 

There are a few points to line out about the interaction between two ions in 

tetrahedral A-sites: 

 The distance between two A-ions (~0.35 nm) is very large compared with 

their ionic radius (0.067 nm for Fe3+), 
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 The angle A-O2--A (φ=79°38') is unfavorable for super-exchange 

interaction, 

 The distance from one A-ion to O2- is not the same as the distance from the 

other A-ion to O2- as there is only one A-nearest neighbor to an oxygen ion 

(in Fig. 2.18, ‘M’ and ‘M′’ are A-ions, r=0.33 nm and q=0.17 nm). As a 

result, two nearest A-ions are connected via two oxygen ions. 

 

These considerations led us to the conclusion that super-exchange interaction 

between A-ions is very unlikely. This conclusion together with the observation that direct 

exchange is also unlikely in this case to support the assumption that JAA=0 in the spinel 

ferrites. According to Néel's theory, the total magnetization of a ferrite divided into two 

sub-lattices A and B is, 

 MT(T)=MB(T)-MA(T) .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.53) 

Where ‘T’ is the temperature, ‘MB(T)’ and ‘MA(T)’ are A- and B- sub-lattice 

magnetizations. Both ‘MB(T)’ and ‘MA(T)’ are given in terms of the Brillouin function 

‘Bsi(xi)’, 

MB(T)= MB(T=0)BsB(xs)  .....     .....     .....     .....     .....     .....     .....     …..     (2.54) 

MA(T)=MA(T=0)    .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.55) 
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The molecular field coefficients ‘Nij’, are related to the exchange constants ‘Jij’ by 

the following expression, 
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  .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.58) 

With ‘rij’ the number of magnetic ions per mole in the jth sub-lattice, ‘g’ the Lande factor, 

‘μB’ is the Bohr magneton and ‘zij’ the number of nearest neighbors on the jth sub-lattice 

that interact with the ith ion. 
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According to Néel's theory and using JAA=0, equating the inverse susceptibility 

1/χ=0 at T=Tc, we obtain for the coefficients of the molecular field theory ‘NAB’ and ‘NBB’ 

of the following expression, 
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   .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.59) 

Where ‘CA’ and ‘CB’ are the Curie constants for each sub-lattice.  

Equations (2.53) & (2.59) constitute a set of equations with two unknown, NAB and NBB, 

provided that MA and MB are a known function of temperature (T). 

 

2.13 Magnetic structure of substituted ferrites 

 Analysis and characterization of substituted ferrites are vary from the application 

point of view of materials. In this case, collinear and non-collinear models are related to 

the magnetic structure of substituted ferrites. These are presented hereafter in next two 

sub-sections. 

 

2.13.1 Néel's collinear model 

Soft ferrites belong to the cubic spinel structure. According to Néel's theory, the 

magnetic ions are assumed to be distributed among the tetrahedral A-and octahedral  

B-sites of the spinel structure. The magnetic structure of such crystals essentially depends 

upon the type of magnetic ions residing on the A-and B-sites and the relative strengths of 

inter- (JAB) and intra-sub-lattice exchange interactions (JAA, JBB). Negative exchange 

interactions exist between A-A, A-B, and B-B ions. When A-B antiferromagnetic interaction 

is the dominant one, A- and B- sub-lattices will be magnetized in opposite direction below 

a transition temperature. When the A-A (or B-B) interaction is dominant, Néel found that 

the above transition will not take place and he concluded that the substance remains 

paramagnetic down to the lower temperature. But this conclusion was not correct as, in the 

presence of strong interactions, some kind of order may be expected to occur at a low 

temperature as claimed by Yafet and Kittel (Y-K) [29]. 
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2.13.2 Non-collinear model 

In general, all the interactions are negative (antiferromagnetic) with |𝐽𝐴𝐵| ≫

 |𝐽𝐵𝐵| ≫  |𝐽𝐴𝐴|. In such a situation, collinear or Néel type of order is obtained. Yafet and 

Kittel (Y-K) theoretically considered the stability of the ground state of magnetic ordering, 

taking all the three exchange interactions into account and concluded that beyond a certain 

value of JBB/JAB, the stable structure was a non-collinear triangular configuration of the 

moment wherein the B-site moments are oppositely canted relative to the A-site moments. 

Later on Leyons et al. extending these theoretical considerations showed that for normal 

spinel the lowest energy corresponds to conical spinel structure for the value of 

3JBBSB/2JABSA greater than unity. Initially one can understand why the collinear Néel 

structure gets perturbed when JBB/JAB increases. Since all these three exchange interactions 

are negative (favoring antiferromagnetic alignment of moments) the inter- and  

intra-sub-lattice exchange interaction compete with each other in aligning the moment 

direction in the sub-lattice. This is one of the origins of topological frustration in the spinel 

lattice. By selective magnetic directions of say, A-sub-lattice one can effectively decrease 

the influence of JAB vis-a-vis JBB and thus perturb the Néel ordering. The first neutron 

diffraction study of such system i.e., ZnxNi1-xFe2O4 was done at Trombay and it was shown 

to have the Y-K type of magnetic ordering followed by Néel ordering before passing on to 

the paramagnetic phase [30-33]. 

 It was found that ferrites which have been substituted sufficiently with  

non-magnetic atoms showed significant departure from Néel collinear model. These 

theoretical models have been used to explain these departures: 

 A paramagnetic center model in which the number of magnetic nearest 

neighbors determines whether a magnetic ion remains paramagnetic or 

contributes to the magnetization, 

 A uniform spin canting relative to the average magnetization, and 

 A localized canting where the canting angle of a magnetic ion spin depends 

on the local magnetic environment. 

 The discrepancy in the Néel's theory was resolved by Yafet and Kittel (Y-K) [33] 

and they formulated the non-collinear model of ferrimagnetism. They concluded that the 

ground state at ‘0 K’ might have one of the configuration mentioned hereafter: 
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 Have an antiparallel arrangement of the spins on two sites, 

 Consists of triangular arrangements of the spins on the sub-lattices, 

 An antiferromagnetic in each of the sites separately. 

 

2.14 Conduction mechanism in ferrites 

Ferrites are ferromagnetic semiconductors that could be used in electronic devices. 

The increasing demand for low loss ferrites resulted in detailed investigations on 

conductivity and on the influence of various substitutions on the electrical conductivity, 

thermoelectric power, etc. The conduction mechanism in ferrites is quite different from 

that in semiconductors. In ferrites, the temperature dependence of mobility affects the 

conductivity and the carrier concentration is almost unaffected by temperature variation. 

In semiconductors, the band type conduction occurs, wherein ferrites, the cations are 

surrounded by closed pack oxygen anions and as a first approximation can well be treated 

as isolated from each other. There will be a little direct overlap of the anion charge clouds 

or orbital. In other words, the electrons associated with particular ion will largely remain 

isolated and hence a localized electron model is more appropriate than a collective electron 

(band) model. This accounts for the insulating nature of ferrites. These factors led to the 

hopping electron model. An appreciable conductivity in these ferrites is found to be due 

to the presence of iron ion ions with different valence states at crystallographically 

different equivalent lattice sites. Conduction is due to exchange of 3d electron, localized 

at the metal ions, from Fe3+ to Fe2+. Various models have been suggested to account for 

the electrical properties. These are as follows [23,34-38]: 

 Hopping model of electrons: In ferrites, there is a possibility in exchanging 

valency of a considerable fraction of metal ions and especially that of iron. The 

temperature dependence of conductivity arises only due to mobility and not due 

to the number of charge carriers in the sample. 

 Small polaron model: A small polaron is a defect occurred when an electronic 

carrier becomes trapped at a given site as a consequence of the displacement of 

adjacent atoms or ions. The entire defect then migrates by an activated hopping 

mechanism. 
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2.15 Dielectric properties of materials 

 To explain the characteristics of spinel ferrite materials, generally, it requires 

various types of dielectric properties. However, dielectric constant and dielectric loss are 

described hereafter. 

 

2.15.1 Dielectric constant  

The overall dielectric constant (permittivity) of an insulator material is given by 

the relation, 

 000 ' EED   .....     .....     .....     .....     .....     .....     .....     .....     .....     …..    (2.60) 

Where ‘D’ represents the electric displacement, ‘E’ is the electric field in the dielectric, 

‘E0’ is the electric field in vacuum, ‘ ’ is the permittivity, ‘ ' ’ is the real part of the 

permittivity, and ‘ 0 ’  is the permittivity of vacuum. The electric displacement describes 

the extent to which the electric field has been altered by the presence of the dielectric 

material. The ‘ ' ’ is an intrinsic property of a material and a measure of the ability of the 

material to store the electric charge relative to vacuum. 

 

2.15.2 Dielectric loss 

Dielectric loss often attributed to ion migration, ion vibration, ion deformation, and 

electric polarization. Ion migration is particularly important and strongly affected by 

temperature and frequency. The losses due to ion migration increase at loss low frequency 

and the temperature increases. Dielectric loss is denoted by ‘ Etan ’ and expressed as, 

'

''

tan



 E     .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (2.61)      

Where ‘ ' ’ and ‘ '' ’ are the real and imaginary part of the permittivity, respectively. 
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CHAPTER 3 

SYNTHESIS AND STRUCTURAL CHARACTERIZATION 

Sample preparation techniques of ferrite materials including their goal are 

briefly discussed in this chapter. The procedure of auto-combustion technique 

to achieve ferrite nanoparticle is explained here properly. Flow-chart of the 

stages in the preparation of spinel ferrite as well as image diagram to prepare 

present samples are also presented here. This chapter also includes short notes 

on calcination, pressing, sintering, and thermal etching. 

 

3.1 Goal to ferrite sample preparation 

The formation of the spinel structure is a goal common to all the ferrites. It is still 

a complex and difficult task to prepare polycrystalline composite with optimum desired 

properties. Knowledge and control of the chemical composition, homogeneity, and 

microstructure are very crucial. As most of the properties needed for composite 

applications are not intrinsic but extrinsic, preparation of samples has to encounter added 

complexity. It is well known that almost all composites decompose at the elevated 

temperature if we want to melt them under normal conditions. 

Four basic steps in the preparation of ferrite are mentioned below:  

a) Preparation of materials to form an intimate mixture with the metal nitrate in 

the ratio which they will have in the final product; 

b) Heating of this mixture to form the ferrite (often called calcining); 

c) Grinding the calcined powders and pressing the fine powders into the required 

shape; and 

d) Sintering to produce a highly dandified product. 

 

3.2 Sample preparation techniques 

 It is well known that solid state reaction technique is the most popular 

conventional ceramic process which is applied to assure the majority of ferrite powders. 
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However, ferrite developed by a ceramic method involves high calcination temperature 

synthesis for the completion of solid-state reaction between the constituent oxides or 

carbonates and the particles are obtained rather bigger and non-uniform in size. These  

non-uniform particles, on compacting, result in the formation of voids and subsequently 

the low density ferrites. In order to overcome these drawbacks, wet chemical methods, viz. 

co-precipitation, hydrothermal processing, combustion, etc. had been used. Most of the 

non-conventional processes are involved in producing the ferrite powder by a wet method. 

Among these methods, some are listed below [1,2]: 

a) Co-precipitation; 

b) Organic precursors; 

c) Sol-gel synthesis; 

d) Spray-drying; 

e) Freeze-drying; 

f) Glass crystallization; 

g) Combustion synthesis etc. 

 

Nowadays, to achieve fine ferrite nanoparticles, auto-combustion synthesis is often 

applied. In this present research work, auto-combustion method is used to get 

nanocrystalline ferrites. Auto-combustion technique has the following features over other 

techniques: 

a) Faster heating rate and shorter reaction time; 

b) Use of relatively simple equipment with low cost; 

c) Formation of high-purity products; 

d) Production of homogeneous, fine, and reproducible ferrites etc. 

 

In the next section (section 3.3), a brief description of auto-combustion synthesis 

is given. 
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3.3 Auto-combustion synthesis 

Combustion method, a novel method for preparation of fine particles of ferrites 

makes use of the strongly exothermic reaction between metal nitrate and fuel. In this 

processes, the stoichiometric ratio of nitrates is dissolved in the minimum amount of 

ethanol in a glass beaker and starrier it until all the nitrate salts completely soluble in the 

ethanol. Then the mixed solution evaporated on a constant temperature water bath. 

 

 

Fig. 3.1. Flow-chart of the stages in the preparation of spinel ferrite. 
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After boiling and ignition of the mixture, a spinel residue is obtained in a few 

minutes. A heating rate of at least 348 K/min is used to obtain good combustion. These 

powders are crushed and ground thoroughly. Low-temperature calcinations are also 

performed. The calcined powders are again crushed into fine powders. The pellet and  

toroid-shaped samples are prepared from these calcined powders using die-punch 

assembly or hydrostatic or isostatic pressure. Sintering is carried out, at the temperature 

ranging 1473-1623 K, for times of typically 1~40 h, and in various atmospheres (e.g. air, 

O2 or N2) [3-9]. The stages followed in ferrite preparation are schematically presented in 

Fig. 3.1. 

 

3.4 Calcination, pressing, sintering, and thermal etching 

 Calcination, pressing, sintering, and thermal etching processes have a very 

important role in the preparation of ferrite samples. Short notes on these techniques are 

described in the following sub-sections (sub-sections 3.4.1-3.4.4). 

 

3.4.1 Calcination 

The calcining process can be repeated several times to obtain a high degree of 

homogeneity. The calcined powders are crushed into fine powders. The ideal characteristics of 

fine powders are [2]: 

a) Small particle size (sub-micron); 

b) Narrow distribution in particle size; 

c) Dispersed particles; 

d) The equiaxed shape of particles; 

e) High purity; and 
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f) Homogeneous composition. 

A small particle size of the reactant powders provides a high contact surface area 

for initiation of the reaction; diffusion paths are shorted, leading to more efficient 

completion of the reaction. Porosity is easily eliminated if the initial pores are very small. 

Narrow size distribution of spherical particles as well as a dispersed state is important for 

compaction of the powder. Grain growth during sintering can be better controlled if the 

initial size is small and uniform. 

 

3.4.2 Pressing 

A binder is usually added prior to compaction, at a concentration lower than 5wt % [2]. 

Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl alcohol 

(PVA). The binder facilitates the particles flow during compacting and increases the bonding 

between the particles, presumably by forming bonds of the type particle-binder-particle. During 

sintering, binders decompose and are eliminated from the ferrite. Pressures are used for 

compacting very widely but are commonly several tons per square inch (i. e., up to 108 N m-2). 

 

3.4.3 Sintering 

Sintering is defined as the process of obtaining a dense, tough body by heating a 

compacted powder for a certain time at a temperature high enough to significantly promote 

diffusion, but clearly lower than the melting point of the main component. The driving 

force for sintering is the reduction in surface free energy of the powder. Part of this energy 

is transferred into interfacial energy (grain boundaries) in the resulting polycrystalline 

body [2,8]. The sintering time, temperature, and the furnace atmosphere play a very 

important role on the magnetic property of ferrite materials. The purposes of the sintering 

process are mentioned below: 

a. To bind the particles together so as to impart sufficient strength to the product; 

b. To densify the material by eliminating the pores; and  

c. To homogenize the materials by completing the reactions left unfinished in 

the calcining step. 

 



Chapter 3                                                                                      Synthesis and Structural Characterization 

59 
 

Sintering of crystalline solids is dealt by Coble and Burke [10] who found the 

following empirical relationship regarding the rate of grain growth, 

nktd  .....     .....     .....     .....     .....     .....     .....     …..     …..     …..     …..  (3.1) 

Where ‘ d ’ is the mean grain diameter, ‘n’ is about 1/3, ‘t’ is the sintering time, and ‘k’ is a 

temperature dependent parameter. Sintering is divided into the following three stages 

[2,11]: 

Stage 1.  The contact area between particles increases; 

Stage 2.  Porosity changes from open to closed porosity; and 

Stage 3.  Pore volume decreases; grains grow. 

 

 

Fig. 3.2. Schematic representation of sintering stages: (a) Green body, (b) Initial stage, (c) Intermediate 

stage, and (d) Final stage. 

 

The schematic representation of sintering stages is given in Fig. 3.2. In the initial 

stage, neighboring particles form a neck by surface diffusion and presumably also at high 

temperatures by an evaporation-condensation mechanism. Grain growth begins during the 

intermediate stage of sintering. Since grain boundaries are the sinks for vacancies, grain 

growth tends to decrease the pore elimination rate due to the increase in distance between 

pores and grain boundaries, and by decreasing the total grain boundary surface area. In the 

final stage, the grain growth is considerably enhanced and the remaining pores may 

become isolated. 

In Ni-Zn ferrites, the presence of Zn complicates the sintering process because high 

temperature coupled with low oxygen firing will cause Zn loss. High density is important 

for high permeability, but so is Zn conservation. Tasaki described two alternative firings 

to achieve high density [1]: 
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a) Low sintering temperature excluding O2 (Vacuum, argon, nitrogen); and 

b) A high temperature in pure oxygen to reduce Zn loss. 

 

Accordingly, other properties correlated along with density: 

a) The lattice constant is greater for O2 but smaller for vacuum; 

b) Curie temperature is greater for the vacuum but smaller for O2; and 

c) Resistivity is greater for O2 but smaller for vacuum. 

 

3.4.4 Thermal etching 

Thermal etching is the process to achieve an accurate surface for further 

investigation of the samples after the investigation of bulk density. Basically, it is 

performed at a fixed temperature, below the least sintering temperature for 2~3 hours. This 

process is required for polished disk-shaped samples, to regain their accurate surface after 

polishing by emery papers. 

However, an ultrasonic bath for 5~15 minutes is essential for all disk-shaped 

samples to remove dust from their surface after investigating surface morphology by field 

emission scanning electron microscopy (FESEM) device. 

 

3.5 Composition of the studied ferrite 

Manganese substituted microstructural and electro-magnetic properties of 

nanocrystalline Li-Ni-Zn ferrites are synthesized and thoroughly investigated in this 

present research. 

This investigation mainly focused on the following ferrites: 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 (where x=0.00, 0.03, 0.06, 0.09, 0.12, and 0.15). 
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3.6 Synthesis of present nanoparticles 

The Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 have been prepared by auto-combustion 

technique. Stoichiometric amounts (Appendix-A) of commercially available LiNO3 

(≥99%), Ni(NO3)2.6H2O (≥98.5%), MnCl2.4H2O (≥99%), Zn(NO3)2.6H2O (≥98%), 

Fe(NO3)3.9H2O (≥98%), and citric acid (C6H8O7) (99%) was dissolved in distilled water. 

The pH value of the solution was adjusted to about 7 by using ammonia solution. The 

solution was heated at temperature of 353 K to transform into gel then auto-combustion 

occurred and fluffy nano-sized lose powders was formed. 

 

 

Fig. 3.3. Steps in preparation of present spinel ferrite samples. 

 

These nano-sized powders (like ashes), achieved from auto-combustion synthesis, 

then crushed (by foil paper) to get semi-fine nanoparticles. These semi-fine nanoparticles 

then crushed and ground thoroughly in a morter with the pestle to achieve fine 

nanoparticles (Fig. 3.3). 

These fine nanoparticles of various compositions are then calcined at 1173 K 

temperature for 5 hours (this is an optional action for ferrite nanoparticles by  

auto-combustion synthesis, not shown in Fig. 3.3) for the final formation of  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 nanoparticles. 
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3.7 Preparation of the present samples 

Fine nanoparticles are granulated using polyvinyl alcohol (PVA) as a binder and 

pressed into the disk- and toroid-shaped samples (Fig. 3.4). The samples are sintered at 

various sintering temperatures (1373, 1423, 1473, and 1523 K) in air for 4~5 hours. The 

temperature ramps for sintering are 5 K/min for heating and 10 K/min for cooling. 

 

 

  Fig. 3.4. (a) Disk and (b) Toroid shaped samples. 

 

Emery papers were used to polish all disk- and toroid-shaped samples. Thermal 

etching was performed at 1273 K for 2~3 hours for all disk-shaped samples to achieve 

accurate surface to investigate surface morphology of the samples. After investigation of 

surface morphology by field emission scanning electron microscopy (FESEM) device, an 

ultrasonic bath was performed for all disk-shaped samples for 5~15 minutes to remove 

dust from the surface of the samples. 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 
This chapter basically focused on various experimental techniques which are 

applied in this research work to characterize the samples. XRD is used for 

phase identification which is explained here including experimental techniques 

to measure the lattice parameters and average crystallite size. The technique 

that is used to analyze surface morphology is also described here. This 

chapter also provides frequency dependent ac permeability measurement 

methods for ferrite samples. Description of the experimental techniques for 

the measurement of temperature dependent initial permeability and Néel 

temperature are presented here. A brief analysis of measuring the electrical 

properties of the samples is also included here. 

 

4.1 Study of X-ray diffraction 

X-ray diffraction (XRD) patterns of these ferrite samples of  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 (where x=0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) obtained by 

using an advanced X-ray diffractometer (model-Philips PANalytical X’PERT-PRO) 

equipped with Cu-K  as a target (λ=0.1540598 nm). 

 

4.1.1 Phase identification by XRD 

The energy of the X-ray remains unchanged in Bragg’s reflection, which is 

referred to as coherent elastic scattering. If a beam of monochromatic radiation with 

wavelength ‘’ is incident on a periodic crystal plane at an angle ‘’ and is diffracted at 

the same angle as illustrated in Fig. 4.1, the Bragg diffraction condition for X-rays is 

given by the equation displayed below, 

 nSind 2    .....     .....     .....     .....     .....     .....     .....     .....     .....     …..    (4.1) 

Where ‘d’ is the distance between crystal planes and ‘n’ is the positive integer which 

represents the order of reflection. Equation (4.1) is known as ‘Bragg’s law’. This law 

suggests that diffraction is only possible when 2
d  [1]. That’s why we can’t use the 
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visible light to determine the crystal structure of a material. XRD provides substantial 

information on the crystal structure. Sharp peaks of XRD are analyzed to identify the 

phase of the present compositions comparing with characteristic reflections of earlier 

reported compositions. 

 

 

Fig. 4.1. Bragg’s law of diffraction. 

 

4.1.2 Crystallite size measurement 

Determination of crystallite size is important in the ferrite nanoparticles. 

Significant fine particle broadening is observed in the Bragg peaks, due to their small 

particle size. A crystal is usually considered perfect when atoms occupy all lattice sites 

and no imperfection exists in the crystal. The broadening of diffraction peaks arises mainly 

due to three factors. The peaks become broader due to the effect of small crystallite sizes 

and thus an analysis of peaks broadening can be used to determine the crystallite sizes 

introduce additional broadening into the diffraction peaks. 

The condition for constructive interference, reinforcement of X-ray scattering from 

a crystalline powder is given by Bragg’s law which is given by equation (4.1): 

 nSind 2 . 

This equates the path difference of X-ray scattered from parallel crystalline planes 

spaced hkldd   apart to an integral (n) number of X-ray wavelength: ‘ ’. Here ‘ ’ is the 

diffraction angle measured with respect to the crystalline planes. For an infinite crystal 

Bragg scattering occurs at discrete values of ‘ 2 ’ satisfying the Bragg condition, i.e. 
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Bragg peaks are  -function. For finite sized crystals, the peaks are broadened over a range 

of angle. 

To understand the phenomenon of fine particle broadening following argument of 

Cullity [2], we consider a finite crystal of thickness, Dthickness=md, where ‘m’ is an integer 

and ‘d’ is the distance between crystal planes, i.e. there are ‘m’ planes in ‘Dthickness’. 

 

 

Fig. 4.2. The effect of fine particle size on diffraction curves (Schematic): (a) Small particle size and  

(b) Large particle size. 

 

Considering Fig. 4.2, if the broadened Bragg peak begins at an angle 22  and ends 

at 12 , the breadth of the peaks or full width at half maximum (FWHM) is given as, 

   2121 22
2
1

       .....     .....     .....     .....     .....     .....     …..      (4.2) 

Now if we consider the path differences for each of the two angles 1  and 2  for 

X-ray traveling the full thickness of the crystal. The width   is usually measured in 

radians. We now write path difference equations for these two angles, related to the entire 

thickness of the crystal rather to the distance between adjacent planes, 

  1sin2 1  mD    .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.3) 

  1sin2 2  mD   .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.4)

  

(a) (b) 
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Now by subtracting equation (4.4) from equation (4.3), we get, 

    21 sinsinD   











 







 


2
sin

2
cos2 2121D  .....     .....     .....     .....     .....     .....   ….. (4.5)

  

But two angles 1  and 2  both are very nearly equal to  , so,  221  , and 








 








 

22
sin 2121 

. Therefore, equation (4.5) can be written as, 











 









22
2cos2 21D  




 






 


2
cos2 21D      .....     .....     .....     .....     .....     .....     .....     …..     (4.6) 

Now by using equation (4.2) in equation (4.6), we can write, 

 cosD  





cos
 D         .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.7) 

A more exact empirical treatment yields, 





cos
9.0

ecrystallitD      .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.8) 

This equation (4.8) is used to estimate the crystallite size of very small crystal 

from the measured width of their diffraction curves, which is referred to as the  

Debye-Scherrer’s formula. 

In this research work crystallite size of the various ferrite samples were calculated 

by this Debye-Scherrer’s formula and presented in the next chapter  

(chapter-5). 
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4.1.3 Lattice parameter, Lattice constant, and r(variant) measurements 

To determine the lattice parameter of each peak of each sample the following 

formula is used, 

 222 lkhda hkl   .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.9) 

Where ‘h’, ‘k’, and ‘l’ are the indices of the crystal planes. 

Nelson-Riley method was used to determine the lattice constant of each ferrite 

sample. The Nelson-Riley function F() is given as, 

     //
2
1)( 22 CosSinCosF    .....     .....     .....     .....     .....     …..     (4.10) 

The values of the lattice parameter of all the peaks for a sample are plotted against 

F(). Then using a least square fit method (by the extrapolation of the lattice parameter 

lines) lattice constant (ao) is determined. The point where the least square fit straight line 

cut the y-axis (i.e. at F()=0 or θ=90°) is the actual lattice constant (ao)  of the sample. 

This method was applied for all samples sintered at optimum temperature (Ts). 

The mean ionic radius of the variant ions for Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 was 

calculated by the following relation [3], 

Mnrxx )()r-(0.30r Ni(variant)      .....     .....     .....     .....     .....     .....     …..     (4.11) 

Where ‘rNi’ is the ionic radius of nickel, ‘rMn’ is the ionic radius of manganese, and  

x=0.00, 0.03, 0.06, 0.09, 0.12, and 0.15. 

 

4.1.4 Density, porosity, and hopping length measurements 

The physical or bulk densities ( B ) of the disc (pellet) shaped samples were 

determined by using the following expression, 

 3/ cmg
V
M

B  .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.12) 

Where ‘M’ is the mass of the sample and ‘V’ is the volume of the sample. 
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Here, trV 2 . Where ‘r’ and ‘t’ are the radius and thickness of the pellet shaped sample, 

respectively. 

To determine the theoretical density ( th ) of the samples, we need to consider the 

following expression of molecular concentration, ‘ moln ’ (number of molecule per unit 

volume), 

3
o

mol a
xn     .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.13) 

But, the relation between molecular concentration ( moln ) and theoretical density  

( th ) can be expressed as below, 

A

Ath
mol M

Nn 
     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.14) 

Where ‘NA’ is Avogadro's number (6.02211023 mol-1) and ‘MA’ is the molecular weight. 

Now, from equation (4.13) & (4.14) we can write that, 

A

Ath

o M
N

a
x 

3  

3
3 / cmg

aN
xM

oA

A
th         .....     .....     .....     .....     .....     .....     .....     …..     (4.15) 

However, equation (4.15) is used to calculate the theoretical density ( th ) of the 

samples, where, x=8 for spinel cubic ferrites. 

The porosity was calculated from the following relation, 

   100/(%)  thBthP      .....     .....     .....     .....     .....     .....     …..     (4.16) 

Where ‘ th ’ and ‘ B ’ are the theoretical density and bulk density of the samples, 

respectively. 

The distance between magnetic ions (hopping length) in the A-sites, shared sites, 

and B-sites have calculated from three relations, which are as the following [4], 

4
3o

AA
aL  .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.17a) 
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8
11o

BA
a

L  .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.17b) 

4
2o

BB
aL  .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.17c) 

Where ‘ao’ is the lattice constant. 

 

4.2 Surface morphology analysis 

The samples of different compositions sintered at optimum temperature (Ts) were 

chosen for morphological analysis. The microstructural study was performed in order 

to have an insight of the grain structures. The surface micrographs were taken using field 

emission scanning electron microscopy (FESEM, Model no. JEOL JSM 7600F) to reveal 

the microstructure of the ferrites with respect to grain size, grain boundaries, and pores.  

Average grain sizes (grain diameter) of the samples were determined from optical 

micrographs by linear intercept technique [5]. To do this, several random horizontal and 

vertical lines were drawn on the micrographs. Therefore, we counted the number of grains 

intersected and measured the length of the grains along the line traversed. Finally, the 

average grain size was calculated by the following equation, 

XN
LD        .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.18) 

Where ‘L’ is the total length of the test line, ‘X’ symbolizes the magnification, and ‘N’ 

represents the total number of intercept. 

The elemental analyses of the samples were investigated using Energy Dispersive 

X-ray Spectroscopy (EDS, Model no. JEOL JSM-7600F). 

 

4.3 Complex initial permeability measurement 

High permeability with low loss is the desirable property of ferrite for  

high-frequency application. One of the most important goals of ferrite research is to 

fulfill this requirement. The techniques of complex initial permeability measurement and 

frequency characteristics of the ferrite samples are described in sections 4.3.1 and 4.3.2. 
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4.3.1 Techniques for the initial permeability measurement 

The measurements of the change in self-inductance of a coil in presence of 

the magnetic core confirm the measurements of permeability. The behavior of a  

self-inductance can be explained as follows. We assume an ideal lossless air coil of 

inductance ( 0L ). On insertion of a magnetic core with permeability (  ), the inductance will 

be ‘ 0L ’. The complex impedance (Z) of this coil [6] can be expressed as follows, 

 )( ///
00  jLjLjjXRZ        .....     .....     .....     .....     …..     (4.19) 

Where resistive part is, //
0LR      .....     .....     .....     .....     .....     .....     …..     (4.20a) 

And reactive part is, /
0LX   .....     .....     .....     .....     .....     .....     .....     …..     (4.20b) 

The RF permeability can be derived from the complex impedance of a coil (Z), 

given by equation (4.19). The core is taken as toroid (ring) shape to avoid 

demagnetizing effects. The quantity 0L  is derived geometrically as presented in the next 

section (section 4.3.2). 

 

4.3.2 Frequency characteristics of the ferrite samples 

The frequency characteristics of the ferrite samples i.e. the initial permeability 

spectra were investigated using Wayne Kerr Precision Impedance Analyzer (Model no. 

6520B). The complex permeability measurements on toroid shaped specimens were 

carried out at room temperature on all the samples in the frequency range 1 kHz-100 MHz. 

The real part )( i  and imaginary part )( i   of the complex permeability were calculated 

using the following relations [2], 

osi LL    .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.21) 

Mii  tan  .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.22) 

Where ‘Ls’ is the self-inductance of the sample core and dSNL oo  2  is derived 

geometrically. Here ‘Lo’ is the inductance of the winding coil without the sample core, ‘N’ 

is the number of turns of the coil (N=4), ‘S’ is the area of cross section of the toroid-shaped 
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sample, and hdS  , where, 2
12 ddd 

 , ‘ 1d ’ and ‘ 2d ’ are inner and outer diameter, 

respectively, and ‘h’ indicates the height of the sample. Again, d  is the mean diameter of 

the toroid-shaped sample: 2
12 ddd 

 . In equation (4.22) ‘ Mtan ’ is the magnetic loss 

factor. Moreover, the relative quality factor (RQF) is determined from the ratio, 

M

iRQF



tan


        .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.23) 

 

4.4 Temperature-dependent i and Néel temperature measurements 

The temperature dependent initial permeability ( i ) measurement is one of the 

most important measurements for ferrimagnetic materials. Néel temperature provides 

substantial information on the magnetic status of a substance in respect of the strength of 

exchange interaction. So, the determination of temperature-dependent initial permeability 

( i ) and Néel temperature (TN) are of great importance. 

 

4.4.1 Techniques for measurement of temperature-dependent i  

For the measurement of temperature-dependent i , the sample was kept inside a 

cylindrical oven with a thermocouple placed at the middle of the sample. The 

thermocouple measures the temperature inside the oven and also of the sample. The 

sample was kept just in the middle part of the cylindrical oven in order to minimize the 

temperature gradient. The temperature of the oven was then raised slowly. 

If the heating rate is very fast then the temperature of the sample may not follow 

the temperature inside the oven, and there can be misleading information on the 

temperature of the sample. The thermocouple showing the temperature, in that case, 

will be erroneous. 

Therefore, a slow heating rate was used to eliminate this problem. Also, slow 

heating ensures accuracy in the determination of Néel temperature. The oven was kept 

thermally insulated from the surroundings. The temperature dependent permeability i  

was measured at a constant frequency (1 MHz) of a sinusoidal wave. 
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4.4.2 The Néel temperature measurement 

Néel temperature (TN) was measured from the temperature dependent initial 

permeability. Temperature-dependent initial permeability ( i ) slowly increases with 

temperature, reaches a maximum and then drops sharply at a certain temperature, referred 

to as TN for ferrite samples. The TN is a function of the exchange energy. 

 

4.5 Dielectric properties measurement 

The desirable property of a dielectric is high dielectric constant with low loss. 

One of the most important goals of dielectric research is to fulfill this requirement for 

high-frequency applications. Frequency dependent dielectric measurements of the 

present samples evaluated with Wayne Kerr Precision Impedance Analyzer (Model no. 

6500B) which works over the wide range of frequency (20 Hz-120 MHz). 

Measurements of dielectrics properties normally involve the measurements 

of the change in capacitance and loss of a capacitor in presence of the dielectric 

materials. The behavior of capacitance can now be described as follows. We assume 

an ideal lossless air capacitor of capacitance ( oC ). On insertion of dielectric material in air 

space, the capacitance will be changed. The dielectric constant and electrical (admittance 

and ac resistivity) properties measurements on disk-shaped specimens were carried out at 

room temperature on all the samples of optimum Ts in the high-frequency range. The real 

part (  ) and imaginary part (  ) of dielectric constant were calculated using the following 

relations [6], 

oC
C

'    .....     .....     .....     .....     .....     .....     .....     .....     .....     .....     …..   (4.24) 

E tan'    .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.25) 

Where ‘C’ is the capacitance of the sample materials and 
d

ACo
0  is derived 

geometrically. Here ‘Co’ is the capacitance of the capacitor without the dielectric materials, 

‘d’ is the thickness of the capacitor, and ‘A (= 2r )’ is the area of cross section of the  

disk-shape sample. In equation (4.25) Etan  is the dielectric loss. 
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4.6 Complex impedance spectroscopy measurement 

The real part (Z′) and imaginary part (Z′′) of impedance for all the samples sintered at 

optimum Ts as a function of frequency at room temperature were also measured by Wayne 

Kerr Precision Impedance Analyzer (Model no. 6500B). The Cole-Cole plot at room 

temperature for all the samples sintered at optimum ‘Ts’ was also measured from the real 

part (Z′) and imaginary part (Z′′) of impedance. 

 

4.7 ac conductivity and ac resistivity measurements 

The ac conductivity (σac) and ac resistivity (ρac) were determined at room temperature in 

the frequency range 20 Hz-120 MHz to study the mechanism of conduction. For the 

measurement of σac and ρac the samples were painted on either side with silver paste to 

ensure good electric contacts. The σac and ρac of the sample were calculated from the 

dielectric data using the relation [7], 

  oac    .....     .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.26) 


 

o
ac

1         .....     .....     .....     .....     .....     .....     .....     .....     …..     (4.27) 

Where ‘εo’ is the permittivity of free space (εo=8.85×10−12 Fm−1), ‘  ’ is the imaginary 

part of dielectric constant ( E tan ), ‘ ’ is the real part of dielectric constant,  

‘ Etan ’ is the dielectric loss, and ‘ω’ is the angular frequency. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

In this chapter, all results of the present work are presented in graphical and 

tabular forms. Possible explanations of these results of the ferrite samples are 

also included here. Recorded data from theoretical and experimental analyses 

are used to explain the features of ferrite nanoparticles and compared with 

earlier reported results. The structural analysis and surface morphology of the 

present samples are discussed here. Complex initial permeability, as well as 

temperature-dependent permeability including Néel temperature of the samples 

are also reported here. This chapter also presents the dielectric study of the 

ferrite samples including their ac conductivity and ac resistivity. 

 

5.1 Structural analysis 

The XRD is used to find the structural information of ferrite materials. It is 

important for phase identification of the ferrite samples. Lattice constant, theoretical 

density, bulk density, porosity, crystallite size, mean ionic radius of the variant ions, and 

the distance between magnetic ions (hopping length) reveal the structural characteristics 

of ferrite nanoparticles. 

 

5.1.1 X-ray diffraction analysis 

The X-ray diffraction (XRD) patterns for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

(where x=0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) compositions sintered at 1523 K in air for 

1 hour are shown in Fig. 5.1. The patterns clearly show the formation of spinel structure 

for each composition. It is observed that the XRD patterns of the samples consist of major 

spinel cubic phase. All the peaks in the spectrum for all samples matched well with 

characteristic reflections of spinel structure reported earlier. The XRD peaks are well 

indexed to the crystal planes of spinel ferrites (111), (220), (311), (222), (400), (422), 

(511), and (440). 
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Fig. 5.1. The X-ray diffraction pattern of nanocrystalline Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K. 

 

In the spectrum, the minor impurity peaks, which are marked as ‘ ’and ‘ Ø ’ are 

the secondary impurity Fe2O3 and MnO phases, respectively. These impurity peaks are 

mainly from the unreacted ingredients of the compositions. These impurity phases may be 

attributed due to the metastable, non-stoichiometry, Mn3+ and Mn4+ ions, low sintering 

temperature (Ts) as well as low decomposition temperature etc. [1-2]. These secondary 

impurity peaks may fully disappear at the higher sintering temperature [3-4]. 

 

5.1.2  Crystallite size 

The crystallite size was estimated by using Debye-Scherrer formula from the 

broadening of the highest intensity peaks (311) of XRD patterns. Debye-Scherer’s formula 

is: 




cos
9.0

ecrystallit D [5], where ‘Dcrystallite’ is the crystallite size, ‘λ’ is the wavelength of 

the radiation used as the primary beam of Cu Kα (λ=0.154178 nm), ‘θ’, is the angle of the 

incident beam in degree, and ‘β’ is the full width at half maximum (FWHM) of the 

fundamental reflection (311) in radian of the FCC ferrites phase. Debye-Scherer’s formula 
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assumes approximation and gives the crystallite size if the grain size distribution is narrow 

and strain-induced effects are quite negligible. 
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Fig. 5.2. The XRD patterns for various as prepared powder of Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 for (311) peak 

sintered at 1523 K. 

 

Table 5.1. FWHM and crystallite size of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples sintered at 1523 K. 

Mn Content, 

(x) 

FWHM, β  

(in degree) 

FWHM, β 

(in radian) 

Crystallite size 

(nm) 

0.00 0.1599 0.0028 52 

0.03 0.1602 0.0028 52 

0.06 0.1615 0.0028 52 

0.09 0.1739 0.0030 48 

0.12 0.1827 0.0032 46 

0.15 0.1776 0.0031 47 

 

Fig. 5.2 shows the XRD patterns for various as prepared powders of  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K for 1 hour, where (311) peaks are shown 

in expanded form to understand the variation of β of the Bragg peaks with the Mn content. 
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From Fig. 5.2, it is observed that the value of β increases with increasing Mn content except 

x=0.15. This is because of the larger manganese ions replace nickel ions [6-9]. It is also 

seen that with increasing Mn content, the most intense peak (311) along with other peaks 

shifts towards lower 2θ angle up to x=0.12. This shifting of peaks with the substitution of 

Mn2+ in the place of Ni2+ is due to the relative difference between the ionic radii of Mn2+ 

(0.089 nm) with that of Ni2+ (0.077 nm) [10-11]. 

However, for x=0.15, β decreases and the peak (311) along with other peaks shows 

the right shift. This is may be due to the Mn2+ ions enter into both tetrahedral-A and 

octahedral-B sites instead of the preferable tetrahedral-A site [6-9]. The crystallite size 

(Dcrystallite) of the sample is inversely proportional to β according to the Debye-Scherrer 

formula [5]. The observed crystallite size is in the range 46 to 52 nm and shown a 

decreasing trend with Mn content, which are listed in Table 5.1. Slightly broader (311) 

peak indicating that the nano-sized particle is formed [12]. 

  

5.1.3 Lattice constant and r(variant) 

The values of lattice constants have been calculated with the help of the  

Nelson-Riley function, shown in equation (4.10). The values of lattice constants were 

estimated from the extrapolation of the lattice parameter lines (by linear fit) to F(θ)=0 or 

θ=90°. The lattice constant (ao) including r(variant) of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

compositions sintered at 1523 K for 1 hour are plotted as a function of Mn content shown 

in Fig. 5.3. The lattice constant slightly increases with the increase of Mn content up to 

x=0.12, obeying the Vegard's law [10]. The increase in lattice constant with decreasing Ni 

content can be explained on the basis of the ionic radii of variant cations. The ionic radii 

of the cations of Mn2+ and Ni2+used in Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 are 0.089 and  

0.077 nm, respectively [13]. In the present compositions, Ni is substituted by Mn. When 

the larger Mn ions enter the lattice, it reveals the expansion of the unit cell while preserving 

the overall cubic symmetry [14]. Therefore, a slight increase in lattice constant with 

increasing Mn content is expected. But for x=0.15, a slight decrease in lattice constant is 

observed. This is maybe for the right shift of the most intense XRD peak (311) along with 

other peaks and decrease of β for x=0.15. Here the assumption is, Mn2+ ions may be 

entered into both tetrahedral-A and octahedral-B sites instead of preferable tetrahedral-A 
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site [8]. The mean ionic radius of the variant ions for Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 can be 

written as: Mnrxx )()r-(0.30r Ni(variant)  . From this relation, because of higher ionic radii 

of Mn than that of Ni, it is observed that r(variant) is increased with increasing Mn content. 

The values of ao and r(variant) are listed in Table 5.2. 
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Fig. 5.3. Variation of the ao and the r(variant) as a function of Mn content for Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

sintered at 1523 K. 

 

5.1.4 Density and porosity 

Density plays a key role in controlling the properties of ferrite materials. Both 

theoretical density (ρth) and bulk density (ρB) decrease in a similar fashion with the increase 

of Mn content in Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 for a fixed sintering temperature  

(Ts=1523 K), as shown in Fig. 5.4. It indicates that as Mn increases in  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4, density decreases and porosity increases. This is happened 

for all Mn content except x=0.15. It is possible to explain this phenomenon in terms of the 

atomic weight of the constituent atoms. The atomic weight (Appendix-B) of  

Mn (54.9380 amu) is much less than the atomic weight of Ni (58.6934 amu) [15-16]. 

Therefore the density decrease is expected. On the other hand, porosity shows the opposite 

trend as shown in Fig. 5.4. The similar results from the same sintering temperature are also 

illustrated in Fig. 5.5, which indicates the variation of bulk density (ρB) and porosity  

(%P) with Mn content. However, for x=0.15, density slightly increased and porosity 
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slightly decreased. This is because of the lesser volume of the sample, which is attributed 

because of the smaller lattice constant (ao) at x=0.15. The values of theoretical density 

(ρth) and bulk density (ρB) and porosity (%P) of various samples sintered at 1523 K are 

presented in Table 5.2. 
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Fig. 5.4. The variation of ρth, ρB, and P (%) as a function of Mn content in Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

sintered at 1523 K. 
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Fig. 5.5. The variation of bulk density and porosity (%) as a function of Mn content in  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K. 
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The density of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples increases as the 

sintering temperature increases from 1373 to 1523 K, as shown in Fig. 5.6 and as expected 

porosity decreases with sintering temperature. During the sintering process, the thermal 

energy generates a force that drives the grain boundaries to grow over pores, thereby 

decreasing the pore volume and increasing the density of the material. It is known that the 

porosity of ceramics results from two sources, such as intra-granular porosity and  

inter-granular porosity. Thus the total porosity could be written as P = Pintra + Pinter. The 

inter-granular porosity mainly depends on the grain size. At higher Ts grain forms 

uniformly and void reduces as a result density increases [12,17]. 
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Fig. 5.6. The variation of bulk density as a function of Ts for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples. 

 

However, the distance between the centers of adjacent ions is known as the hopping 

length (L). The distance between magnetic ions (hopping length) in the A-sites, shared 

sites, and B-sites can be calculated using the following relations [11,18]: 
4

3o
AA

aL  , 

8
11o

BA
a

L  , and
4

2o
BB

aL  . It is found that the hopping lengths increase with the 

increase of Mn content up to x=0.12, which suggests that the magnetic ions become larger 

with Mn2+ dopant. But for maximum Mn content of this current research (x=0.15), hopping 
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lengths decrease. This is for the decrease of lattice constant (ao) for that specific Mn 

content. Various values of hopping lengths are also tabulated in Table 5.2. 

 

Table 5.2. The lattice constant, the mean ionic radius of the variant ions, theoretical density, bulk density, 

porosity, the distance between magnetic ions in the A-sites, shared sites, and B-sites, and average grain size 

of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples sintered at 1523 K. 

Mn 

Content, 

(x) 

Lattice 

Constant 

ao (nm) 

r(variant) 

(nm) 

ρth×103 

(kg/m3) 

ρB×103 

(kg/m3) 

Porosity 

P (%) 

LA-A  

(nm) 

LA-B  

(nm) 

LB-B   

(nm) 

Grain 

Size 

(μm) 

0.00 0.8376 0.0231 5.1743 4.5928 11.2375 0.3627 0.3472 0.2961 0.76 

0.03 0.8378 0.0235 5.1682 4.5581 11.8048 0.3628 0.3473 0.2962 0.85 

0.06 0.8387 0.0238 5.1481 4.5343 11.9231 0.3632 0.3477 0.2965 0.98 

0.09 0.8394 0.0242 5.1327 4.5179 11.9784 0.3635 0.3480 0.2968 1.01 

0.12 0.8397 0.0245 5.1249 4.5102 11.9939 0.3636 0.3481 0.2969 1.08 

0.15 0.8391 0.0249 5.1344 4.5201 11.9651 0.3633 0.3479 0.2967 1.04 

 

5.2 Surface morphology 

The microstructure of ferrites strongly influences their electrical and magnetic 

properties, so it is necessary to determine the average grain size (Dgrain) and the type of 

grain growth of the samples from the micrographs. The FESEM micrographs and the EDS 

patterns of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K have been analyzed. 

The FESEM micrographs from 3 (three) different magnifications (5000, 10000, and 

15000) are given in Fig. 5.7-Fig. 5.9. The Dgrain of the samples are calculated from these 

optical micrographs by linear intercept technique with the help of the equation: 

XN
LD grain , where ‘L’ is the total length of the test line, ‘X’ symbolizes the 

magnification, and ‘N’ represents the total number of intercept, and are presented in  

Table 5.2. It is observed that average grain size (grain diameter) noticeably dependent on 

Mn substitution. We observed that the Dgrain increases with increasing Mn2+ substitution 

up to x=0.12, which could be attributed to Mn2+ have higher ionic radius than Ni2+
 [11]. 

This is also may occur due to the modified chemical properties as a result of Mn 

substitution. Depending on Mn substitution, brand new chemical compositions are 

produced. The physical and chemical properties of each substituted composition are 
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completely different. This also implies that the melting point of Mn (1518 K) is lesser than 

that of Ni (1726 K) [2,14]. 

 

      

         

      

Fig. 5.7. (a-f) The FESEM micrographs of manganese substituted spinel ferrite nanoparticles of various 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K, where the magnification is 5000. 

x = 0.00 a x = 0.03 b 

x = 0.06 c x = 0.09 d 

x = 0.12 e x = 0.15 f 
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Fig. 5.8. (a-f) The FESEM micrographs of manganese substituted spinel ferrite nanoparticles of various 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K, where the magnification is 10000. 

 

 

x = 0.00 a x = 0.03 b 

x = 0.06 c x = 0.09 d 

x = 0.12 e x = 0.15 f 
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Fig. 5.9. (a-f) The FESEM micrographs of manganese substituted spinel ferrite nanoparticles of various 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K, where the magnification is 15000. 

 

For x=0.15, the Dgrain decreases because in this case significant amount of Mn2+ 

resides at the grain boundaries which hamper the grain growth and may be increased in 

x = 0.00 a x = 0.03 b 

x = 0.06 c x = 0.09 d 

x = 0.12 e x = 0.15 f 
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strain on the grains, consequently, lead the Dgrain to decrease. In this case, it is also 

noticeable that, for x=0.15, the lattice constant, density, porosity, and hopping lengths also 

show the opposite trend. 

 

 

 

 

Fig. 5.10. (a-f) The EDS spectrum of manganese substituted spinel ferrite nanoparticles of various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 sintered at 1523 K. 

 

The surface elemental composition of the samples of Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

sintered at 1523 K was investigated by the energy dispersive X-ray spectroscopy (EDS) 

analysis. The EDS spectrums of the different samples are shown in Fig. 5.10, which 

confirmed the presence of Ni, Mn, Zn, Fe, and O elements. But Li is absent in the EDS 

spectrum because of its lower atomic number and comparatively light-weight. The EDS 

spectrum was measured at different regions of the samples and it was found that a relatively 

x = 0.00 a x = 0.03 b 

x = 0.06 c x = 0.09 d 

x = 0.12 e x = 0.15 f 
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higher amount of Mn resides at the grain boundaries for x=0.15. The quantitative analysis 

of the EDS spectrums results that the relative atomic ratio of manganese substituted in 

mixed ferrites is near to the expected values. It is suggested that the experimental values 

of the atomic percentage of different spinel ferrites have some oxygen deficiency with the 

stoichiometry in preparation [4]. 

 

5.3 Complex initial permeability 

The variation of complex initial permeability (μi′ and μi′′) as a function of frequency 

for Mn substituted various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 in the frequency range of  

0.1 MHz-100 MHz sintered at 1523 K are shown in Fig. 5.11. It is observed that the real 

part of initial permeability (μi′) decreases for x=0.03, then it increases for x=0.06, after 

that it decreases again for x=0.09. For x=0.12, μi′ increases again and attains the maximum 

value (μi′=334), which is 7% greater compared to the parent composition. For x=0.15, μi′ 

decreases again. It is also observed that the imaginary part of initial permeability (μi′′) 

decreases with frequency and reached a minimum value at a certain frequency, where the 

μi′ starts to decrease. The μi′′ appears because of lagging of the domain walls motion with 

the applied alternating magnetic field. The decrease in μi′ implies the onset of 

ferromagnetic resonance. The μi′ of ferrites is influenced by their intrinsic factors like 

preferential site occupancy as well as extrinsic properties such as density, porosity, and 

grain size [19-20]. Processing parameters also play a crucial role to tune its characteristics. 

As μi′ is very sensitive to several parameters so it is still challenging to obtain a precise 

conclusion for variation of μi′ with concentration. 

The real part of initial permeability (μi′) at 1 MHz, maximum relative quality factor 

(RQFmax), and resonance frequency (fr) for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel 

ferrite nanoparticles sintered at 1523 K are presented in Table 5.3. For polycrystalline 

ferrites, the permeability is the superposition of two different magnetizing processes  

[21-23]: (i) Spin rotation and (ii) Domain wall motion, which can be delineated as: 

wspini  1 , where ‘ spin ’ is intrinsic rotational susceptibility and ‘ w ’ is domain 

wall susceptibility. The spin  and w  can be written as: K
M S

spin

22
  and 
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


 4
3 2

grainS
w

DM
 , where ‘Ms’ is that the saturation magnetization, ‘K’ the anisotropy 

constant, ‘Dgrain’ the average grain diameter, and ‘γ’ the domain wall energy. Accordingly, 

the domain wall motion is influenced by the average grain size and enhanced with the 

increase of grain size. Generally, μi′ of ferrite material obeys the relation: 

1

2

K
DM grainS

i  , where ‘K1’ is the magneto-crystalline anisotropy constant [24]. 

When the grain growth is normal then the μi′ would be proportional to Dgrain. Increase in 

grain size results in an increase in the domain walls number in every grain. As the domain 

walls movement regulates the μi′ so any intensification in the domain walls number would 

consequence in an increase in μi′ [25-26]. 

 

Table 5.3. The real part of initial permeability (μi′) at 1 MHz, maximum relative quality factor (RQFmax), and 

resonance frequency (fr) for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 

1523 K including expected total (net) magnetization (MT) for various samples. 

Sample Composition μi′ (1 MHz) RQFmax fr (MHz) TN ( K) MT (μB) 

Li0.15Ni0.30Zn0.40Fe2.15O4 295 12101 1.44 593 5.35 

Li0.15Ni0.27Mn0.03Zn0.40Fe2.15O4 292 9663 4.32 588 5.44 

Li0.15Ni0.24Mn0.06Zn0.40Fe2.15O4 308 13369 5.68 583 5.53 

Li0.15Ni0.21Mn0.09Zn0.40Fe2.15O4 256 9278 4.67 573 5.62 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 309 14087 6.38 563 5.71 

Li0.15Ni0.15Mn0.15Zn0.40Fe2.15O4 283 9246 4.32 578 5.80 

 

Accordingly, the increase in μi′ with Mn substitution can be attributed to the 

increase in Dgrain. However, decreasing in the μi′ of Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 can be 

attributed to the ionic radii of Mn2+ may be greater than the lattice of spinel, so 

considerable Mn2+ find difficulty to enter the spinel lattice, for this reason, a significant 

amount of Mn2+ reside at grain boundaries which hamper the mobility of grain boundary 

as well as grain growth. Consequently, the domain rotation and domain wall motion 

become difficult which causes a decrease in μi′. Density is inversely proportional to 

porosity. When density increases then porosity decreases thus connectivity among grains 

increases with increasing density. High connectivity among grains facilitates magnetic flux 
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flow which increases μi′. It is found that μi′ remains almost constant up to resonance 

frequency (fr) and the relation between μi′ and fr are related inversely, which can be 

explained by Snoek’s law: μi′fr=constant. The μi′ shows a decreasing trend with increasing 

frequency because nonmagnetic impurities between grains and intra-granular pores 

function as pinning points at higher frequencies and hamper the motion of spin and domain 

walls increasingly [25-26]. 
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Fig. 5.11. The variation of (a) μi′ and (b) μi′′ as a function of frequency for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K. 
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Fig. 5.12. The variation of (a) RQF and (b) tanδM as a function of frequency for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K. 
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The variation of RQF and tanδM as a function of frequency for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K are shown in 

Fig. 5.12. The maximum value of RQF at 1523 K is 14067 (for x=0.12), which is 16% 

higher than that of parent composition. RQF is often used as a yardstick to measure the 

performance in practical applications. It is observed that RQF increases with increasing 

frequency and then it shows a peak at particular frequencies. After showing a peak RQF 

starts to decrease with more increase in frequency. RQF becomes higher may be due to the 

growth of lesser imperfections and defects. The magnetic loss factor tanδM arises from the 

lag of domain wall motion with respect to applied alternating magnetic field. It is attributed 

to several domain effects like non-uniform and non-repetitive domain wall motion, 

nucleation and annihilation of the domain wall, domain wall bowing, and the localized 

variation of flux density [27]. 

105 106 107 108

100

200

300

R
ea

l P
ar

t o
f 

In
it

ia
l P

er
m

ea
bi

li
ty



i

x = 0.12

 Ts = 1373 K
 Ts = 1423 K
 Ts = 1473 K
 Ts = 1523 K

Frequency (Hz)

(a)

 

 

105 106 107 108

 Ts = 1373 K
 Ts = 1423 K
 Ts = 1473 K
 Ts = 1523 K

Im
ag

in
ar

y 
P

ar
t o

f 
In

it
ia

l P
er

m
ea

bi
li

ty



i

 

Frequency (Hz)

x = 0.12

(b)

40

80

120

 

 

 

1400 1450 1500

8.0x106

1.2x107

1.6x107

2.0x107

Sintering Temperature, Ts (K)

150

200

250

300

350
(c)

x = 0.12

 fr

 i

Res
ona

nce
 Fr

equ
enc

y, f
r (H

z)

Rea
l Pa

rt o
f In

itia
l Pe

rme
abi

lity
 

i

 

Fig. 5.13. The variation of (a) μi′, (b) μi′′ as a function of frequency, and (c) variation of μi′ & fr with Ts for 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 (x=0.12) spinel ferrite nanoparticles sintered at various temperatures. 
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However, Fig. 5.13(a-b) illustrates the variation of μi′ and μi′′ as a function of 

frequency for Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1373, 

1423, 1473, and 1523 K. It is noticed that the μi′ increases with increasing sintering 

temperature from 1373 to 1523 K. Almost similar behavior is observed for all other  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples sintered at 1373, 1423, 1473, and 1523 K (not 

shown in figure). It is also observed that the μi′′ as a function of frequency for 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 sintered at 1373, 1423, 1473, and 1523 K shows significant 

results, which is because of lagging of domain wall motion. In Fig. 5.13(a) it is also found 

that the domain wall relaxation frequency is known as resonance frequency (fr), for all 

compositions, shifted from a higher value to a lower value as Ts increases. From this 

observation, it can be declared that the μi′ is inversely proportional to fr for 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 with various Ts. Accordingly, Fig. 5.13(c) shows the 

variation of μi′ and fr with Ts for Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4, which confirms the 

Snoek’s limit [21-28]. 
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Fig. 5.14. The variation of (a) μi′ and (b) μi′′ as a function of sintering temperature for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles at a constant frequency of 1 MHz. 

 

Moreover, at a constant frequency (1 MHz), the graphs of μi′ and μi′′ as a function 

of sintering temperature for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite 

nanoparticles are shown in Fig. 5.14. It is noticed that at a constant frequency (1 MHz), 

for x=0.03, 0.09, and 0.15, the real part of initial permeability, μi′ reaches its largest value 

at 1473 K, and for x=0.00, 0.06, and 0.12, μi′ reaches its largest value at 1523 K. It is also 
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found that at the sintering temperature of 1373 K, 1423 K, and 1473 K, x=0.03 samples 

show the maximum value of μi′. But at the sintering temperature of 1523 K (which is 

considered as optimum temperature), x=0.12 sample shows the maximum value of μi′ 

(which is the highest value of μi′). In this case, the curves of μi′′ from the damping of 

domain wall motion as a function of Ts also reveal similar significant effects as μi′. 
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Fig. 5.15. The variation of (a) μi′ and (b) μi′′ as a function of Mn content (x) for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K, at different frequencies. 

 

However, the Fig. 5.15 presents the curves of μi′ and μi′′ as a function of Mn content 

(x) for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at  

1523 K, at the frequencies of 0.1 MHz, 1MHz, and 10 MHz. The curves of the variation of 

μi′ with Mn content for 0.1 MHz, and 1MHz are almost similar and significantly differ from 

the curve for 10 MHz from a point of view of the practical applications of ferrite 

nanomaterial. 

The change in μi′ with the change of Mn substitution can be credited to the change 

in Dgrain. The relationship between permeability and average grain size would generally be 

proportion only if the grain growth is normal. 
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Fig. 5.16. The variation of (a) μi′ and (b) μi′′ as a function of Mn content (x) for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles at a constant frequency of 1 MHz sintered at various 

temperatures. 
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Fig. 5.17. The variation of (a) RQF and (b) tanδM as a function of Mn content (x) for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles at a constant frequency of 1 MHz sintered at various 

temperatures. 

 

Therefore, one can expect higher μi′ for a particular composition sintered at higher 

Ts. In this study, μi′ is found to be highest (=334) at the sintering temperature of 1523 K 

(optimum Ts). Now, if the sintering temperature goes beyond the optimum Ts, the value of 

μi′ will assume to be decreased. It is conceivable that the samples sintered at above 
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optimum Ts increase the number of pores inside the grain, as a result, the value of μi′ 

decreases. The pores play as pinning sites for the domain wall movement. Consequently, 

domain wall movement is hindered and this limits the growth of μi′ [12]. 

The variation of μi′ (1 MHz) and μi′′ (1 MHz) with Mn content for various 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at different Ts are shown 

in Fig. 5.16. This figure illustrates that the μi′ reaches its maximum value for x=0.12 

sintered at 1523 K and μi′′ plays an opposite role for the same sample. Fig. 5.17 shows the 

change of RQF (1 MHz) and tanδM (1 MHz) with Mn content for various  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1373, 1423, 1473, and 

1523 K. From this figure, it was found that for x=0.12 sintered at 1523 K the RQF reaches 

its maximum value and tanδM shows the opposite result. 

 

5.4 Temperature-dependent permeability and Néel temperature 

The temperature-dependent real part of initial permeability (μi′) was studied at a 

constant frequency (1 MHz) to find the Néel temperature of the studied samples. The real 

part of the initial permeability (μi′) as a function of temperature (μi′ vs. T plot) for 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K is shown in 

Fig. 5.18(a). 
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Fig. 5.18. (a) The temperature-dependent μi′ (at constant frequency 1 MHz) and (b) Variation of ao and TN 

with Mn content (x) for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K. 
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It is observed that μi′ slowly increases with temperature, reaches a maximum and 

then drops sharply at a certain temperature, known as Néel temperature (TN) for all 

samples. A sharp decrease of the μi′ at the Neel temperature indicates a good compositional 

homogeneity in the ferrite samples. 

The Néel temperature (TN) for different samples is presented in Table 5.3. It is a 

function of the exchange energy. Physically, at TN, the thermal agitation is so violent that 

it reduces the alignment of the magnetic moment along a given axis to zero [14,29]. It 

follows that a ferrimagnetic material above its TN is paramagnetic. Variation of ao and TN 

with Mn content (x) for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 samples sintered at 1523 K 

is plotted in Fig. 5.18(b). It is noticed that TN decreases continuously with increasing Mn2+ 

substitution up to x=0.12, beyond this TN increases. The value of TN is found to decrease 

from 593 (for x=0.00) to 563 K (for x=0.12). This suggests that Mn2+ ions may be 

incorporated into the lattice of ferrites, resulting in the weakening of A-B interaction 

between the two sub-lattices in the ferrite. This could be attributed to the increase in 

distance between the moments of A- and B-sites (i.e. the hopping lengths, LA-B, presented 

in Table 5.2), which is confirmed by the increase in the lattice constant with increasing 

Mn2+ concentration up to x=0.12. Beyond this decrease in the lattice constant with 

increasing Mn2+ substitution indicates the enhancement of TN from 563 (for x=0.12) to 

578 K (for x=0.15). 

 

5.5. dc magnetization of Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

The magnetic properties of the various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 could be 

explained by super-exchange interaction between A- and B-sites. As a normal behavior, 

the magnetization (M) of all composition is assumed to be increased linearly with 

increasing of the applied magnetic field up to a certain value and attains its saturation 

values (Ms) for fields higher than that of the certain value of applied magnetic field. It is 

expected that, as Mn concentration increases μi′ and Ms increased up to its maximum value. 

This could be explained by the cation distribution and super-exchange interaction between 

A- and B-sites. In this present study, the probable cation distribution may be written as: 
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Where the parentheses () and square brackets [] represent A- and B-sites, respectively. It 

is known that Mn2+ (magnetic moment=5μB) and Zn2+ (non-magnetic) ions prefer the  

A-sites while Li1+ (non-magnetic) and Ni2+ (magnetic moment=2μB) ions occupy B-sites. 

Although Fe3+ (magnetic moment=5μB) ions may exist at both A- and B-sites. Moreover, 

it is to be mentioned that the cation distribution of Mn3+ and Mn4+ situated at the B-sites 

[12]. 

According to Néel's two sub-lattice model A-B super-exchange interaction is 

predominant over inter-sub-lattice A-A and B-B interaction, and the net magnetization is 

given by the vector sum of the magnetic moments of the individual A and B sub-lattices: 

).()()( TMTMTM ABT   

Where MA is the magnetization of A-sites, MB is the magnetization of B-sites, MT is the 

total (net) magnetization, and T is the temperature.  As Li1+ and Zn2+ do not contribute to 

the magnetization because of being non-magnetic, Ni2+, Mn2+, and Fe3+ ions having 

magnetic moment 2μB, 5μB, and 5μB, respectively results the net magnetic moment which 

can be estimated as below: 

The magnetization of A-sites, 
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Similarly, the magnetization of B-sites, 
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Now, the total (net) magnetization, 
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From this estimation, it can be seen that total (net) magnetization (MT) increases with 

increasing Mn content. When Mn2+ ions are substituted instead of Ni2+ ions in Li-Ni-Zn 

ferrite, Mn2+ ions enter A-sites (tetrahedral position) [14]. As a result, some of the Fe3+ 

ions migrate from A to the B-sites in view of the site preferences for different ions as 

mentioned above, which influence the enhancement of total (net) magnetization (MT) in 
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present ferrite samples. The estimated values of total (net) magnetization (MT) based on 

the preferred sites of the cations for various samples are presented in Table 5.3. 

 

5.6  Dielectric properties of Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

The dielectric properties of ferrites are affected by several factors, like structural 

homogeneity, chemical composition, preparation method, density, porosity, grain size, 

sintering temperature and atmosphere, impurity levels etc. [20,30]. The variation of 

dielectric constant (ε′) as a function of frequency is shown in Fig. 5.19(a). It is observed 

that the dielectric constant decrease steeply at lower frequencies and remains constant at 

higher frequencies. It indicates the usual dispersion behavior in the lower frequency 

region. The dispersion behavior is observed due to the presence of Maxwell-Wagner type 

interfacial polarization in accordance with Koop’s phenomenological theory [31-33]. In 

this model, the dielectric structure is assumed to consist of two layers. The first layer is a 

conducting layer consists of large grains and the other being grain boundaries are a poor 

conductor. According to this theory, the conductivity of grain boundaries contributes more 

effectively to the dielectric constant at lower frequencies. 

For ferrites, the ε′ is directly proportional to the square root of conductivity  

[33-34]. The grain boundaries have lower values of ε′ and conductivity while the grains 

have higher values of these. At lower frequencies, the grain boundaries are more effective 

than the grains controlling the electrical conduction. Therefore, the ε′ is higher at lower 

frequencies and decreases with frequency. The low-frequency dispersion in ferrites may 

be observed due to the space charge effect. It is also found that the dielectric constant varies 

with increase an in Mn content. The substitution of Mn for Ni could modify the structural 

homogeneity which would cause a decrease in the degree of polarization. The conduction 

mechanism and the dielectric behavior of ferrites have strong correlation [35-39]. By 

electronic exchange, Fe3+↔Fe2+ and Mn2+↔Mn3+, one obtains the local displacement of 

the electrons in the direction of the applied electric field. These displacements of the 

electrons contribute to the polarization of the ferrites. By increasing frequency polarization 

decreases and reaches a constant minimum value due to the fact that beyond a certain 

frequency of the electric field, the electric dipoles are unable to follow the fast alteration 

of the applied alternating electric field. In other words, the electronic exchange between 
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ferrous and ferric ions cannot follow the alternating field [40]. The exchange of electrons 

between Fe2+ and Fe3+ and the exchange of holes between Mn3+ and Mn2+ in the 

octahedral sites of manganese ferrites results in local displacement of charge carriers in 

the direction of the electric field which leads to electric polarization. Similar behavior of 

dielectric constant with frequency had been reported by Shaikh et al. [34]. 
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Fig. 5.19.  The variation of the (a) Real part of dielectric constant (ε′) and (b) Loss tangent (tanδE) as a 

function of frequency at room temperature for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite 

nanoparticles sintered at 1523 K. 

 

Fig. 5.19(b) shows the variation of dielectric loss tangent (tanδE) with frequency. 

The dielectric loss arises mainly due to impurities and imperfections in the crystal lattice. 

It is observed that the dielectric loss tangent for all compositions decreases with increasing 

frequency and slightly increases at a higher frequency. The dielectric loss decreases with 

the increase of frequency due to the fact that the hopping frequency of the electron 

exchange between Fe2+ and Fe3+ ions at adjacent octahedral sites cannot follow the 

changes of the external ac applied electric field beyond a certain frequency limit. The 

dielectric loss peaks can be explained by the Debye relaxation theory. The peak in the 

dielectric loss arises when the hopping frequency is nearly equal to the frequency of the 

externally applied electric field and condition ωτ=1 (ω=2πf) is satisfied. At higher 

frequencies, losses are found to be low since domain wall motion is inhibited and 
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magnetization is forced to change by rotation. The dielectric loss tangent decreases 

inversely as the frequency. At higher frequency, the loss is small, which ensures that 

present ferrites could possibly be used in practical applications [41-43]. 

 

5.7 Complex impedance spectroscopy study 

To study the electrical properties of ferrites nanoparticles, impedance spectroscopy 

is an important method as the impedance of grains can be separated from the other 

impedance sources, such as the impedance of electrodes and grain boundaries. The 

analysis of impedance is essential to get information about the resistive (real part) and 

reactive (imaginary part) components of the materials. 

Fig. 5.20(a) illustrates the variation of the real part of impedance (Z′) for all the 

samples sintered at 1523 K as a function of frequency at room temperature. It is found that 

the magnitude of Z′ gradually decreases with increasing frequency up to a certain 

frequency (0.1 MHz) for all samples. 
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Fig. 5.20. (a) The variation of Z′ with frequency and (b) The Cole-Cole plot at room temperature for various 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrite nanoparticles sintered at 1523 K. 

 

The decrease in Z′ indicates that the conduction is increasing with frequency and 

at the higher frequency (≥0.1 MHz) it becomes almost frequency independent. At lower 

frequencies, the higher values of Z′ indicates the larger polarization. At higher frequencies, 
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the lower values of Z′ for all samples declare the possible release of space charge 

polarization at the boundaries of homogeneous phases in the composites under the applied 

external field [44]. A ferrite material is assumed to be consisting of crystalline plates. 

A sample is assumed as a microstructure made up of parallel conducting plates 

(grains) separated by resistive plates (grain boundaries). Generally, two semicircles are 

observed in the Cole-Cole plot; first semicircle at low-frequency side represents the grain 

boundary resistance and the second semicircle at high frequency corresponds to the 

resistance of grain or bulk [45]. The complex impedance or Cole-Cole plot for all the 

compositions sintered at 1523 K as a function of frequency at room temperature is 

presented in Fig. 5.20(b). The plot obtained shows only one semi-circular arc for all the 

ferrite compositions corresponding to the conduction due to the grain boundary volume in 

the low-frequency region. This single semicircle suggests that through the grain boundary 

volume conduction mechanism takes place predominantly [46]. 

 

5.8 ac conductivity and ac resistivity 

The ac conductivity and resistivity of ferrites give the fundamental information associated 

to the concentration of charge carriers at grain or grain boundaries, dielectric polarization 

of magnetic ions and inter-granular tunneling of charge carriers across the grain boundary. 

The variation of ac conductivity (σac) and ac resistivity (ρac) as a function of frequency at 

room temperature for various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrites sintered at  

1523 K is illustrated in Fig. 5.21. The σac and ρac were calculated by using the relations: 

  oac and 


 
o

ac
1 , respectively, where ‘εo’ is the permittivity of free space 

(εo=8.85×10−12 Fm−1), ‘  ’ is the imaginary part of dielectric constant ( E tan ),  

‘ ’ is the real part of dielectric constant, ‘ Etan ’ is the dielectric loss, and ‘ω’ is the 

angular frequency. From figure, it is observed that at the lower frequency range (up to  

0.1 MHz) ρac decreases with increasing frequency but at the higher frequencies (above  

0.1 MHz) it becomes almost frequency independent and shows negligibly small values. 

The resistivity mechanism in ferrites can be explained on the basis of electron hopping 

between Fe2+ and Fe3+. The grains are low resistive materials whereas the grain boundaries 

are high resistive materials. The grain boundaries having highly resistivity are more active 
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at lower frequency region so the hopping frequency of electron between Fe3+ and Fe2+ is 

less at lower frequencies. With the increase in the frequency of applied field, the grains 

having low resistivity become more active, consequently, the hopping frequency of 

electron between Fe3+ and Fe2+ enhance. As a result, the ρac gradually decreases with 

frequency whereas the ac electrical conductivity increases [31-32,46]. 

Ferrites having high density provide high ρac. However, among the studied 

samples, Li0.15Ni0.27Mn0.03Zn0.40Fe2.15O4 and Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 sintered at  

1523 K show comparatively higher ρac at lower frequency range. In ferrites, two metal ions 

existing at B-sites are closer than two metal ions existing at different sites, one at A-sites 

and another one at B-sites. 

Therefore, the probability of electron hopping between B-B sites is greater than  

B-A sites. Hopping between A-A sites may not exist because during the sintering process 

some Fe2+ are formed and preferentially occupy B-sites only. It is expected that as Mn2+ 

prefer A-sites, so the doping will decrease the resistivity linearly with increasing Mn 

content which can be explained by the following arguments. Due to the relative difference 

between the ionic radii of Mn2+ and Ni2+, the substitution of Mn2+ in place of Ni2+ will 

expand the bond length and unit cell, and reduce the overlapping of orbitals, consequently, 

the hopping probability will be reduced. 

104 105 106 107

0.05

0.10

0.15

ac
 C

on
du

ct
iv

ity
, 

ac
 (


m
)-1

Frequency (Hz)

 x = 0.00
 x = 0.03
 x = 0.06
 x = 0.09
 x = 0.12
 x = 0.15

T
S
 = 1523 K

(a)

103 104 105 106

ac
 R

es
is

ti
vi

ty
, 

ac
 (


m
)

(b)

Frequency (Hz)

TS = 1523 K

 x = 0.00
 x = 0.03
 x = 0.06
 x = 0.09
 x = 0.12
 x = 0.15

 

0

2000

4000

 

 

Fig. 5.21. The variation of (a) ac conductivity (σac) and (b) ac resistivity (ρac) as a function of frequency for 

various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 spinel ferrites sintered at 1523 K. 
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However, the observed resistivity does not decrease linearly by obeying the  

above-mentioned reasons. The deviation from linearity may be explained by assuming that 

at higher concentrations some Mn2+ may possibly occupy B-sites besides a large portion 

of it going to A-sites, whereas for lower concentrations Mn2+ preferentially occupy A-sites. 
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CHAPTER 6 

CONCLUSIONS 

Major findings from the structural, morphological, magnetic, and dielectric studies of 

the ferrite samples as well as suggestions of future works are listed in this chapter. 

 

6.1 Major findings of present study 

  Major findings of the study of the present ferrite  

(Li0.15Ni0.30-xMnxZn0.40Fe2.15O4) samples sintered at various temperatures are 

mentioned below: 

 The structural analysis (XRD) of various Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 confirms 

that all the samples have spinel structure consist of major (primary) spinel cubic 

phase including minor (secondary) impurity Fe2O3 and MnO phases. 

 The crystallite size (Dcrystallite) was estimated by Debye-Scherrer formula, which 

shows a decreasing trend with increasing Mn content up to x=0.12, beyond that 

Dcrystallite increased. 

 The mean ionic radius and r(variant) of the variant ions for  

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 is increased with increasing Mn content. The lattice 

constant (ao) and distance between magnetic ions (hopping lengths) in the A-sites, 

shared sites, and B-sites are also increased with increasing Mn content up to 

x=0.12, beyond that they decreased. 

 For a fixed Ts (=1523 K), both theoretical density (ρth) and bulk density (ρB) 

decreased in a similar fashion with the increase of Mn content up to x=0.12 in 

present ferrite samples, but for x=0.15 they increased. An opposite trend was found 

for the porosity. The ρB of various samples increased and as expected porosity 

decreased with Ts. 

 The average grain size (Dgrain), estimated by linear intercept technique from the 

FESEM micrograph, was found to increase with increasing Mn2+ substitution up to 

x=0.12, beyond that Dgrain decreased. The EDS analysis of various  
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Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 confirmed the presence of all elements (Ni, Mn, Zn, 

Fe, and O) except Li. 

 It is found that for fixed Ts, the real part (μi′) and imaginary part (μi′′) of initial 

permeability, relative quality factor (RQF), and magnetic loss factor (tanδM) varied 

with the variation of Mn content. It is also observed that μi′ of 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 increased with Ts. The maximum value of μi′ and 

RQF, as a result, the minimum value of tanδM are observed in 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 sintered at 1523 K. 

 The Néel temperature (TN) decreased as the increase of Mn content up to x=0.12, 

and as usual, the result is opposite for x=0.15. A sharp decrease of the μi′ at the TN 

indicates a good compositional homogeneity in the ferrite samples. 

 The real part of dielectric constant (ε′), dielectric loss tangent (tanδE), complex 

impedance, ac conductivity (σac), and ac resistivity (ρac) were studied in the 

frequency range 100 Hz-100 MHz. 

 Frequency dependence of ε′ in lower frequencies indicates a usual dielectric 

dispersion. The tanδE shows similar behavior like ε′. 

 The effect of grain and grain boundaries on the electrical properties was confirmed 

by the complex impedance analysis study of the samples. 

 The σac showed frequency independent behavior at lower frequency region and 

with increasing frequency the conductivity increases. An inverse trend is observed 

for ρac. 

However, these results indicated the importance of present ferrite nanoparticles in 

practical applications. These ferrites might be applicable as the materials of the component 

of various electronic devices, such as the electronic filters, microwave devices, 

transducers, magnetic switches, memory elements for the computer etc. Magnetic 

nanoparticles of these ferrites might be helpful for the biomedical equipment and medical 

diagnostics. 
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6.2 Suggestions for further research 

The works on Mn substituted Li-Ni-Zn ferrites which can be conducted in the future 

are mentioned hereafter: 

 Divalent and trivalent cations can be substituted in 

Li0.15Ni0.18Mn0.12Zn0.40Fe2.15O4 to enhance its magnetic properties. 

 Sintering additives like Bi2O3 and V2O5 can be mixed to promote densification 

and getting a better result in lower sintering temperatures to magnetic materials. 

 The molar ratio of metals to citric acid during sample preparation was 1:3 in 

this study. This ratio can be changed to control the reaction time. 

 The variation in sintering temperature can be investigated in present ferrite 

materials. 

 dc magnetization can be investigated for these ferrite samples. 

 Electron spin resonance (ESR) studies of Mn substituted Li-Ni-Zn ferrites may 

be performed for investigating magnetic properties of the samples. 

 An investigation on the Mössbauer effect for Mn substituted ferrite 

(nanoparticle) samples can be performed. 

..... ..... ..... ..... ..... ..... 
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APPENDIX-A.     STOICHIOMETRIC AMOUNTS OF THE COMPOUNDS (grams) 

Md. Moiful Alam; ID: 0413143016F; M. Phil. (Physics), BUET 
Stoichiometric amounts of the compounds (for auto-combustion) 

Li0.15Ni0.30-xMnxZn0.40Fe2.15O4 

Se
ri

al
 

Name of the 
compounds 

Mass of the 
compounds 
(molecular 

mass, 
g/mole) 

Required mass of the compounds (molecular mass, g/mole) (for 20 grams) 

C
om

m
en

t(
s)

 

For sample-1 For sample-2 For sample-3 For sample-4 For sample-5 For sample-6 
Total 

requirements 

---- ---- Value of 
the 'x' = 0.00 0.03 0.06 0.09 0.12 0.15 ---- ---- 

---- ---- 
Mass of the 

samples 
(g/mole) = 

228.8695200 228.7568595 228.6441989 228.5315384 228.4188779 228.3062174 ---- ---- 

1. LiNO3  
(≥99%) 

68.94594 0.9037 0.9042 0.9046 0.9051 0.9055 0.9060 5.4291 N/A 

2. Ni(NO3)2.6H2O 
(≥98.5%) 290.81656 7.6240 6.8650 6.1052 5.3447 4.5834 3.8214 34.3437 N/A 

3. MnCl2.4H2O 
(99.99%) 197.918969 0.0000 0.5191 1.0387 1.5589 2.0795 2.6007 7.7970 N/A 

4. Zn(NO3)2.6H2O 
(≥98%) 297.51316 10.3994 10.4045 10.4096 10.4148 10.4199 10.4251 62.4733 N/A 

5. Fe(NO3)3.9H2O 
(≥98%) 404.02974 75.9091 75.9465 75.9839 76.0214 76.0589 76.0964 456.0161 N/A 

6. Citric acid 
(C6H8O7) (99%) ---- 43.2225 43.2142 43.2060 43.1977 43.1894 43.1811 259.2110 N/A 

7. Ammonia 
solution ---- Up to pH 7 Up to pH 7 Up to pH 7 Up to pH 7 Up to pH 7 Up to pH 7 ---- N/A 

8. Distilled Water ---- Up to dissolve Up to 
dissolve 

Up to 
dissolve 

Up to 
dissolve 

Up to 
dissolve 

Up to 
dissolve 

---- N/A 

 

 

APPENDIX-B.     ATOMIC WEIGHT OF THE ELEMENTS (amu) 

 
Element Groups Alkali Earth Alkaline Earth Transition Metals Rare Earth Other Metals Metalloids Non-Metals Halogens Noble Gases 
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APPENDIX-C.     PRESENTATION BASED ON THIS THESIS 

 

[1] Moiful Alam, M., and Hossain, A. K. M. A., “Synthesis of Li-Ni-Mn-Zn Ferrite Nanoparticles by 

Auto-combustion Method and their Size Dependent Electro-magnetic Properties,” presented at 

the Int. Conference on Physics-2018, 08-10 March, Venue: University of Dhaka, Dhaka, 

Bangladesh, Poster: PP-108. 
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