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ABSTRACT 

Polycrystalline Fe2.5Zn0.5-xMnxO4 with x= 0.00-0.50 have been synthesized by the standard 

solid state reaction technique. Pellet- and toroid -shaped samples are prepared from the ferrite 

powders and sintered at various temperatures in air for 5 hours (1100-1250C). Structural and 

surface morphology are studied by X-ray diffraction (XRD) and Field Emission Scanning 

Electron Microscope (FESEM). The magnetic properties of these ferrites are characterized 

with high frequency (10 kHz-120 MHz) using Impedance Analyzer. The influence of 

microstructure, various cation distribution and sintering temperature on the complex initial 

permeability of these samples are discussed. XRD pattern show the formation of spinel 

structure. Lattice parameters are calculated using the Nelson -Riley function. Lattice 

parameters are also analyzed by the Rietveld quantitative analysis. It is also found that the 

lattice constant increases with increasing Mn content, obeying Vegard’s law due to larger  

ionic radius (0.89Å) of  Mn2+ compared to Zn2+ (0.74Å ). The micrograph shows that both 

sintering temperatures and cations substitutions have great influence on various properties. 

As the sintering temperature increases, the bulk density increases (depending on 

compositions), and hence the porosity decreases for all compositions. The initial permeability 

increases for substitution up to x=0.40 and beyond this slightly decrease. It is also observed 

that the real part of initial permeability ( /
i ) increases with sintering temperatures because 

high sintering temperature helps to develop uniform grain. The /
i  remains fairly constant in 

the frequency range up to some critical frequency which is called resonance frequency. The 

highest /
i  has been observed sintered at 1250 ºC because of the homogenious microstructure 

with a uniform grain size distribution. The relative quality factor, Q, increases with increasing 

sintering temperature and Mn content up to x=0.40 then decreases for increasing the Mn 

content. The highest Q value (1013) is observed for Fe2.5Zn0.10Mn0.40O4 sintered at 1250ºC. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction 

There is an intense demand for high performance and miniaturization of many electronic 

devices. For some devices soft magnetic materials of high permeability is desired. With the 

rapid development of mobile communication and information technology, the electronic 

devices with small size, low cost and high performance is in demand. Many researchers have 

worked on different types of ferrites in order to improve their electrical and magnetic 

properties. There does not exist an ideal ferrite sample that meets the requirements of low 

eddy current loss and usefulness at frequencies of the gigahertz. Each one has its own 

advantages and disadvantages. Scientists still continue their efforts to achieve the optimum 

parameters of ferrites, like high saturation magnetization, high permeability, high resistivity 

etc.  Since the research on ferrites is so vast, it is difficult to collect all of the experimental 

results and information about all types of ferrites in every aspect. Most modern soft ferrites 

have spinel type crystal structure. Spinel ferrites of different compositions have been studied 

and used for a long time to get useful products. It has tetrahedral A site and octahedral B site 

in AB2O4 crystal structure. It shows various magnetic properties depending on the 

compositions and cation distribution. Various cations can be placed in A site and B site to 

tune its magnetic properties. Depending on A site and B site cations it can exhibit 

ferromagnetic, antiferromagnetic, spin (cluster) glass, and paramagnetic behaviour [1, 2]. The 

general chemical formula of such ferrites is MeFe2O4, where Me represents one or several of 

the divalent transition metals. These types of ferrites are subjects of intense theoretical and 
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experimental investigation due to their remarkable behaviour of magnetic and electric 

properties [3-9]. 

Magnetic properties of ferrites strongly depend on their chemical compositions and additives 

or substitutions. Small amount of foreign ions in the ferrite can dramatically change the 

properties of ferrites. Therefore most of the latest ferrites products contain a small amount of 

additives. Non magnetic Zn is a very promising and interesting candidate among them. The 

magnetic properties of Zn substituted ferrites have attracted considerable attention because of 

the importance of these materials for high frequency applications. Again in order to get 

higher initial permeability, ferrites were often doped with ZnO, which activated sintering 

mechanism and increased sintered density. 

Kulkarni et al. [10], Maria, et al. [11] and Dawoud, et al. [12] studied magnetic ordering in 

Cu-Zn ferrite and complex permeability of ZnxCu1-xFe2O4 prepared by a standard solid state 

reaction technique. It was reported that preparation condition of the samples and substitution 

of Cu had an influence on the magnetic properties of these ferrites. In our laboratory, 

structural and magnetic properties of Cu substituted Zn based various polycrystalline 

Fe2.5Zn0.5-xCuxO4 were investigated [13]. It was observed that the initial permeability 

increased up to x=0.3 and beyond this substitution it decreased. In the present research, high 

spin Mn will be substituted in Zn based Fe2.5Zn0.5-xMnxO4 in order to investigate its structural 

and magnetic properties.  

1.2 Objectives of the Present Work   

Ferrites are especially convenient for high frequency uses because of their high resistivity. 

The high frequency response of the complex permeability is therefore very useful in 

determining the convenient frequency range in which a particular ferrite material can be used. 
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The mechanism of eddy current losses and damping of domain wall motion can be 

understood from the relative magnitudes of the real and imaginary parts of the complex 

permeability. The effect of composition and microstructure on the frequency response is 

therefore very useful.  

The main objectives of the present research are as follows: 

 Preparation of various Fe2.5Zn0.5-xMnxO4 ferrites (x=0-0.50 in the step of 0.1) 

samples by solid state reaction technique. 

 Study of crystal structure (X-ray diffraction) and hence determination of density and 

porosity of various samples. 

 Investigation of surface morphology (grain size). 

 Measurement of initial permeability as a function of frequency (10kHz-120MHz) 

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

 

Possible outcome of the research is as follows: 

Due to substitution of various cations, spinel lattice may be either compressed or expanded 

depending on ionic radius and hence there is a change of cation distribution in A- and B-sites 

of AB2O4 spinel structure. The crystal structure is expected to change for the substitution of 

Mn in Fe2.5Zn0.5-xMnxO4. Due to the structural change there may be a variation of magnetic 

interaction between A-site and B-site cations and hence a change of magnetic properties is 

expected in Fe2.5Zn0.5-xMnxO4. The results of the present research will be helpful for practical 

applications of these ferrites. 
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1.3 Summary of the Thesis  

The thesis consists of following components: 

Chapter 1 deals with the importance of ferrites and objectives of the present work. 

Chapter 2 gives a brief overview of the materials, theoretical background as well as crystal 

structure of the spinel ferrites. 

Chapter 3 gives the details of the sample preparation and descriptions of different 

experimental setup that have been used in this research work. 

Chapter 4 is devoted to the results of various investigations of the study and a brief 

discussion. 

The conclusions drawn from the overall experimental results and discussion are presented in 

Chapter 5. 
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CHAPTER 2 

THEORITICAL BACKGROUND 

2.1 General aspects of magnetism 

2.1.1 Origin of magnetism 

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

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

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

materials are much more magnetic than others. The main distinction is that in some materials 

there is no collective interaction of atomic magnetic moments, whereas in other materials 

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

electron in orbit is given by 

µ =πr2 (ev/2πr) = evr/2         … … … … … …     (2.1)  

Where r is the radius of orbit, e - charge of an electron and v is the velocity of an electron. 

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

mvr=nh/2π   …  … … … … …  … (2.2) 

Where m is the mass of an electron and h is the Planck's const. 

If the electron revolves in the first orbit then n=1 

Therefore orbital magnetic moment of an electron is given by from (2.1) and (2.2) 

µ =eh/4πm       …  … … … … …  …  (2.3) 

This is known as Bohr magnetron, the smallest possible orbital magnetic moment. 

A simple electromagnet can be produced by wrapping copper wire into the form of a coil and 
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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 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 magnetrons (µB), and 

there is also a spin magnetic moment associated with it due to the electron itself spinning, 

like the earth, on its own axis (illustrated in Figure 2.1). In most materials there is resultant 

magnetic moment, due to the electrons being grouped in pairs causing the magnetic moment 

to be cancelled by its neighbor. 

 

Figure 2.1. A spin magnetic moment associated with it due to the electron itself spinning like the earth on its 

own axis. 

In certain magnetic materials the magnetic moments of a large proportion of the electrons 

align, producing a unified magnetic field. 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 spin of the 

electron is µ =eh/4πm . According to quantum theory the spin of electrons has only two 

possibilities +1/2 or -1/2. Similar to eqn (2.3) we can write in the form 

µ = (e/2m) S           …  … … … … …  …          (2.4) 
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Where S is the spin quantum number here given by (1/2).(h/2π) 

In short, 

µ =g (e/2m).S              … … … … … … …           (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. The mass of the nucleus is so large that the magnetic moment 

contribution can be neglected compared to the electronic magnetic moment. The 

gryomagnetic 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. The value of g tells us 

whether the origin of magnetic moment is spin or orbital motion of electrons. 

2.1.2 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 [1]. 

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 indicate 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)  
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where, dτ = r2sinθ dr dθ dφ,  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 by a bar magnet, at a given point in space, therefore 

depends on two factors: on both the strength P of its poles and on the distance d separating them. The 

force is proportional to the product, µ= PR, 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 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 magnetic moment in the current-carrying loop, carrying current I and of area vector 

a for which the magnitude is given by: 

aIm   … … … … … …  …        (2.8)  

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. 

2.1.3 Magnetic moment of electrons 

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 a potential 
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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. 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 momentum. 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

q
gm 2

  … … … … … … (2.9) 

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 [2]. 

The total spin magnetic moment of the electron is 

)( sg Bss   … … … … … …         …      (2.10) 

Where gs = 2 in Dirac mechanics, but is slightly larger due to Quantum Electrodynamics 
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effects, μB is the Bohr magnetron and s is the electron spin. The z component of the electron 

magnetic moment is 

sBsZ mg   … … … … … …         …     (2.11) 

Where, ms is the spin quantum number. 

The total magnetic dipole moment due to orbital angular momentum is given by 

)1(
2

 llL
m

e
B

e

s  … … …      (2.12) 

Where, μB is the Bohr magnetron. 

The z-component of the orbital magnetic dipole moment for an electron with a magnetic 

quantum number ml is given by 

lBZ m   … … … … …             (2.13) 

2.1.4 Magnetic Behavior 

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 a 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 

B = μ0 (H+M) … … … … …   (2.14) 

B = µH … … … … (2.15) 

Where, μ0 is a universal constant of permeability in a free space and µ is the permeability of 

a material. In equation (2.14), one can see that μ0H is the magnetic induction generated by 

the field alone and μ0M is the additional magnetic induction contributed by a material. The 

magnetic susceptibility (χ) is defined as the ratio of magnetization to magnetic field 
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H

M
  … … … … …        …        …     (2.16) 

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

µ=µ0 (1+χ) … … … … … …        …      (2.17) 

The magnetic behavior of materials can be classified into the following five major groups: 

1. Diamagnetism 

2. Paramagnetism 

3. Ferromagnetism 

4. Antiferromagnetism 

5. Ferrimagnetism 

Materials in the first two groups are those that exhibit no collective magnetic interactions 

and are not magnetically ordered. Materials in the last three groups exhibit long-range 

magnetic order below a certain critical temperature [1,2]. 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 “nonmagnetic”. 

The varieties of magnetic orderings are schematically presented in Fig. 2.2. 

A brief description of the above mentioned classes of magnetic materials are described below: 

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 values of susceptibility on the 

order of 10-5
 to 10-6. Most of the materials are diamagnetic, including Cu, B, S, N2 and most 
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organic compounds. 

 

 

 

 

 

 

 

 

Figure2.2. Varieties of magnetic orderings (a) paramagnetic, (b) ferromagnetic, (c) ferrimagnetic, (d) 

antiferromagnetic and (e) superparamagnetic. 

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 [4]. 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. O2, NO, Mn and Cr are just a few examples of the paramagnetic materials. The 

susceptibility of a paramagnetic material is inversely dependent on temperature, which is 

known as Curie law (Figure 2.3a) 

 

T

C
  … … … … …  (2.18) 

Where C is the Curie constant. 
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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 (Figure 2.3b). 







T

C  … … … … … …        …      (2.19) 

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 temperature below Tc, the 

magnetic moments are ordered whereas above Tc, material losses magnetic ordering and 

show paramagnetic character. The elements Fe, Ni, and Co and many of their alloys are 

typical ferromagnetic materials. 

Two distinct characteristics of ferromagnetic materials are: 

 Spontaneous magnetization and 

 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, 0K, 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 
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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). Blow 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. 

 

 

 

 

 

 

 

Figure2.3. The inverse susceptibility varies with temperature T for (a) paramagnetic, (b) ferromagnetic, (c) 

ferrimagnetic, (d) antiferromagnetic materials. TN and Tc are Néel temperature and Curie temperature, 

respectively. 

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 anti-ferromagnetic susceptibility is 

followed the Curie-Weiss law with a negative θ as in equation (2.14). The inverse 

susceptibility as a function of temperature is shown in Fig. 2.3(d). Common examples of 

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

5. Ferrimagnetism 

Ferrimagnetic material has the same anti-parallel alignment of magnetic moments as an 
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antiferromagnetic material does. However, the magnitude of magnetic moment in one 

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

remains in the absence of external magnetic field. The behavior of susceptibility of a 

ferrimagnetic material also obeys Curie-Weiss law and has a negative θ as well in Fig. 

2.3(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 oxygen. 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 lattice. 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, Curie temperature, hysteresis, 

and remanence. However, ferro- and ferrimagnets have very different magnetic ordering. 

2.1.5 Hysteresis Loop 

In addition to the Curie temperature and saturation magnetization, ferromagnets and 

ferrimagnets can retain a memory of an applied field once it is removed. This behavior is 

called hystresis and a plot of the variation of magnetization with magnetic field is called a 

hysteresis loop.  

Another hysteresis property is the coercivity of remanence (Hr) as in Fig. 2.4. This is the 

reverse field which, when applied and then removed, reduces the saturation remanence to 

zero is always larger than the coercive force. The initial susceptibility (χ0) is the 

magnetization in low fields, on the order of the earth’s field (50-100 μT). The various 

hysteresis parameters are not solely intrinsic properties but are dependent on grain size, 

domain state, stresses, and temperature. Because hysteresis parameters are dependent on 
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grain size, they are useful for magnetic grain sizing of natural samples. 

 

 

 

                                                    

 

Figure2.4. Hysteresis loop 

2.1.6 Magnetic Domains 

In 1907 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. 2.5. Even each 

domain is fully magnetized but the material as a whole may have zero magnetization. The 

external applied field aligns the domains, so there is 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. 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 parallel 

alignment of the atomic moments. In a ferrite domain, the net moments of the anti 

ferromagnetic interactions are spontaneously oriented parallel to each other. Domains 

typically contain from 1012 to 1015 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. 
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Figure2.5. Illustration of domains in ferromagnetic materials 

The magnetic energy is composed of several types of energy [5, 6]: 

i) Magnetostatic 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 a 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. 

ii) Magneto crystalline anisotropy energy: In some materials the domain magnetization tends 

to alien 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 cubic crystalline structure (such as ferrites), the energy is expressed in terms of 

anisotropy constants and the direction to which the magnetization rotates. 

Ek=K1sin2θ+K2sin4θ ….      (Hexagonal structure) 

Ek=K1(α1
2 α 22+ α2

2 α 32+ α3
2 α 12 )+K2(α1

2α 22α 32+……  (Cubic Structure) 

where, K is the anisotropy constant, θ is the angle between the easy axis and the direction of 

magnetization, and α's are the direction cosines, which are the ratios of the individual components of 
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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 along 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 lowered 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/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 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 [5]. 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 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 
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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. 2.6 (a) has a 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. 

 

 

 

 

 

 

 

Figure2.6. Schematic illustration of the break up of 'magnetization into domains (a) single domain, (b) two 

domains, (c) four domains and (d) closure domains. 

 

The break up of the magnetization into two domains as illustrated in figure 2.6(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 figure 2.6(c) has a quarter of the 

magneto static energy of Fig. 2.6(a). Figure 2.6(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 
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uniaxial anisotropy, and the neighboring domains do not have to be at 180˚ to each other. 

2.1.7 Structure of domain wall 

The introduction of a domain raises the overall energy of the system, therefore the division 

into domains only continues while the reduction in magneto static energy is greater than the 

energy required to form the domain wall. The energy associated with a domain wall is 

proportional to its area. The schematic representation of the domain wall, shown in Fig. 2.7, 

illustrates that the dipole moments of the atoms within the wall are not pointing in the easy 

direction of magnetization and hence are in a higher energy state. In addition, the atomic 

dipoles within the wall are not at 180˚ to each other and so the exchange energy is also 

raised within the wall. Therefore, the domain wall energy is an intrinsic property of a 

material depending on the degree of magneto crystalline anisotropy and the strength of the 

exchange interaction between neighboring atoms. The thickness of the wall will also vary in 

relation to these parameters, as strong magneto crystalline anisotropy will favor a narrow 

wall, whereas a strong exchange interaction will favor a wider wall. 

 

 

 

 

 

 

 

 

 

Figure2.7. Schematic representation of a 180° domain wall 
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A minimum energy can therefore be achieved with a specific number of domains within a 

specimen. 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 their atoms 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 one 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 being 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 unmagnetized sample of material, the domains point in random directions, or 

form closed loops, so that there is no overall magnetization of the sample. Ina magnetized sample, 

the domains are aligned so that their magnetic effects combine to produce a strong overall 

magnetism.  
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2.1.8 Microstructure 

A polycrystalline 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 properties (mechanical, 

chemical and especially electrical and 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 [2]. 

For low-loss ferrite, Ghate [3] states that the grain boundaries influence properties by 

1) creating a high resistivity intergranular layer, 

2) acting as a sink for impurities which may act as a sintering aid and grain growth 

modifiers, 

3) 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 micro structural 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 [3]. 
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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 [2]. The effect of a given dopant depends 

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

temperature, the dopant becomes a second phase which usually segregates to the grain 

boundary. 

 

 

 

 

 

Figure2.8. Porosity character: (a) intergranular, (b) intragranular. 

 

The porosity of ceramic samples results from two sources, intragranular porosity and 

intergranular porosity, Fig. 2.8. 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, Fig. 2.9. When this occurs, the large 

grain has a high defect concentration. Discontinuous growth is believed to result from one or 

several of the following: powder mixtures with impurities; a very large distribution of initial 

particle size; sintering at excessively high temperatures; in ferrites containing Zn and /or Mn, 

a low O2 partial pressure in the sintering atmosphere. When a very large grain is surrounded 

by smaller ones, it is called ‘duplex’ microstructure.  
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Figure2.9. Grain growth (a) discontinuous, (b) duplex (schematic). 

2.1.9 Theories of initial permeability 

For high frequency applications, the desirable property of a ferrite is the high initial permeability with 

low loss. The present goal of the most of the recent ferrite researches is to fulfill this requirement. The 

initial permeability µi is defined as the derivative of induction B with respect to the initial field H in 

the demagnetization state. 

0,0,  BdH
dH

dB
i … … … … …  (2.20) 

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 

B = μ0(H + M) … … … … …  (2.21) 

and susceptibility, 

)1(1)(
00

 


 H
B

dH

d

dH

dM  … … … (2.22) 

The magnetic energy density 

 HdBE
0

1


  … … … … …   (2.23) 

For time harmonic fields H = H0sinωt, 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 

 



26 
 

the magnetic field induction B and applied intensity H; 

B = μH … … … … …    (2.24) 

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

tieBB 

0  … … … … …    (2.25) 

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  … … … … …    (2.26) 

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

then given by 

///

0

0

0

0

0

0

0

)(
0 sincos 







i
H

B
i

H

B

H

eB

eH

eB

H

B
i

ti

ti




 (2.27) 

Where  cos
0

0/

H

B
  … … … … …    (2.28) 

   And  sin
0

0//

H

B
   … … … … …          (2.29) 

The real part μ' of complex permeability μ as expressed in equation (2.28) 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 μ= μ'. The imaginary part μ'' 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 loss factor or loss tangent (tanδ). The ratio of μ" to μ', as 

is evident from equation gives.  


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



 tan
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0

0

0

0

/

//



H

B

H

B

… … … … …       (2.30) 

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

Quality factor
tan

1
   … … … … …   (2.31)  

And the relative quality factor, 




tan

/

Q
 

 

 

 

 

 

 

 

 

Figure2.10. Schematic magnetization curve showing the important parameter: initial permeability, μ i (the slope 

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

 

The behavior of μ' and μ" versus frequency is called the complex permeability spectrum. The 

initial permeability of a ferromagnetic substance is the combined effect of the wall 

permeability and rotational permeability mechanism. 

 

 

2.1.10 Mechanisms of Permeability 

The mechanisms can be explained as follows: A demagnetized magnetic material is divided 

into 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 
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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. 

2.1.11  Wall Permeability 

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

small fields. Lets 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 the Fig. 2.11). 

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 an amount [47, 

48]: 

L

dxHM zs2
 

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  

From the change in the magnetization 

L

dM
M s2

 , 

the wall susceptibility χw may be calculated. Let H makes the angle θ with Z direction. The 

magnetization in the θ direction becomes 

 cos
2

)(
L

dM
M s , And with cosHH z   and 
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we obtain 
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  … … … … …  (2.32) 

 

 

 

 

 

 

 

                             Figure 2.11. Magnetization by wall motion and spin rotation. 

 

2.1.12 Rotational Permeability 

The rotational permeability mechanism arises from 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. 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, nonmagnetic inclusions and in homogeneities. For small 

angular deviations, αx and αy may be written as 

s
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For equilibrium z-direction, E may be expressed as [47, 48] 
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Where it is assumed that x and y are the principal axes of the energy minimum. Instead of  

and , the anisotropy field  and  are often introduced. Their magnitude is given by 

s

xxA

x
M

E
H

2
  and 

s

yyA

y
M

E
H

2
 , 

A

xH   and A

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
,  and  

A

y

s
yr

H

M
, . 

For cubic materials it is often found that A

xH  and A

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. 2.16) the 

rotational susceptibility, cr ,  in one crystallite becomes 

 2
, sin

A

s

cr
H

M
  … … … … …  (2.33) 

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  (equation 2.33) has to be averaged. Snoek 

[9] assuming a linear averaging of cr , and found 
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 If the shape and stress anisotropies cannot be neglected,  will be larger. Any estimate of  

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  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.  

2.2 Soft Magnetic Materials 

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

and the magnetically hard. Soft magnetic materials are those materials that are easily 

magnetized and demagnetized. Soft magnetic materials have low magneto crystalline 

anisotropy resulting in reduced coercivity and high permeability. They typically have 

intrinsic coercivity less than 1000 Arn-1. They are used primarily to enhance and/or channel 

the flux produced by an electric current. The main parameter, often used as a figure of merit 

for soft magnetic materials, is the high relative permeability μr (where μr= B/μ0H), which is a 

measure of how readily the material responds to the applied magnetic field. The other main 

parameters of interest are the coercivity, the saturation magnetization and the electrical 

conductivity. 

The types of applications for soft magnetic materials fall into two main categories: AC and 

DC. In DC applications the material is magnetized in order to perform an operation and then 

demagnetized at the conclusion of the operation, e.g. an electromagnet on a crane at a scrap 

yard still be switched on to attract the scrap steel and then switched off to drop the steel. In 

AC applications the material will be continuously cycled from being magnetized in one 

direction to the other, throughout the period of operation, e.g. a power supply transformer. A 

high permeability will be desirable for each type of application but the significance of the 
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other properties varies. 

For DC applications the main consideration for material's election is most likely to be the 

permeability. This would be the case, for example, in shielding applications where the flux 

must be channeled through the material. Where the material is used to generate a magnetic 

field or to create a force then the saturation magnetization may also be significant. For AC 

applications the important consideration is how much energy is lost in the system as the 

material is cycled around its hysteresis loop. The energy loss can originate from three 

different sources: (1) hysteresis loss, which is related to the area contained within the 

hysteresis loop; (2) eddy current loss, which is related to the generation of electric currents in 

the magnetic material and the associated resistive losses and (3) anomalous loss, which is 

related to the movement of domain walls within the material. Hysteresis losses can be 

reduced by the reduction of the intrinsic coercivity, with a consequent reduction in the area 

contained within the hysteresis loop. Eddy current losses can be reduced by decreasing the 

electrical conductivity of the material and by laminating the material, which has an influence 

on overall conductivity and is important because of skin effects at higher frequency. Finally, 

the anomalous losses can be reduced by having a completely homogeneous material, within 

which there will be no hindrance to the motion of domain walls. 

2.2.1 Soft ferrites 

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 

MO.Fe2O3, where M is a transition metal such as nickel, manganese, magnesium or zinc [2]. The 

magnetically soft ferrites first came into commercial production in 1948. 

MnZn ferrite, sold commercially as ferroxcube, can be used at frequencies up to 10 MHz, for example 

in telephone signal transmitters and receivers and in switch mode power supplies (also referred to as 

DC-DC converters). For this type of application the driving force to increase frequency is to allow 
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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. 

2.2.2 Cubic ferrites with spinel structure 

The cubic ferrite has the general formula MO.Fe2O3 where M is one of the divalent cations of 

the transition elements such as Mn, Ni, Mg, Zn, Cd, Cu, Co etc. A combination of these ions 

is also possible and it can be named as solid solution of two ferrites or mixed spinel ferrites. 

Generally, M represents a combination of ions which has an average valence of two. The 

trivalent iron ion in MO.Fe2O3 can partially be replaced by another trivalent ion such as Al3+ 

or Cr3+ giving rise to mixed crystals. The structure of ferrite is derived from the MgAl2O4 

determined by Bragg [7]. These ferrites crystallize in the FCC spinel structure. The spinel 

lattice is composed of a close-packed oxygen arrangement in which 32 oxygen ions form the 

unit cell (the smallest repeating unit in the crystal network). These anions are packed in a face 

centered cubic (FCC) arrangement leaving two kinds of spaces between anions: tetrahedral 

coordinated sites (A), surrounded by four nearest oxygen atoms, and octahedral coordinated 

sites (B), surrounded by six nearest neighbor oxygen atoms. These are illustrated in Fig. 2.12. 

In total, there are 64 tetrahedral sites and 32 octahedral sites in the unit cell, of which only 8 

tetrahedral sites and 16 octahedral sites are occupied, resulting in a structure that is 

electrically neutral [2, 5]. 
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Figure 2.12.Schematic of two subcells of a unit cell of the spinel structure, showing octahedral 

and tetrahedral sites. 

The localization of ions either in the A or B sites depends fundamentally on the ion and 

lattice sizes. Also it has been observed to depend on the temperature and the orbital 

preference for specific coordination. In general, divalent ions are larger than trivalent ions. 

This is because trivalent ion nuclei produce greater electrostatic attraction, hence their 

electron orbits contract. 

The octahedral sites are larger that the tetrahedral sites, thus, the divalent ions are localized in the 

octahedral sites whereas trivalent ions are in the tetrahedral sites [5]. 

According to the site occupancy of the metal ions, the spinel ferrites are classified as:  

(a) Normal spinel: where the tetrahedral A-sites are occupied by divalent metal ions and 

trivalent ions occupy B sites. A majority of these ferrites present paramagnetic behavior,  

(b) Inverse spinel: where all the divalent ions are present in the octahedral site while trivalent 
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ions are located on both A and B sites. The spin moments of the trivalent ions in an inverse 

spine] are canceled (direction of moment on A sites is opposed to B sites) whereas the spin 

moments of the divalent ions are aligned, resulting in a net magnetic moment [6] and  

(c) Mixed spinel: where divalent ions are present both in tetrahedral and octahedral sites. 

The cubic ferrite is easily magnetized and demagnetized; it has high permeability and 

saturation magnetization, low electrical conductivity, and the anisotropy energy is dominated 

by the anisotropy constant K1. If K1, is greater than zero, the easy direction is the cube edge 

direction (100) whereas if K1, is less than zero, the body direction is preferred (111). For 

most ferrites the value of K, is negative, with the exception of cobalt ferrite [5]. 

2.2.3 Cation distribution in ferrites 

The cation distribution in the spinel ferrite Me2+Fe 3+O4 can be as follows [5]: 

 Normal spinel ferrite : The Me2+ cations are in tetrahedral positions, while the two Fe3+
 cations 

are in octahedral sites which is represented as (Me2+)A[Fe3+]BO4 

 Inverse spinel ferrite : In this case the Me2+ cation and one of the Fe3+ cations are in octahedral 

positions while the second Me3+ cation occupies tetrahedral sites. The arrangement is as 

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

 Mixed spinel ferrite : The arrangement of the form 4
3
1

2
1

3
1

2
1 ])[( OFeMeFeMe xx















  is often 

referred as mixed spinel, where δ is called the inversion parameter. δ = 0 for completely normal and 

δ = 1 for completely inverse spinels 0 < δ < 1 for mixed spinels. 

The factors affecting the cation distribution over A and B sites are as follows [5] 

 The size of the cations 

 The electronic configurations of the cations 

 The electronic energy 

 The saturation magnetization of the lattice 

Smaller cations (trivalent) prefer to occupy the A-sites. The cations have special preference 
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for A and B sites and the preference depends on the following factors: 

 Ionic radius 

 Size of interstices 

 Sintering temperature 

 Orbital preference for the specific coordination 

Zn2+, Cd2+, Ga2+, In3+, Ge2+ etc. have 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. 

 

 

2.2.4 Magnetic exchange interaction  

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

universally in terms of Heigenburg Hamiltonian [8] 

 jiij SSJH  … … … … …  (2.35) 

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. 
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2.2.5 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 

[10]. The non-magnetic anion is situated in the line joining magnetic cations. 

 Super exchange interactions appear, i.e., indirect exchange via anion p-orbital’s that 

may be strong enough to order the magnetic moments. 

 

 

 

 

 

 

 

 

 

 

 

Figure2.13. 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. 

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 anti ferromagnetic (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. 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 [11]. In most of 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 

superexchange 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 spinel structure, the A-B interaction is the greatest and A-A 

exchange interaction is the weakest [8]. 

2.2.6 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 [12]. 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 antiferromagnetics, 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 
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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 [13]. There are a few 

points to line out about the interaction between two ions in tetrahedral (A) sites: 

 The distance between two A ions ( ~3.5 Å) is very large compared with their ionic radius 

(0.67 Å for Fe3+), 

 The angle A-02- -A ( φ=79°38') is unfavorable for super exchange interaction [8],  

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

ion to O
2- as there is only one A nearest neighbor to an oxygen ion (in figure 2.10, M and 

M' are A ions, r = 3.3 Å and q = 1.7 Å) [8]. 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 [8] support the assumption that JAA = 0 in the spinet 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) … … … … …       (2.36) 

Where, T is the temperature, MB (T) and M A(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) … … … … …  (2.37) 

MA(T)= MA(T= 0) … … … … …  (2.38) 

with 
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The molecular field coefficients Nij, are related to the exchange constants Jij by the following 
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expression: 
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  … … … … …  (2.41) 

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. 

 

Figure2.14. Schematic representation of ions M and M' and the 02- ion through which the super exchange is 

made. R and q are the centre to centre distances from m M and M' respectively to O2- and φ is the angle between 

them. 

 

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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  … … … … …   (2.42) 

Where, CA and CB are the Curie constants for each sub lattice. Equations (2.36) and (2.42) 

constitute a set of equations with two unknown, NAB and NBB, provided that MA and MB are a 

known function of T. 

 

 



41 
 

2.3 Magnetic Structure of Substituted Ferrites 

2.3.1 Néel's collinear model of ferrites 

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 the 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 ordering may be expected to occur at low temperature as claimed 

by Yafet and Kittel [14]. 

2.3.2 Non-collinear model 

In general, all the interactions are negative (antiferromagnetic) with . In 

such situation, collinear or Néel type of ordering is obtained. Yafet and Kittel 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 moment wherein the B-site 

moments are oppositely canted relative to the A-site moments. Later on Leyons et. al. [15] 

extending these theoretical considerations showed that for normal spinel the lowest energy 

correspond 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 anti 
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ferromagnetic 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., ZnxNil-xFe2O4 was 

done at Trombay [16] and it was shown to have the Y-K type of magnetic ordering followed 

by Néel ordering before passing on to the paramagnetic phase [17]. 

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 centre model in which a 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 [14] and they 

formulated the non-collinear model of ferrimagnetism. They concluded that the ground state 

at 0K might have one of the following configurations: 

 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. 

2.3.3 Re-entrant spin glass behavior 

When a piece of material is cooled down its constituent atoms or molecules become more and more 

ordered. Some systems, however, seem to become disordered again when the temperature continues 
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to decrease. Such a behavior is commonly referred to as reentrant transition, because the system 

reenters a disordered phase when lowering the temperature. When such a system is cooled from a high 

temperature, it first exhibits a transition from paramagnetic (PM) to a ferromagnetic (FM) phase. 

Upon further lowering the temperature, the spins are progressively frozen below a freezing 

temperature Tf. The low temperature spin frozen state is called a reentrant spin glass (SG) or mixed 

state, in which ferromagnetic order is argued to coexist with spin-glass order [18,19]. If the 

cooling proceeds, a transition to a RSG phase occurs. For comparison, in a diluted spin glass, 

spins freeze directly from a paramagnetic state. This contradictory behavior was first seen in 

binary liquid mixtures [20]. After that it has been observed and investigated in a variety of 

different physical systems, e.g., magnets [21], superconductors [22], and liquid crystals [23]. 

When there is a majority of the ferromagnetic interactions and a minority of the anti 

ferromagnetic interactions to create substantial spin frustration effect, the situation may 

drastically change. Such random spin systems are called a reentrant ferrornagnet. The system 

exhibits two phase transitions at TRSG and T, (T> TRSG)2 the reentrant spin glass (RSG) phase 

below TRSG and the ferromagnetic (FM) phase between TRSG and Tc In a reentrant spin glass, 

the fact that the FM state occurs at higher temperatures than the SG state suggests larger 

entropy for the FM state than for the SG state [24]. 

The usual mechanism for reentrance is the existence of interactions that are capable of lowering the 

entropy in some huddler way while at the same time reducing the energy of the system. Reentrant 

behavior in random ferromagnets has been observed in many systems. Neutron scattering on EuxSr1-xS 

[25] has indicated that the long range order disappears at temperatures below the reentrant 

irreversibility’s. This suggests a transition to a low temperature reentrant phase. This phase should be 

characterized by lack of long range ferromagnetic order and a diverging spin glass correlation length. 

 

2.3.4 Spin glass behavior 

The introduction of randomness and disorder may dramatically change the physical properties of a 
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magnetic material. Spin glasses (SG's) are disordered magnetic systems with competing ferromagnetic 

and antiferromagnetic interactions. The combination of randomness with these competing interactions 

causes "spin frustration". Below a SG freezing temperature Tg, a highly irreversible met stable frozen 

state occurs without any usual long-range spatial spin order [24, 26, 27]. Spin glass was first observed 

by Canella and Mydosh [24] in 1972 by observing a peak in the ac susceptibility, and predicted the 

existence of a phase transition to a low temperature spin glass phase. 

A spin glass is a magnetic material in which the exchange interaction, Jij, between atomic 

Spins Sj, is a random variable. A positive sign favors an antiparallel alignment of a spin pair, 

while a negative sign favors an antiparallel alignment. A consequence of such random 

exchange Interactions between the moments is a ft•ustrated system, i.e., for a representative 

spin there is no obvious direction relative to its neighbors to align 

  jiij SSJH … … … … …   (2.43) 

If Jjj = J > 0, parallel orientation of the spins is favored and at low temperatures all spins will 

be aligned ferromagnetically. Such a system has two phases. At temperature high compared 

to J, the entropy dominates the energy and the spins fluctuate almost independently. In this 

paramagnetic phase, the expectation value of a spin is <S i> (< > denotes the time average 

over long times). At temperature low compared to J, the energy dominates the entropy and the 

spins of the system are predominantly aligned in the same direction, i.e. <Si>≠0. This phase is 

called ferromagnetic. A transition between the two phases occurs at a finite critical 

temperature, Tc. An order parameter is associated to the transition, with the property that it is 

zero above and non-zero below the phase transition. For Jij = J< 0, the low temperature phase 

is antiferromagnetic with the spins aligned anti-parallel. If Jij = 0, the Hamiltonian describes a 

system being paramagnetic at all temperatures. 

If positive and negative interactions are mixed the situation becomes more complicated. Then 

there is a possibility that not all of the exchange interactions can be satisfied simultaneously. 

This property is called frustration [28]. An example of frustration is given in Fig. 2.15. Here 
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the frustration arises due to bond disorder, but it may also arise from randomness in spin 

positions (site disorder). If only a small fraction of the interactions are of opposite sign the 

ground state will still be ferromagnetic or antiferromagnetic, with only a small fraction of the 

spins misaligned. If the density of positive and negative interactions is comparable, the 

system will be strongly frustrated. Such systems are called spin glasses (SG). 

 

 

 

 

 

Figure2.15. Examples of (a) an unfrustrated and (b) a frustrated spin configuration. 

 

Edwards and Anderson [29] proposed the following Hamiltonian to describe a spin-glass  

 

  
ij i

ijiij SHSSJH  … … … … …  (2.44) 

 

Where, H is an applied magnetic field. The interactions are random and symmetrically 

disordered around zero, i.e. [Jij] =0 and [Jij2] =j2. The order parameter is not the same as in 

the other models since the magnetization is zero without an external field. Edwards and 

Anderson [29] proposed the order parameter q = [<Si>]. 

Ferrites represent the most important and interesting class of magnetic oxides where magnetic 

disorder and exchange frustration, introduced by size mismatch of cations and competition 

between super exchange interactions amongst A and B site moments, gives rise to various 

king of magnetic order [30].  

In recent years, aging dynamics, of SG systems has been extensively studied theoretically 
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[31, 32] and experimentally [33-37] The low temperature SG phase below a SG freezing 

temperature Tg exhibits intriguing non-equilibrium dynamics which is characterized by the 

chaotic nature and ageing behavior. The zero-field SG never reaches equilibrium. The non-

equilibrium character can be experimentally observed from an age-dependence of the 

magnetic response. When the SG system is quenched from a high temperature above the SG 

transition temperature Tg to a low temperature T below Tg (this process is called the zero-

field cooled (ZFC) aging protocol), the initial state is not thermodynamically stable and 

relaxes to more stable state. The aging behaviors depend strongly on their thermal history 

within the SG phase. The rejuvenation (chaos) and memory effects are also significant 

features of the aging dynamics. These effects are typically measured from the low frequency 

AC magnetic susceptibility. The SG phase is also susceptible to any perturbation in the form 

of temperature or field changes, which consequently, if large enough, effectively reinitializes 

the ageing process (temperature chaos). Both aging behavior and chaotic nature of the low 

temperature SG phase have been viewed first as additional difficulty in the understanding of 

SG's. However, it proved to be a key feature of the SG behavior, offering the unique 

opportunity to explore the nature of the SG phase. 

 

2.4 Transport Properties 

2.4.1 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 
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semiconductors, the band type conduction occurs, where in 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 [38]. 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 [39]. 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 

 Hopping model of electrons 

 Small polaron model 

 

 

2.4.2 Hopping model of electrons 

In ferrites, there is a possibility in exchanging valence 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. It is noted that for 

hopping conduction mechanism; 

 The mobility has a minimum value much lower than the limiting value (0.1 cm/VS) 

taken as minimum for band conduction [40]. 

 The independence of Seebeck coefficient on temperature is due to the fact that in 

hopping model the number of charge carriers is fixed. 

 Thermally activated process with activation energy Ea called hopping activation energy. 
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 Occurrence of n-p transitions with charge carriers in the Fe2+ or oxygen concentration 

in the system. 

2.4.3 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. Small polaron formation can take place in 

materials whose conduction electrons belong to incomplete inner (d or f) shells which due to 

small electron overlap; tend to form extremely narrow bands [41-46]. The migration of small 

polaron requires the hopping of both the electron and the polarized atomic configuration from 

one site to an adjacent site [49]. The small polaron model also explains the low mobility, 

temperature independence of the Seebeck coefficient and thermally activated hopping. 

 2.5 Literature Review 

Double oxides of iron and other metals are important members of ferrimagnetic system 

commonly known as ferrites. The outstanding properties of ferrites are their complex 

magnetic structure, which can be varied to tailor their magnetic properties for various high 

frequency applications. In this chapter we describe a brief overview of the ferrites. The basic 

issue of ferrimagnetisms, crystal structure of the spinel ferrites and effect of Mn substitution 

of Mn-Zn spinel ferrites are discussed.  
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CHAPTER 3 

SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES 

3.1 Introduction 

A goal common to all the ferrites is the common formation of the spinel structure. Today, 

the large majority of ferrite powders are made by the conventional Ceramic process or Solid 

State Reaction method. Most non-conventional process involves producing the powder by a 

wet method. Among these methods, some are [1]: 

1) Co-precipitation 

2) Organic precursors 

3) Sol-gel synthesis 

4) Spray-drying 

5) Freeze-drying 

6) Combustion synthesis 

7) Glass crystallization 

In this chapter, we describe the solid state reaction method that is used in this research work. 

3.2 Conventional solid state reaction method 

In the solid state reaction method, the required composition is usually prepared form the 

appropriate amount of raw mineral oxides or carbonates by crushing, grinding and milling. 

The most common type of mill is the ball mill, which consists of a lined pot with hard 

spheres or rod inside. Milling can be carried out in a wet medium to increase the degree of 

mixing. This method depends on the solid state inter-diffusion between the raw materials. 

Solids do not usually react at room temperature over normal time scales. Thus it is necessary 
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to heat them at higher temperatures for the diffusion length (2Dt)  1/2 to exceed the particle 

size, where D is the diffusion constant for the fast-diffusing species, and t is the firing time. 

The ground powders are then calcined in air or oxygen at a temperature above 1000C. For 

some time, this process is continued until the mixture is converted into the correct crystalline 

phase. The calcined powders are again crushed into fine powders. The pellets or toroid shaped 

samples are prepared from these calcined powders using die-punch assembly or 

hydrostatic or isostatic pressure. Sintering is carried out in the solid state, at temperature 

ranging 1050-1400C, for times of typically 1-40 h and in various atmospheres (e.g. Air, O2 

and N2) [2-5]. Fig. 3.1 shows, diagrammatically, the stages followed in ferrite preparation. 

The general solid state reaction leading to a ferrite MeFe2O4 may be represented as 

  MeO + Fe2O3        MeFe2O4 

Where Me is the divalent ions. There are basically four steps in the preparation of ferrite:  

1) Preparation of materials to form an intimate mixture with the metal ions in the ratio 

which they will have in the final product, 

2) Heating of this mixture to form the ferrite (often called calcining), 

3) Grinding the calcined powders and pressing the fine powders into the required shape,  

4) Sintering to produce a highly densified product. 

3.3 Details of calcining, pressing and sintering 

Calcining is defined as the process of obtaining a homogeneous and phase pure composition 

of mixed powders by heating them for a certain time at a high temperature and then allowing 

it to cool slowly. During the presintering stage, the reaction of Fe2O3 with metal oxide 

(say, MeO or Me/
2O3) takes place in the solid state to form spinel according to the reactions 

[7]:    
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    MeO + Fe2O3                     MeFe2O4 (Spinel) 

2Me/
2O3 +4Fe2O3                 4Me/Fe2O4 (Spinel) + O2  

 Fe2O3 + FeO                        Fe3O4 

 After that Zn and Mn ions are introduced by 

                          

                        (1-x)Fe3O4 + xMnCO3        MnxFe3-xO4  

 

 

 

 

 

 

 

 

 

 

 

 

 

(1-x)Fe3O4 + xZnO             ZnxFe3-xO4 

                               Figure3.1. Flow chart of the stages in preparation of spinel ferrite. 
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The calcining process can be repeated several times to obtain a high degree of homogeneity. The 

presintering powders are crushed into fine powders. The ideal characteristics of fine powders are 

[6]: 

1) small particle size (sub micron) 

2) narrow distribution in particle size 

3) dispersed particles 

4) equaled shape of particles 

5) high purity 

6) homogeneous composition. 

A small particle size of the reactant powders provides a high contact surface area for 

initiation of the solid state reaction; diffusion paths are shorted, leading to more efficient 

completion of the reaction. Porosity is easily eliminated if the initial pores are very small. A 

narrow size distribution of spherical particles as well as a dispersed state is important for 

compaction of the powder during green-body formation. Grain growth during sintering can 

be better controlled if the initial size is small and uniform. 

A binder is usually added prior to compaction, at a concentration lower than 5wt % [6]. Binders are 

polymers or waxes; the most commonly used binder in ferrite is polyvinyl alcohol. 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).  

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 
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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 [6, 8]. The sintering 

time, temperature and the furnace atmosphere play very important role on the magnetic 

property of ferrite materials. The purposes of sintering process are: 

1) to bind the particles together so as to impart sufficient strength to the product, 

2) to densify the material by eliminating the pores and  

3) to homogenize the materials by completing the reactions left unfinished in the 

presintering step.  

Sintering of crystalline solids is dealt by Coble and Burke [9] who found the following 

empirical relationship regarding rate of grain growth: 



d =kt n 

Where 


d  is the mean grain diameter, n is about 1/3, t is sintering time and k is a temperature 

dependent parameter. Sintering is divided into three stages, Fig. 3.2 [6, 10]. 

Stage1.  Contact area between particles increases, 

Stage2.  Porosity changes from open to closed porosity, 

Stage3.  Pore volume decreases; grains grow. 

 

 

 

Figure3.2. Schematic representation of sintering stages: (a) green body, (b) initial stage, (c) intermediate stage, 

and (d) final stage. 
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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. 

3.4  Preparation of the present samples 

3.4.1 Sample preparation: 

Polycrystalline Fe2.5Zn0.5-xMnxO4 (x=0 to 0.5 in steps of 0.1) prepared by a solid state 

reaction technique. Appropriate amount of commercially available high purity powders of 

MnCO3 (99.9%), ZnO (99.9%) and Fe3O4 (99.9%) will be weighed and mixed thoroughly by 

ball milling. Milling will be carried out in a wet medium (distilled water) to increase the 

degree of mixing. The mixture calcined at 900ºC for 5 hours. The calcined powder again 

crashed into fine powders. From the fine powders, toroid- and disk-shaped samples prepared 

and sintered at various temperatures. During sintering the samples heated/cooled in various 

heating and cooling rates. It is expected that various heating/cooling rate will produce 

samples of various surface morphology, electric and magnetic properties. 

3.4.2 Structural characterization: 

Surface morphology of the samples investigated using an optical microscope. From the 

observed micrographs of these samples, the grain size determined. X-ray diffraction study 

carried out to verify the homogeneity and structure of the samples. Density, porosity and 

lattice parameters also determined. 
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3.4.3 Complex permeability and magnetization:  

 Initial permeability and magnetic loss factor measured up to 120 MHz with an Agilent 

Impedance Analyzer. Detailed analysis carried out for the dependence of permeability as a 

function of grain size and sintering temperatures.  

 

 

 

Figure3.3. Sample (a) disk shaped, (b) Toroid shaped. 

3.5  Experimental techniques 

3.5.1 X-ray Diffraction 

Bragg reflection is a coherent elastic scattering in which the energy of the X-ray is not 

changed on reflection. If a beam of monochromatic radiation of wavelength  is incident 

on a periodic crystal plane at an angle  and is diffracted at the same angle as shown in 

Figure 3.4, the Bragg diffraction condition for X-rays is given by 

 nSind 2  ….                 ….                 ….               ….            ….            ….            (3.1) 

Where d is the distance between crystal planes and n is the positive integer which represents 

the order of reflection. Equation (3.1) is known as Bragg law. This Bragg law suggests 

that the diffraction is only possible when  ≤ 2d [12].For this reason we cannot use the 

visible light to determine the crystal structure of a material. The X-ray diffraction (XRD) 

provides substantial information on the crystal structure. 
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Figure 3.4.Bragg’s law of X-ray diffraction. 

 

The XRD was carried out with an X-ray diffractometer for the samples. For this purpose 

monochromatic Cu-K radiation was used.  

3.5.2 Bruker D8 X-ray diffractometer 

XRD provides substantial information on the crystal structure. The wavelength of an X-ray is 

of the same order of magnitude as that of the lattice constant of crystals and this makes it so 

useful in structural analysis of crystal structure. To study the crystalline phases, various 

structural parameters such as, lattice parameter, crystallite size, strain, density etc of the 

powder samples. Bruker D8 X-ray diffractometer shown in Figure 3.5 was used at the PP and 

PDC division of Bangladesh council of Scientific and Industrial Research (BCSIR). 

The specimens were exposed to Cu-K radiation of wavelength, λ = 1.5406Å with a primary 

beam of 40 kV and 40 mA with a sampling pitch of 0.02° and the data collection rate was 

2°/min. A 2 scan was taken from 35° to 105° to get possible fundamental peaks. 
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Figure 3.5 Bruker D8 X-ray Diffractometer. 

 

3.5.3 Determination of crystal structure 

XRD pattern of a sample provides important information about the crystal structure of the 

material. From the XRD pattern we can easily find the information of the atomic arrangement 

by measuring lattice parameter.  

XRD can be conducted both by reflection and transmission as shown in Figure 3.6. In our 

experiment we use classic reflection geometry. The arrangement of the source and the 

detector was locked coupled. 
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Figure 3.6 X-ray diffraction, (a) classic transmission geometry and (b) Classic reflection geometry. 

3.5.4 Determination of lattice parameters 

The lattice parameter for each peak of each sample was calculated by using the formula 

2
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2
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 ….               ….              ….                 ….             ….       (3.2) 

Where h, k and l are the indices of the crystal planes.  

We used Nelson-Riley function to calculate the lattice parameter to get a better result. The 

Nelson-Riley function can be given by,  

    22 cossincos21 F ….             ….             ….           ….       (3.3) 

Plotting  F Vs. ‘a’ gives some scattered points. Linear fitting of these points gives a Y-

intercept which eventually gives the lattice parameters. 

The theoretical density th  was calculated using following expression: 

3
3 /8

cmg
aN

M

oA

th  ….             ….              ….             ….            ….           ….            ….   

(3.4) 
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Where NA is Avogadro's number (6.02  1023 mol-1), M is the molecular weight.  

The porosity was calculated from the relation   %/100 thBth     ….            ….             

(3.5) 

Where B  is the bulk density measured by the formula VMB /  ….             ….             

(3.6)  

3.5.5 Rietveld analysis 

Profile refinement analysis of the XRD patterns were carried out by TOPAS-3 software, 

associated with Bruker D8 X-ray diffractrometer. The amplitude of light scattered by a 

crystal is determined by the arrangement of atoms in the diffracting planes and is given by,  

….             ….             ….             ….             ….            ….          ….          

(3.7) 

Where,   



m

j

jjjjjhkl lzkyhxifNF
1

2exp  ….           ….           ….          ….          …. 

(3.8) 

Where, Fkhl is called the structure factor, which qualifies the amplitude of light scattered by a 

crystal. The patterns of atoms in the unit cell scatters strongly in some directions and weakly 

in others owing to interference of the wavelets scattered by the atoms. Fhkl sums the result of 

scattering from all of the atoms in the unit cell to form a diffraction peak from the (hkl) 

planes of atoms. f is a scattering factor which can be written as,  
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(3.9) 

Where, B=8π2U2 is called the Debye-Waller temperature factor. 

The percentage of phases is based on a simple relationship, 

 ….             …..            …..                …..          …..           …..         

(3.10) 

Where Wp is the relative weight fraction of phase p in a mixture of n phases, and S, Z, M and 

V are, respectively, the Rietveld scale factor, the number of formula units per unit cell, the 

mass of the formula unit (in atomic mass units) and the unit cell volume. 

There are six different R values which signifies the criterion of fitting such as, 

"R-pattern",   ….              ….            ….          …..          ….            

(3.11) 

"R-pattern",(background corrected),        ….            ….           ….          

(3.12) 

“R-weighted pattern”,  ….              ….            ….           ….   

(3.13) 
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“R-weighted pattern”,(background corrected),  ….          ….     

(3.14) 

“R-expected”,   ….             ….            ….             ….          …. 

(3.15) 

"R-expected",(background corrected),   ….             ….   

(3.16) 

Now, "Goodness of fit", GOF = χ2=  ….          ….          …   

(3.17) 

"R-Bragg", . ….               ….              ….         ….          ….           ….    

(3.18) 

3.6  Micro structural investigation 

The micro structural study of the ferrite samples was performed in order to have an 

insight of the grain structures. The samples of different compositions and sintered at 

different temperatures were chosen for this purpose. The samples were visualized under 

a high-resolution optical microscope and then photographed. 

3.6.1 Scanning Electron Microscopy 

The scanning electron microscope (SEM) creates various images by focusing a high energy 

beam of electrons onto the surface of a sample and detecting signals from the interaction of 
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the incident electrons with the sample's surface. The type of signals gathered in a SEM varies 

and can include secondary electrons, characteristic X-rays, and back scattered electrons. 

 

Figure 3.7 JOEL 7500 FE-SEM 

The SEM is capable of producing high-resolution images of a sample surface in its primary 

use mode, secondary electron imaging. Due to the manner in which this image is created, 

SEM images have great depth of field yielding a characteristic three-dimensional appearance 

useful for understanding the surface structure of a sample. 

3.6.2 Working principle of SEM  

Accelerated electrons in an SEM carry significant amounts of kinetic energy and this energy 

is dissipated as a variety of signals produced by electron-sample interactions when the 

incident electrons are decelerated in the solid sample. These signals are of six types. They 

are,  

i. Secondary electrons, 

ii. Backscattered electrons, 
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iii. Diffracted backscattered electrons, 

iv. Photons (characteristic X-rays and continuum X-rays), 

v. Cathodoluminescence and  

vi. Chopped beam bombardment generating ultrasonic waves  

Secondary and backscattered electrons are used for imaging samples. The secondary 

electrons are used for showing morphology and topography on samples and backscattered 

electrons are most valuable for illustration contrast in composition in multiphase samples. 

Moreover, the X-ray generation is produced by inelastic collisions of the incident electrons 

with electrons in discrete orbital or shells of atoms in the sample. As the excited electrons 

return to lower energy states, they yield X-rays that are of a fixed wavelength. Thus 

characteristic X-rays are produced in SEM technique. 

3.6.3 Instrumentation of SEM 

A typical SEM system is generally composed of two subsystems, 

i. The electron optical column which produces a finely focused beam of electrons that is 

scanned in a television type raster over the specimen surface, 

ii. A signal detection, processing and display system  

Figure.3.8 shows the Schematic diagram of an SEM. In SEM instruments, an electron beam 

is thermo-ionically emitted from an electron gun fitted with a tungsten filament cathode. 

Generally, tungsten is used in thermionic electron guns because it has the highest melting 

point and lowest vapor pressure of all metals, thereby allowing it to be heated for electron 

emission.  

The electron beam, which typically has an energy ranging from a few hundred eV to 40K eV, 

is focused by one or two condenser lenses to a spot about 0.4nm to 5nm in diameter. The 



67 
 

beam passes through pairs of scanning coils or pairs of deflector plates in the electron 

column, typically in the final lens, which deflect the beam in the x and y axes so that it scans 

in arrester fashion over a rectangular area of the sample surface. 

When the primary electron beam interacts with the sample, the electrons lose energy by 

repeated random scattering and absorption within a teardrop-shaped volume of the specimen 

known as the interaction volume, which extends from less than 100nm to around 5µm into 

the surface. The size of the interaction volume depends on the electron’s landing energy, the 

atomic number of the specimen and the specimen’s density. The energy exchange between 

the electron beam and the sample results in the reflection of high-energy electrons by elastic 

scattering, emission of secondary electrons by inelastic scattering and the emission of 

electromagnetic radiation, each of which can be detected by specialized detectors. The beam 

current absorbed by the specimen can also be detected and used to create images of the 

distribution of specimen current. Electronic amplifiers of various types are used to amplify 

the signals which are displayed as variations in brightness on a cathode ray tube. 

 

Figure 3.8 Schematic diagram of an SEM  

The raster scanning of the CRT display is synchronized with that of beam on the specimen in 

the microscope and the resulting image is therefore a distribution map of the intensity of the 
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signal being emitted from the scanned area of the specimen. Then the image is captured and 

displayed on a computer monitor and finally stored in computer memory. 

The micro structural study of the samples was performed in order to get an insight of the 

grain structures. The samples were visualized under a SEM, JOEL 7500 FE-SEM and then 

photographed. Average grain diameter of the samples was determined by lineal intercept 

technique . 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 [2]. 

In the SEM, the magnification is totally determined by the electronic circuitry that scans the 

beam over the specimen’s surface. Magnification can be as high as 300,000×, which is 

usually more than sufficient. In principle, the resolution of a SEM is determined by the beam 

diameter on the surface of the specimen. However, the practical resolution depends on the 

properties of the specimen, the specimen preparation technique, and also on many 

instrumental parameters, such as the beam intensity, accelerating voltage, scanning speed, 

distance of the lens from the specimen’s surface, and the angle of the specimen with respect 

to the detector. Under optimum conditions, a resolution of 1 nm can be achieved. 

3.7 Complex permeability measurement 

For high frequency application, the desirable property of a ferrite is high permeability 

with low loss. One of the most important goals of ferrite research is to fulfill this 

requirement. To determine the permeability of the ferrite sample, we compressed the 

powders to a toroid shape and sintered them for various sintering temperature. The 

techniques of permeability measurement at frequency characteristics of the present 

samples are described below: 
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3.7.1. Techniques for the permeability measurement 

Measurements of permeability normally involve the measurements of the change in 

self-inductance of a coil in presence of the magnetic core. The behavior of a self-

inductance can now be described 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 [11] can be expressed as follows: 

)( ///
0  jLjjXRZ   …             ….           ….         ….            ….         (3.19) 

Where, the resistive part is               //
0LR  ….              ….               …             …     (3.20) 

and the reactive part is                      /
0LX  ….           ….             ….          ….          …      

(3.21) 

The permeability can be derived from the complex impedance of a coil, Z, given by 

equation (4.25). The core is taken as toroidal to avoid demagnetizing effects. The quantity 

Lo is derived geometrically as shown in the following section: 

3.7.2 Frequency dependent permeability 

The frequency characteristics of the alloyed samples i.e. the initial permeability spectra were 

investigated using a Wayne Kerr Precision Impedance Analyzer (model no. 6500B) in the 

solid state physics laboratory, Bangladesh University of Engineering and Technology 

(BUET).which is shown in Figure 3.9 
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Figure 3.9. Wayne Kerr Impedance analyzer (6500B series) in experimental solid state physics laboratory, 

BUET. 

 

Figure 3.10 Toroid shaped sample for permeability measurement. 

The complex permeability measurements on toroid shaped specimens (one shown in fig. 

3.10) were carried out at room temperature (303K) in the frequency range of 100Hz - 120 

MHz The real part )( /
i  of the complex permeability was calculated using the following 

relations. 0
/ LLsi  , where Ls is the self-inductance of the sample core and 

dSNL o  2
0   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 = 5), S is the area of cross 

section of the toroidal sample as given below: 

hdS  , …          …            ….           ….                ….           ….            ….           (3.22) 
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Where, 
2

12 dd
d


 ,    ….            ….          ….              ….           ….           ….               (3.23) 

1d Inner diameter, 

2d Outer diameter,  

h  Height 

and


d  is the mean diameter of the toroidal sample as given below: 

2
21 dd

d


         
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CHAPTER 4 

RESULTS AND DISCUSSION 

The polycrystalline Fe2.5Zn0.5-xMnxO4 (x=0.00, 0.10, 0.20, 0.30, 0.40 and 0.50) are studied. 

All ferrite samples are sintered at 1100, 1150, 1200 and 1250˚C for five hours in air. 

Structural and surface morphology are studied by X-ray diffraction. The microstructures are 

studied by field emission scanning electron microscopy (FESEM). The magnetic properties 

of the ferrites are characterized with high frequency (10 KHz-120 MHz) complex initial 

permeability. The effects of Mn substitution and sintering temperatures on the complex initial 

permeability of these ferrites are discussed. 

4.1 XRD analysis of the polycrystalline Fe2.5Zn0.5-xMnxO4 

Fig. 4.1 illustrates the X-ray diffraction (XRD) patterns of various Fe2.5Zn0.5-xMnxO4 sintered 

at 1200˚C in air.  

 

 

 

 

 

 

Fig.4.1 The X-ray diffraction patterns of Fe2.5Zn0.5-xMnxO4 sintered at 1200˚C in air. 
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The XRD analysis confirms the Fe2.5Zn0.5-xMnxO4 samples have single phase cubic spinel 

structure. There are some impurity peaks found due to the presence of Fe2O3. All the peaks in 

the patterns matched well with characteristic reflections of spinel structure reported earlier 

[3]. The XRD peaks are indexed to the crystal plane of spinel ferrite (220), (311), (400), 

(422), (511) and (440), respectively. 

 

4.2 Rietveld analysis 

Figure 4.2 shows the fitted curve given as a output by TOPAS 3 software after Rietveld 

analysis of the XRD patterns of the Fe2.5Zn0.5-xMnxO4 for x=0.0 to 0.5. The upper blue line 

represents the XRD patterns of the samples, red line represents the standard patterns of the 

crystallographic models used as a starting model for refinement and the lower grey line 

represents the difference between our measured XRD patterns and the standard model. We 

used franklinite (Fe1.96Zn0.68Mn0.36O4) and hematite (Fe2O3) as starting models for 

refinement. Following parameters were applied for each refinement: background parameter, 

scale factor, cell parameter, zero errors, Lorentzian crystallite size, Gaussian lattice strain, 

preferred orientation spherical harmonics of the order of 4. Various structural parameters 

such as quantitative phase analysis, lattice parameter, density, crystallite size have been 

determined by Rietveld’s XRD profile refinement analysis. Quality of the fitting was 

determined by the χ2 (GOF) value. Rietveld analysis shows that the various Fe2.5Zn0.5-xMnxO4 

have been formed with a nearly FCC crystal structure which is similar to the structure of 

Fe1.96Zn0.68Mn0.36O4 .Small percentage has been formed Rhombohedral crystal structure 

which is nearly similar to the structure of Fe2O3. 
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Figure 4.2 Fitted curves for the XRD patterns of Fe2.5Zn0.5-xMnxO4, (a) x=0.00, (b) x=0.10, (c) x=0.20 sintered at 

1200˚C in air by TOPAS 3 software. 

Fe2.5Zn0.5O4 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 93.63%, 
Hematite (Fe2O3) =6.37% 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 81.11%, 
Hematite (Fe2O3) =18.89% 

Fe2.5Zn0.4Mn 0.1O4 

Fe2.5Zn0.3Mn 0.2O4 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 72.84%, 
Hematite (Fe2O3) =27.16% 

(a)x=0.0 

 

(b)x=0.1 

 

(c)x=0.2 
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Figure 4.2 Fitted curves for the XRD patterns of Fe2.5Zn0.5-xMnxO4 (d) x= 0.30, (e) x= 0.40 and (f) x=0.50 

sintered at 1200˚C in air by TOPAS 3 software. 

Fe2.5Zn0.2Mn 0.3O4 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 91.55%, 
Hematite (Fe2O3) =8.45% 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 46.63%, 
Hematite (Fe2O3) =53.37% 

Fe2.5Zn0.1Mn 0.4O4 

Franklinite (Fe1.96Zn0.68Mn0.36 O4) = 38.46%, 
Hematite (Fe2O3) =61.54% 

Fe2.5Mn 0.5O4 

(d)x=0.3 

 

(e)x=0.4 

 

(f)x=0.5 
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4.2.1 Quantitative phase analysis 

Figure 4.3 shows the quantitative phase analysis with Mn content. It shows that the various 

Fe2.5Zn0.5-xMnxO4 have been matched well (100%) with the phase of Franklinite and Hematite. 

 

 

 

 

Figure 4.3 Franklinite and Hematite phase with Mn content of various  Fe2.5Zn0.5-xMnxO4 sintered at 1200˚C. 

4.3 Lattice Constants of the polycrystalline Fe2.5Zn0.5-xMnxO4 

The values of lattice parameters, a0, obtained from each crystal plane are plotted against 

Nelson-Riley function F (θ) = ½ [(cos2θ/sinθ) + (cos2θ/θ)] [4] where θ is the Bragg’s angle 

and a straight line is obtained. The values of lattice parameters were estimated from the 

extrapolation of these lines to F(θ)=0. From a0Vs F(θ) curve, accurate lattice constant, ‘a0’ is 

calculated for each sample. Fig. 4.4 shows a0 Vs F() plot for Fe2.5Zn0.4Mn0.1O4.  
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Fig.4.4. Variation of lattice parameter a0 for Fe2.5Zn0.4Mn0.1O4 with F() 
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The mean ionic radius of the variant ions for composition Fe2.5Z0.5-xMnxO4 can be written as 

r(variant) = (0.5-x)rZn+xrMn       (1) 

where rZn is the ionic radius of Zn2+ ion and rMn is the ionic radius of Mn2+. The variation of 

r(variant) with Mn content is shown in Fig. 4.5, where it increases with increasing Mn content. It is 

clear from Fig. 4.5 that the lattice constant follows an increasing trend with respect to Mn 

contents. This increase of lattice constant with increase of Mn contents can be explained on the 

basis of the ionic radii. The ionic radii of the cations used in Fe2.5Zn0.5-xMnxO4 are 0.89 Å (Mn2+) 

and 0.74 Å (Zn2+) [5]. Here Mn2+ is substituting by the Zn2+ ion. So a small increase in lattice 

constant is expected due to increasing Mn content. Also it is observed that the radius of the 

variant cations is increased with increase of Mn content. 

 

 

 

 

 

 

Fig.4.5 Variation of a0 and r(variant) for various Fe2.5Zn0.5-xMnxO4 sintered at 1200˚C in air. 

 

The lattice constant, density, porosity, natural resonance frequency, maximum quality factor and 

initial permeability of the various Fe2.5Zn0.5-x MnxO4 sintered at different temperatures are given 

in Table 4.1.  
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Table 4.1.The lattice constant, density, porosity, natural resonance frequency, maximum Quality factor and initial 

permeability of the various Fe2.5Zn0.5-xMnxO4 (x=0.0-0.5 in the step of 0.1) sintered at various temperatures with 

fixed dwell time 5h. 

Mn Content 

x 

 

ao 

(Å) 

Ts 

(ºC) 

ρth 

(g/cm3) 

ρexp 

(g/cm3) 

P 

(%) 

fr 

(MHz) 

Qmax 
/
i  (at 10 MHz) 

 

0.0 
8.4541 

1100  

5.2 

3.84 26 - - 9 

1150 4.11 21 - - 8 

1200 4.41 15 - - 7 

1250 4.46 14 10 259 17 

0.1 

8.4623 

1100  

5.16 

3.59 30 - - 8 

1150 3.84 26 - - 9 

1200 4.24 18 - - 8 

1250 4.3 17 8 431 21 

 

0.2 
8.4722 

1100  

5.12 

3.5 32 - - 8 

1150 3.76 27 - - 8 

1200 4.15 19 - 200 13 

1250 4.21 18 7 847 32 

 

0.3 
8.4815 

1100  

5.08 

3.44 32 - - 10 

1150 3.69 27 - - 8 

1200 4.11 19 7 378 17 

1250 4.15 18 4 987 38 

 

0.4 
8.5016 

1100  

5.02 

3.37 33 - - 9 

1150 3.58 29 - 245 12 

1200 4.04 20 6.2 573 25 

1250 4.08 19 6 1013 33 

 

0.5 
8.6426 

1100  

4.96 

3.32 33 - - 10 

1150 3.51 29 - 830 11 

1200 3.99 20 9.5 488 18 

1250 4.03 19 9 400 18 
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Theoretical density, ρth, bulk density, ρB, and porosity, P, of the various  

Fe2.5Zn0.5-xMnxO4 are tabulated in the Table 4.1. The ρth decreases with increasing ao in the 

Mn substituted various Fe2.5Zn0.5-xMnxO4. Both ρth and ρB decrease in a similar fashion with 

the increase of Mn content (x) . 

4.4 Microstructural analysis of the polycrystalline Fe2.5Z0.5-xMnxO4 

The FESEM micrographs of various Fe2.5Zn0.5-xMnxO4 sintered at 1100, 1150, 1200 and 

1250˚C are shown in Fig. 4.6. From these micrographs it is revealed that Mn2+ substitutions 

have significant influence on microstructures of Mn-Zn ferrites. The average grain size 

increases gradually with increase of Mn2+ may be due to the fact that MnCO3 decomposed 

with the release of CO2 at 2000C to produce manganese (II) Oxide and melting point of MnO 

(1650˚C) is less than that of ZnO (1975˚C). Also as a unit of Mn substitution a new solid 

solution is found. Chemical preparations of this new solid solution change with increase Mn 

content. It has been seen that the average grain size is highest for Fe2.5Mn0.5O4. It also noticed 

that the grain size of all samples increases with the sintering temperatures; Ts porosity follows 

the opposite trend. It is also observed that those increasing trend of grain diameter and 

decreasing trend of porosity have impact on density, permeability, real quality factor and loss 

factor. Grain boundary of various Fe2.5Zn0.5-xMnxO4 turns unclear at higher Ts, i.e. at 1200 

and 1250˚C, where porosity seems to be suppressed. Density, permeability, real quality factor 

are higher at those Ts rather than other Ts. Porosity and loss factor are lower at those Ts rather 

than other Ts. Some cluster form of grain is found at Ts 1100˚C which is much clear for 

Fe2.5Zn0.1Mn0.4O4, but at higher Ts cluster form turns isolated. Fe2.5Zn0.1Mn0.4O4 shows higher 

permeability, real quality factor and lower loss factor than other samples.  
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                              x=0.0                                                                     x=0.1 

      

                              x=0.2                                                                   x=0.3 

       

                              x=0.4                                                                       x=0.5                          

Fig. 4.6.a The optical micrographs of various Fe2.5Zn0.5-xMnxO4 sintered at temperature 1100 ˚C. 
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Fig. 4.6.b The optical micrographs of various Fe2.5Zn0.5-xMnxO4 sintered at temperature 1150 ˚C. 
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Fig. 4.6.c The optical micrographs of various Fe2.5Zn0.5-xMnxO4 sintered at temperature 1200 ˚C. 
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Fig. 4.6.d The optical micrographs of various Fe2.5Zn0.5-xMnxO4 sintered at temperature 1250 ˚C. 



85 
 

4.5 Density and porosity of the polycrystalline Fe2.5Zn0.5-xMnxO4 

Density plays a key role in controlling the properties of polycrystalline ferrites. A significant 

decrease in the bulk density is observed with the Mn content. Fig 4.7 indicates that as Mn 

content increases in Fe2.5Zn0.5-xMnxO4, density decreases. 

 

 

 

 

 

 

Fig.4.7 (a) The variation of Theoretical density, ρth and lattice constant, ao(Å) with Mn content, x.(b) Theoretical 

density, ρth and bulk density, ρB with Mn content, x and different Ts for various Fe2.5Zn0.5-xMnxO4. 

It is known that the porosity of the ceramic samples results from two sources, intragranular 

porosity and intergranular porosity. When the grain growth rate is very high, pores may be 

left behind by rapidly moving grain boundaries, resulting in pores that are trapped inside the 

grains. This intragranular porosity leads to poor magnetic and mechanical properties. Thus 

the total porosity could be written as P=Pintra+Pinter. The intergranular porosity mainly 

depends on the grain size [8]. 

Fig 4.8 indicates that as Mn content increases in Fe2.5Zn0.5-xMnxO4, density decreases and 

porosity increases. It is possible to explain this phenomenon in terms of the atomic weight 

and volume of the contents. As atomic mass of Mn is 54.938 and Zn is 65.38, where The 

ionic radii of the cation Mn2+ is 0.89 Å and Zn2+ is 0.74 Å densities are decreased for Mn 

substitution instead of Zn. 
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Fig.4.8 The variation of ρB and P (%) with Mn content, x for Fe2.5Zn0.5-xMnxO4 sintered at (a) 1100,  

(b) 1150, (c) 1200 and (d) 1250˚C in air. 

 
Fig.4.9 shows the variation of ρB and P (%) with the variation of Ts for Fe2.5Zn0.5-xMnxO4. 
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Fig.4.9 The variation of density and porosity for Fe2.5Zn0.5-xMnxO4(x=0.0-0.5 in the step of 0.1) 

1100 1150 1200 1250
3.2

3.4

3.6

3.8

4.0

4.2

Sintering temperature,T
s
(C)

Fe2.5Mn0.5O4

 

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

15

20

25

30

35

 Density
 Porosity

 Porosity,P(%
)

1100 1150 1200 1250
3.8

4.0

4.2

4.4

4.6
Fe2.5Zn0.5O4

 

 Density
 Porosity

Sintering temperature,T
s
(C)

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

10

15

20

25

30

 P
or

os
ity

,P
(%

)

1100 1150 1200 1250
3.5

4.0

4.5
 

 Density
 Porosity

Sintering temperature,T
s
(C)

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

16

20

24

28

32
Fe

2.5
Zn

0.4
Mn

0.1
O

4

 Porosity,P(%
)

1100 1150 1200 1250
3.4

3.6

3.8

4.0

4.2
 

 Density
 Porosity

Fe
2.5

Zn
0.2

Mn
0.3

O
4

Sintering temperature,T
s
(C)

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

16

20

24

28

32

36

 Porosity,P(%
)

1100 1150 1200 1250
3.4

3.6

3.8

4.0

4.2

4.4
 

Sintering temperature,T
s
(C)

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

16

20

24

28

32

 Density
 Porosity

Fe
2.5

Zn
0.3

Mn
0.2

O
4

 Porosity,P(%
)

1100 1150 1200 1250
3.2

3.4

3.6

3.8

4.0

4.2

 Density
 Porosity

Sintering temperature,T
s
(C)

 

B
ul

k 
de

ns
ity

 (g
/c

m
3 )

16

20

24

28

32

36
Fe

2.5
Zn

0.1
Mn

0.4
O

4

 Porosity,P(%
)



88 
 

4.6 Complex permeability of the polycrystallineFe2.5Zn0.5-xMnxO4 

Initial permeability, µi of a magnetic material is an important parameter from the application 

point of view. Therefore the study of µi has been a subject of great interest from both the 

theoretical and practical points of view. The optimization of the dynamic properties such as 

complex permeability in the high frequency range requires a precise knowledge of the 

magnetization mechanisms involved [9,10].The magnetization mechanisms contributing to, 

µi = /
i – //

i , in soft polycrystalline ferrites have been a controversial subject for a long time 

and can’t be understood satisfactorily. Although it is admitted that two mechanisms are 

involved in this phenomenon, the domain wall displacement and the spin rotation in the 

domains.  

µi has been calculated as a function of frequency up to 10 KHz-120 MHz at room 

temperature for all the samples of the series Fe2.5Zn0.5-xMnxO4 by using the conventional 

technique based on the determination of the complex impedances of a circuit loaded with 

toroid shaped sample. A variation of /
i  and //

i  values for Ts for all compositions is 

observed. 
/
i  and //

i  increases with Mn substitution up to x=0.30 for Ts =1100 and 1250˚C 

and x=0.40 for Ts =1150 and 1200˚C in Fe2.5Zn0.5-xMnxO4 and then the value of substitution 

permeability decrease. In contrast resonance frequency is found to decrease with Mn 

substitution. All samples show independence of frequency in their /
i values up to the 

resonance frequency. Moreover, a sharp decrease in /
i  and increase in //

i  above the 

resonance frequency was noticed. 

Fig.4.10 shows The variation of, /
i for Fe2.5Zn0.5-xMnxO4 (x=0.0-0.5 in the step of 0.1) 

sintered at 1100, 1150,1200 and 1250˚C in air. 
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Fig.4.10 The variation of /
i for Fe2.5Zn0.5-xMnxO4 sintered at (a) 1100,(b) 1150,(c) 1200 and (d)1250˚C in air. 

 

Fig.4.11  shows The variation of /
i and //

i with Mn content for Fe2.5Zn0.5-xMnxO4 sintered at 

1100,1150,1200 and 1250˚C in air and Fig.4.12  shows The variation of /
i  with Ts for 

Fe2.5Zn0.5-xMnxO4 . 
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Fig.4.11 The variation of /
i  and //

i  with Mn content, x for Fe2.5Zn0.5-xMnxO4 sintered at 1100, 1150, 1200 and 

1250˚C in air. 
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Fig.4.12 The variation of /
i  with Ts for Fe2.5Zn0.5-xMnxO4, (a)x=0.0, (b) x=0.1,(c) x=0.2, (d)x = 0.3,(e)x= 0.4 

and (f)x = 0.5. 
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Fig.4.13 Variation of fr and /
i  with Mn content, x. 

Fig 4.13 shows the Variation of fr and /
i  with Mn content (x) for Fe2.5Zn0.5-xMnxO4 sintered 

at 1250 ˚C in air. In this figure it is found that as /
i increases then fr decreases with the 

function of sintering temperature. An inversely proportional relation of /
i and fr confirms the 

Snoek’s limit [8]. Similar trend is observed for all other sintering temperatures. 

The whole permeability phenomena can be explained as below .The permeability of 

polycrystalline ferrite is related to two different magnetizing mechanisms: spin rotation and 

domain wall susceptibility; spin is intrinsic rotational susceptibility. w and spin may be 

written as :  43 2DM sw   and KM sspin

22  with Ms saturation magnetization, K the 

total anisotropy, D the average grain diameter, and  the domain wall energy. In the present 

system room temperature DC magnetization value varying to Mn content increases up to      

x= 0.40 and start to decrease at x=0.40. Since /
i  is a function of magnetization therefore, /

i  

increases with the increase of Mn content up to x=0.40 and beyond x=0.40, /
i  decreases due 

to the non collinear spin arrangements [11]. Moreover, the magnetic properties of soft ferrite 
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are strongly influenced by its composition, additives and microstructures of the material. 

Among all these factors, the microstructures have great influence on magnetic properties. It is 

generally believed that larger the grain sizes, the higher the saturation magnetization and 

initial permeability. In microstructure studies of the present ferrite system, is also observed 

that average grain diameter increases with the function of Mn content.Therefore in the 

present case, variation of the initial permeability is strongly influenced by its grain size. 

The increasing value of /
i  with the increase of sintering temperature up to the 1250˚C is due 

to the lower porosity for samples sintered at higher sintering temperature. The porosity causes 

hindrance to the domain wall motion. As pores and voids are reduced with increasing 

sintering temperature. 

The variation of initial permeability µi, with fr, shown in Fig. 4.13 can be explained on the 

basis of Globus model. According to this model, the relaxation character is 

(µi -1)2fr =constant.        (2) 

µi in ferrites is due to domain wall displacement and remains constant with frequency as long 

as there is no phase lag between the applied field and the domain wall displacement. In 

ferrites, two resonance peaks are normally observed: one at lower frequency (10-120MHz) 

which is due to the domain wall oscillations [12,13] and the other at higher frequencies 

(~1GHz) due to Larmour precession of electron spins [14]. In the present case, the fr of 

domain wall oscillations is found in the range of 4 MHz~10 MHz. 

Fig.4.14 shows /
i Vs Mn Content, x graph at different Frequencies(1MHz, 5MHz, 10MHz 

and15MHz) for Fe2.5Zn0.5-XMnXO4,.This shows that highest initial permeability is gained at 

x=0.3 for sintering temperature 12500C. 
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Fig.4.14 /
i Vs Mn Content, x graph at different Frequency (a) 1MHz, (b) 5MHz, (c) 10MHz and (d)15MHz for 

Fe2.5Zn0.5-xMnxO4. 

 

4.7 loss factor of the polycrystalline Fe2.5Zn0.5-xMnxO4 

Energy loss is an extremely important subject in soft ferrimagnetic materials, since the 

amount of energy wasted on process other than magnetization can prevent the AC 

applications of a given material. The ratio of //
i  and /

i representing the losses in the 

material are a measure of the inefficiency of the magnetic system. Obviously this parameter 

should be as low as possible. The magnetic losses, which cause the phase shift, can be split 

up into three components: hysteresis losses, eddy current losses and residual losses. This 
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gives the formula rehm  tantantantan  . The i  is related to low applied magnetic 

field. Hysteresis losses vanish at very low field strengths. Thus at low field the remaining 

magnetic losses are due to eddy current losses and residual losses. Residual losses are 

independent of frequency. Eddy current losses increase with frequency and are negligible at 

very low frequency. Eddy current loss can be expressed as /2fPe  , where  eP  is the 

energy loss per unit volume and   is the resistivity [6, 7]. To keep the eddy current losses 

constant as frequency is increased; the resistivity of the material chosen must increase as the 

square of frequency. Eddy currents are not problem in the Mn-Zn ferrites until higher 

frequencies are encountered because they have very high resistivity about cm510  to 

cm810  [6]. The ferrite microstructure is assumed to consist of grains of low resistivity 

separated by grain boundaries of high resistivity. Thicker grain boundaries are preferred to 

increase the resistance. 

The variations of loss factors with frequency of different compositions of the samples 

sintered at different Ts is observed. Loss factors are minimum for frequency up to 1≈10 MHz 

(depending on compositions and Ts).The loss factor is also observed that, at higher sintering 

temperature loss factor is low at low frequency (up to 1MHz) and increase gradually at higher 

frequency (after 10MHz) with the increase of sintering temperature.  

At higher frequencies, a rapid increase in loss factor is observed. A resonance loss peak is 

shown in this rapid increase of magnetic loss. At the resonance, maximum energy transfer 

occurs from the applied field to the lattice which results the rapid increases in loss factor. As 

it is observed that phase lag between domain rotation and applied field is greater than that 

between applied field and domain wall displacement, the magnetic losses due to domain 

rotation overrides those due to domain wall displacement [15]. 
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Fig.4.15 shows the variations of loss factors with frequency for Fe2.5Zn0.5-xMnxO4 sintered at 

1100, 1150, 1200 and 1250 ˚C. 

 

 

 

 

 

 

 

          

 

 

 

 

Fig.4.15 The variations of Loss factor with frequency for Fe2.5Zn0.5-xMnxO4 sintered at (a) 1100, (b) 1150,        

(c) 1200 and (d) 12500C in air. 

Fig.4.16 shows the variations of loss factors Vs frequency with Mn content for          

Fe2.5Zn0.5-xMnxO4 (x=0.0-0.5 in the step of 0.1) sintered at 1100, 1150, 1200 and 1250˚C in 

air. 
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Fig.4.16 The variations of Loss factor with frequency for Fe2.5Zn0.5-xMnxO4 sintered at 1100, 1150, 1200 and 

12500C in air,(a)x=0.0, (b) x=0.1,(c) x=0.2,(d)x = 0.3 (e)x= 0.4and (f)x = 0.5. 

4.8 Relative quality factor of the polycrystalline Fe2.5Zn0.5-xMnxO4 

From the loss factor, the relative quality factor (or Q-factor) is calculated. The Q-factor 

versus frequency plots of all the samples sintered at 1100, 1150, 1200 and 1250˚C are shown 
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in Fig. 4.17. It can be seen that the value of Q-factor increases with an increase of frequency 

and shows a peak around 1≈10MHz. It is also observed from the Fig 4.17(d) that the 

maximum value of Q-factor, Qmax increases with increasing Mn contents from x=0 to x=0.40 

in Fe2.5Zn0.5-xMnxO4, then it decreases. Similar variation is observed for Fe2.5Zn0.5-xMnxO4 

sintered at other temperatures as well. It shows a similar trend of /
i of the present system as 

it is proportional to the Q-factor from the relation:  Q= /
i / tanδ, as loss factor also shows an 

increasing trend with the increase of Mn content. Among all the studied samples, highest 

value of Q-factor (=1013) is observed for Fe2.5Zn0.10Mn0.40O4 sintered at 1250˚C, similar 

to /
i . 

 

 

 

  

 

 

 

 

 

 

 

Fig.4.17 The variations of Q factors with frequency for Fe2.5Zn0.5-xMnxO4 sintered at (a) 1100, (b) 1150 (c) 1200 

and (d) 1250˚C in air. 
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 Fig.4.18 shows the variations of Quality factors Vs frequency with Mn content for          

Fe2.5Zn0.5-xMnxO4 (x=0.0-0.5 in the step of 0.1) sintered at 1100, 1150, 1200 and 1250˚C in 

air. 
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Fig.4.18 The variations of Q factor with frequency for Fe2.5Zn0.5-xMnxO4 sintered at 1100, 1150, 1200 and 

12500C in air (a) x=0.0, (b) x=0.1, (c) x=0.2, (d) x = 0.3, (e) x= 0.4 and (f) x = 0.5. 
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Fig 4.19 (b) shows the variation of Q value for Fe2.5Zn0.10Mn0.40O4 varying sintering 

temperatures . 

 

 

 

 

 

 

Fig.4.19(a) The variations of Qmax with Mn content for Fe2.5Zn0.5-xMnxO4 and (b) the variations of Qmaxfor 

Fe2.5Zn0.10Mn0.40O4 sintered at 1100, 1150, 1200 and 1250˚C. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Conclusions 

The XRD patterns for the polycrystalline Fe2.5Zn0.5-xMnxO4 confirm the formation of spinel 

ferrite. Lattice constant increases with increasing the Mn content for all compositions .This 

increase in lattice constant can be explained on the basis of ionic radii. Since the ionic radius 

of Mn2+ (0.89Å) is larger than that of Zn2+ (0.74Å), the increase in lattice constant with the 

increase in Mn substitution is expected. The ρB decrease and porosity increase with 

increasing Mn content. On the other hand, ρB increase and porosity decrease with increasing 

Ts for each composition. 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 materials. The microstructural study shows that the average 

grain size increases with increasing Mn content. The /
i  increases as Mn content increases up 

to x=0.40 for the samples sintered at 1150 and 1200ºC and x=0.30 for the samples sintered at 

1100 and 1250ºC. It is also observed that /
i  increases with increasing sintering temperatures 

for all compositions as this help to develop uniform grain. The /
i  remains fairly constant in 

the frequency range up to some critical frequency which is called resonance frequency. The 

highest /
i  for each sample has been observed sintered at 1250 ºC because the microstructure 

is homogeneous with a uniform size distribution.  

The loss factor decreases with increasing of Mn content and sintering temperature. The 

relative quality factor increases with increasing sintering temperature and Mn content up to 
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x=0.40 then decreases. For inductors used in filter applications, the quality factor is often 

used as a measure of performance. It is observed that the sample sintered at 1250ºC is of the 

highest Q value (1013) for Fe2.5Zn0.10Mn0.40O4 sample, probably due to the growth of lesser 

imperfection in this sample. 

5.2 Suggestions for future work  

It was found that Fe2.5Zn0.10Mn0.40O4 has the maximum initial permeability /
i  and maximum 

Q-factor. So Mn and other metals which prefer a sub lattice to occupy can be substituted in 

Fe2.5Zn0.10Mn0.40O4 ferrite to enhance the permeability value.  

 

 

 

 


