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Abstract 

In this dissertation impact of In3+ ions substitution on thermal, structural, spectral, 

dielectric and magnetic properties of Cu0.5M0.5InxFe2-xO4 (M: Ni and Zn), CuInxFe2O4 

and Li0.5InxFe2.5-xO4 (Where x = 0.00, 0.08, 0.16, 0.24 and 0.32) spinel nanoferrites 

was studied and these were synthesized by sol-gel auto-combustion route. Thermal 

analysis of as obtained samples was performed to estimate the complete 

decomposition and formation of spinel phase. X-ray diffraction analysis revealed 

spinel crystal structure of all synthesized nanoferrites. A nonlinear behavior of lattice 

constant was evidenced from the synthesized samples. The crystallite size was 

calculated from Scherrerôs formula and this indicates the nano-regime size of all the 

synthesized samples (9.37-33.21 nm). The X-ray density was increased in all four 

series by the incorporation of In3+ ions. The behavior of tetrahedral and octahedral 

radii as well as hopping lengths was analogous to the lattice constant. Fourier 

transform infrared spectra indicated two absorption bands ɡ1 and ɡ2 due to stretching 

vibrations of tetrahedral and octahedral metals complexes. The characteristic bands of 

spinel structure were observed in all the samples. Dielectric constant possessed 

smaller value for all the compositions of prepared nanoferrites and exhibited Debye 

type relaxation at high frequency. Dielectric loss and tan loss were found to decrease 

with the increase in frequency. Both types of losses showed resonance peaks at high 

frequency. AC conductivity of indium incorporated Cu-Ni, Cu-Zn and lithium 

nanoferrites was increased while for copper ferrites, it decreased. The grains and grain 

boundaries contribution in dielectric behavior was investigated from complex 

modulus spectroscopy. The magnetic study was carried out by vibrating sample 

magnetometer (VSM) and various magnetic parameters were calculated. Saturation 

magnetization (Ms) and coercivity (Hc) were decreased by incorporation of In3+ 

cations. Anisotropy constant (K1) and Bohrôs magneton (ɛB) was found to decrease 

with the substitution of indium ions. The results of dielectric and magnetic properties 

proposed that synthesized nanoferrites are potential candidates for switching and high 

frequency applications.    
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Chapter No. 1 

Introduction  

1.1 Material science  

Materials science and technology is a field provides most significant contributions to 

nanoscale research. Indium substituted spinel ferrites with improved or novel 

properties one being fabricated. The area of research including physics, engineering, 

molecular biology and chemistry were studied. The research in this field allowed to 

examine the properties of materials at nano scale. The new area is established in this 

field where one involved into ability to synthesize, characterize and manipulate the 

structure that could be controlled at nanometer scale.  

The size of various electronic devices moved toward miniaturization based on 

nanoscale building blocks. The microelectronics industry was manufactured storage 

devices and integrated circuits whose basic units were approached to the size of few 

nanometers. The new method of preparation was used to control the size of material 

up to nano scale. The nanoparticles, nanotubes and nanowires are now common 

jargon of scientific publications. These objects are smallest man made units among 

materials.  It displayed physical and chemical properties which made them promising 

candidates as fundamental building blocks for novel transistors. The advantages 

conceived here are lower power dissipation, higher device versatility, faster switching 

speed and possibility of packing many more transistors on a single chip (Schmid, 

2004). 

1.2 Nanomaterials  

The core of future technological developments in nanoscience and nanotechnology 

was made by nanoscale materials. If the size of materials reduced to nano scale then 

they exhibit remarkably different properties compared with materials at macro scale. 

The range of nanomaterials was approximately one to hundred nanometers. There 

were two ways to get the nanomaterials such as bottom up and top down. Bottom up 
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approach provided the materials made of single molecules. These materials were held 

together by covalent forces. The amount of information stored in devices builds from 

bottom up approach would be enormous. Chemical co precipitation, micro emulsion 

reaction, laser pyrolysis, molecular self-assembly, chemical vapor deposition (CVD) 

and sol gel processing used bottom up technique to manufacture the materials at nano 

level. Top down technique was used to construct the materials through method such 

as molding, carving and cutting. Using these methods, we had been able to fabricate 

tremendous variety of machineries and electronic devices. Laser ablation, hydro 

thermal method, milling, physical vapor deposition and electrochemical technique 

were used top down approach to fabricate the materials at nanometer scale. In many 

cases bottom up methods were preferable to top down method for fabricating complex 

nanostructures (Yousaf and Ali, 2008). 

Nanomaterials were extensively studied due to their extraordinary structural, optical, 

thermal dielectric and magnetic properties. The research on nanomaterials was 

stimulated due to their vast range of applications in advanced nanotechnology. These 

materials were first used in technological applications as catalysts and pigments. 

Nanomaterials possessed large surface to volume ratio that increased the chemical 

activity. There was a significant cost advantage to fabricate the catalyst from 

nanoparticles due to increase of chemical activity. The properties of some single 

phase materials were improved by fabricating into nanostructure. For example, due to 

decrease of grain size sintering temperature was reduced and plasticity was enhanced 

of single phase spinel structure. Multiphase nanomaterials exhibited novel behavior 

because of small size of individual phase. Nanomaterials were not confined only to 

their physical, chemical and mechanical properties but also modified properties for 

specific applications. The suitably annealed magnetic materials were developed which 

exhibited significant magneto resistance effect even at low magnetic field as 5-10 Oe. 

This effect showed a great technological importance which used in magnetic 

recording read heads (Cammarata, 1996). 

There were two main factors which caused the nanomaterials behave different than 

bulk; surface effect and quantum effect. The chemical reactivity as well as their 

structural, optical, electrical, mechanical and magnetic properties of materials was 

affected by these factors. Nanomaterials were classified in terms of their chemical 

compositions such as nano metals, nano carbon and nano metals oxides. The 
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nanomaterials exhibited interesting system for basic scientific investigation. 

Nanoparticles showed deviation melting temperature and lattice parameter. The 

changed in lattice parameter in metals result from the effect of surface stress. The 

reduction coordination of surface atoms was produced by surface stress and surface 

free energy. Recently new techniques were developed by the researchers to fabricate 

large quantities of other nanomaterials with better characterization. Each preparation 

technique has its own advantages. The technique that prepared nanoferrites with 

smaller size was considered as best. In this regard sol - gel route was employed to 

synthesize indium substituted spinel ferrites with narrow sized (Buzea et al., 2007; 

Wei- Hong Zhong, 2012).  

1.3 Ferrites 

We are surrounded by magnetic materials that played significant role in various 

devices of everyday life. Magnetic materials were used in many applications such as 

audio and video system that give information and entertainment on wide range, 

cellphone and telecommunication system which linked the continents, data storage 

system which interpenetrate in every human activity. The historically background of 

magnetic materials were considered as the birth of man. The unusual properties of 

magnetic ceramic i.e magnetite made military success of an ancient Chinese Emperor 

(Valenzuela, 1994).  

In 1825 H. C. Oersted observed that magnetic field was produced by means of electric 

current which bring a revolution in the field of magnetism. Many theories, model and 

discoveries were developed after this experiment. It was interesting fact that all 

variety of magnetic materials and their properties were originated from three elements 

such as nickel, cobalt and iron which are ferromagnetic at room temperature. Ferrites 

were extensively studied in the last 50 years and many theories or models were 

established. The varieties of materials were obtained from metallic materials that can 

be used in wide range of technological applications. Magnetic ceramics were utilized 

in every field of daily life. Ferrites were well established but improvements and 

innovation were continuously taken placed. The exciting interesting theories, 

applications and preparation of new materials were currently under development. The 

scientific study on ferrites at very large scale was held in Japan at the occasion of 6th 
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International Conference in October 1992 in which more than 550 research papers 

were presented by 1159 authors (Boll and Hilzinger, 1983; Buschow, 1991). 

The research on spinel ferrites was continued by T. Taki, N. Kawai and V. Kato in 

Japan 1930. J. Snoeck also studied the soft ferrites in Netherland at the same time. J. 

Snoeck and his colleagues were succeeded to describe the practical ferrites materials 

which possessed strong magnetic properties, low relaxation losses and high electrical 

resistivity. The spinel ferrite was used in LC filters in frequency division multiplexer 

equipment. It was the first practical application of soft ferrites. Due to strong 

magnetic properties and high resistivity, spinel ferrites were core materials for filter 

operating in the frequency range of 50-450 KHz. Ferrites were used in television as 

high voltage transformer and electron beam deflection. The spinel ferrites can be used 

in modern applications such as in automotive markets, medical and cell phones (Relva 

C, 2004). 

1.3.1 Types of ferrites 

The types of ferrites are listed below. 

 Spinel ferrites or soft ferrites 

 Hexagonal ferrites or hard ferrites 

 Garnet ferrites 

 Ortho ferrites 

1.4 Spinel ferrites 

Spinel nanoferrites are very important due to interesting properties. The most widely 

used magnetic ceramic are spinel ferrites. The general formula of soft ferrites is 

AB2O4 where A represents divalent metal cations. Naturally occurred ferrite was 

magnetite (Fe3O4) and all other ferrites were man made. All the soft ferrites possessed 

similar crystal structure of MgAl2O4 magnetic mineral. In the magnetic spinel Mg2+ 

ions were replaced with divalent metal ions such as nickel, cobalt, manganese, copper, 

iron, zinc and their combinations. The trivalent metal cation Al3+ can be replaced with 

Fe3+ and combinations of Fe3+ with other trivalent cations. The spinel ferriteôs unit cell 

consist eight metal ions per formula unit and coordinated with four or six oxygen ions 

which produced two distinct sites named A and B sites. 
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1.4.1 Structure  of spinel ferrites 

Bragg and Nishikawa were pioneers the first person who determined the crystal 

structure of spinel ferrites in 1915. They observed that spinel structure was cubic 

closed packed with oxygen ions layer. The eight A sites while sixteen B-sites were 

filled by cations in the structure of spinel lattice. In tetrahedral site metal was 

surrounded by four oxygen ions situated at the center to form the tetrahedron. The 

metal in octahedral site was enclosed of six oxygen ions located at the center of 

octahedron. The unit of spinel ferrites was displayed in Fig 1.1. The unit cell of spinel 

matrix contained 64 tetrahedral and 32 octahedral sites. If all the sites were occupied 

by metal cations then value of negative charge was smaller than positive charge. So 

the structure distorted and not remained electrically neutral. To overcome this effect 

only 8 tetrahedral and 16 octahedral sites were filled by cations. (Goldman, 1990).  

The oxygen atoms were not located at the exact positions of FCC sub lattice in spinel 

structure. The positions of oxygen ions were determined by oxygen positional 

parameter u. For an ideal closed packed spinel structure, the value of oxygen 

positional parameter was 0.375 or 3/8. The ideal situation did not exist and the value 

of u for majority known spinel was in the range of 0.375-0.385. The value of u 

increased due to the anions in tetrahedral sites were forcefully moved in the direction 

of [111] plane. The ratio of tetrahedral and octahedral cations radii was estimated 

from u value (Smith and Wijn, 1959; Valenzuela, 1994).   

1.4.2 Types of spinel structure 

FCC lattice in spinel structure was formed by oxygen ions. Spinel closed pack 

structure possessed two kinds of crystallographic sites name as A sites and B sites. All 

cations were resided on these two interstitial sites. The divalent metal cations 

occupied on available A and B sites with oxygen coordination. The cations 

distributions on these interstitial sites in spinel lattice lead to form three types of 

spinel structure normal, inverse and intermediate spinel.  
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Figure 1. 1 Unit cell of spinel structure with tetrahedral and octahedral site (Sharma et 

al., 2018). 

1.4.2.1 Normal spinel structure 

The spinel structure said to be normal if all the divalent metal cations (Me2+) tend to 

go A site while trivalent cations (Fe2
3+) reside on B sites in the unit cell. Such type of 

structure was known as normal spinel. The normal spinel structure was represented by 

the structure formula (Me2+) [Fe2
3+] O4

2-. The example of normal spinel was ZnFe2O4 

and CdFe2O4 ferrites. Schematic diagram of normal spinel presented in Fig. 1.2. 

Degree of inversion ŭ for normal spinel is one. 

 

Figure 1. 2 Distributions of cations in normal spinel structure (Mehmood, 2018). 

1.4.2.2 Inverse spinel structure 

When trivalent cations (Fe2
3+) distributed equally among tetrahedral and octahedral 

sites and all divalent metal cations (Me2+) occupied on octahedral sites. In this crystal 

structure remaining cations were randomly distributed. Structural formula of 
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investigated spinel structure was elaborated as (Fe3+)[Me2+Fe3+ ]O42-. Nickel and 

cobalt ferrites are the example of such type of crystal structure. Fig 1.3 revealed 

inverse spinel structure. Degree of inversion ŭ for inverse spinel is zero. 

 

Figure 1. 3 Distributions of cations in inverse spinel structure (Mehmood, 2018). 

1.4.2.3 Intermediate spinel structure 

The proportion of (Me2+) and (Fe2
3+) cations distributed among both sites such as A-

sites and B-sites represented the mixed spinel structure. The intermediate spinel 

structure possessed ŭ between zero and one. Structural formula of mixed ferrite 

was ὓὩ ὊὩ ὓὩ ὊὩ ] O4
2-. The most common example of intermediate 

spinel is MnFe2O4 has value of inversion parameter is 0.2. The mixed spinel ferrite is 

shown in figure 1.4 (Goldman, 2006; Smith and Wijn, 1959). 

 

Figure 1. 4  Distributions of cations in intermediate spinel structure (Mehmood, 

2018). 
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1.5 Magnetism 

Magnetism is the property of materials that respond to atomic or subatomic level with 

the applied magnetic field. Materials showed different behavior in the presence of 

magnetic field. Magnetism in the magnetic material was arises due to magnetic 

moment of incomplete shell of atom and unpaired electron in conduction band of 

atom. In case of iron group, the incomplete shell was 3d shell. The magnetic moment 

in the atom originated from motion of electron (spin and orbital). Spin quantum 

number value or moment was 1/2 or -1/2 depending on the direction of orientation 

while orbital magnetic moment has values 1, 2 etc. The net magnetic moment is the 

sum of spin quantum number and orbital moment for lighter nuclei is given by:  

J = g S + L         1.1 

Where g is electron g-factor and its value spin angular momentum is 2.0023 but 

normally taken as 2. S and L are sum of spin and orbital momentum of each electron. 

For heavier atom J = S+L. the magnetic moment may calculate by the following 

equation:  

‘  Ὣ‘ὐ         1.2     

Here ɛB is Bohrôs magneton and Ὣ is electron g-factor (Oliveira, 1998). 

The magnetic field inside the magnetic materials was determined by the following 

relation: 

ὄ  ‘ ὓ Ὄ          1.3 

Here B represent the magnetic field, ‘  is permeability constant, H showed magnetic 

field induction and M is magnetization. Inside the magnetic materials field that was 

opposite to magnetization also presents. This field is known as demagnetizing field 

(Fuller, 1987).  

According to magnetic behavior, magnetism is categorized into following types. 

a. Diamagnetism 

b. Paramagnetism 

c. Ferromagnetism 
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d. Antiferromagnetism 

e. Ferrimagnetism 

1.5.1 Diamagnetism 

Diamagnetism is an inherent property of material which originated from the orbital 

motion of electron in the magnetic field. The simplest way to classify the magnetic 

properties of materials is respond in the applied field. Relative permeability and 

susceptibility was used to differentiate the magnetic materials. Diamagnetic materials 

possessed negative susceptibility and permeability. It was observed only when atom 

did not possessed net orbital moment. The electron in orbital motion developed a field 

that was opposite to the applied field. This effect leads to a negative susceptibility and 

reduced the net magnetization of material when external field is employed. 

Diamagnetism appeared in all materials. It was the tendency to oppose the applied 

external field. There is no free or unpaired electron in diamagnetic materials. 

Therefore, magnetic moment of intrinsic electron may not produce any bulk effect. In 

such cases magnetization arises from the orbital motion of electron. Diamagnetic 

material employed inside field then electron experienced a force which attracted or 

repelled depends upon the motion of orbital electron. In diamagnetic materials 

magnetic flux is induced when external field is applied. The external applied field was 

opposed by the changing magnetic flux so that diamagnetic material exhibited 

antiparallel magnetization with respect to applied field. Thatôs why magnetization in 

diamagnetic material is proportional to applied field. Many metals and most 

nonmetals are diamagnetic.  

1.5.2 Paramagnetism 

Materials possessed net magnetic moments are called paramagnetic materials in 

which each atom behave as individual magnet. The magnetic moments in this material 

are partially aligned in the applied field direction. These materials were temperature 

dependent and decreased susceptibility with the increased of temperature. 

Paramagnetic materials are independent of magnetic field strength. Most of metals 

such as sodium, potassium, lithium, magnesium etc. and some rare earth metals are 

included in this class of materials. Beyond Curie temperature ferromagnetic materials 

become paramagnetic. The weak magnetization is induced parallel to the field in 
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paramagnetic material when external field was employed. The induced magnetization 

is proportional to the applied field but not just like diamagnetic material. The 

susceptibility is inversely proportional to absolute temperature, this also known as 

Curie Weiss law. For paramagnetic materials, the value of susceptibility is in the 

range of positive 10-3-10-5.   

There are unpaired electron in these materials and oriented in random direction. The 

unpaired electrons are free to align its magnetic moment in any direction. In various 

magnetic materials such as hydrated salt, as temperature are raised thermal agitation 

of the spin was reduced. In these cases, Pierre curie showed that susceptibility 

followed the Curie Weiss law. The susceptibility is defined as:  

 … ὓȾὌ         1.4 

Where ɢ is susceptibility, M represents magnetization and H demonstrates magnetic 

field strength. Curie Weiss law determined the susceptibility: 

… ὅȾὝ         1.5 

When field was removed the magnetization was vanished (M.C.lovell, 1977; 

Stefanita, 2012).  

1.5.2.1 Superparamagnetism 

Magnetic ordering was present in the magnetic materials which can ascribe by 

hysteresis loops. The behavior of paramagnetic, ferromagnetic and super 

paramagnetic is displayed in figure 1.5. Superparamagnetism (SPM) is a state of 

magnetism described by the ferrimagnetic nanoparticles whose diameter was less than 

hundred nanometers. When thermal energy is sufficient to overcome the barrier of 

reversal magnetization then super paramagnetism prevailed in the range of single 

domain sized grain. These barriers produced due to magneto crystalline and shape 

anisotropy. The magnetization is blocked chances of spontaneous reversal became 

negligible when energy of barriers was larger than the thermal energy. The 

nanoparticles indicated certain preferences for the orientation of magnetic moment 

along the direction of magnetization is called magnetic anisotropy. If nanoparticles 

aligned their magnetic moment in one preferred direction then it was known as 
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uniaxial anisotropy. In uniaxial particles are randomly orientated in the direction of 

magnetization caused by the thermal energy.  

 

Figure 1. 5  M-H loops for ferromagnetism, paramagnetism and super paramagnetism 

(Mahmood, 2018). 

The super paramagnetism directly related to magnetic anisotropy. The magnetization 

is randomly turning its direction under the influence of temperature in small size 

nanoparticles. The time used to measure the magnetization of nanoparticles was much 

larger than the Neel relaxation time nanoparticles exhibited zero magnetization and 

particles are in the state of super paramagnetism (Mahmood, 2018). 

1.5.3 Ferromagnetism 

Paramagnetic and diamagnetic materials showed small magnetic influence when field 

is applied to it. Few materials exhibited very strong magnetic effect if magnetic field 

is employed. This effect is caused by the interaction of unbalanced spin of adjacent 

atoms called exchange interaction. The exchange interaction aligned the unbalanced 

spin of electrons so that material showed large spontaneous magnetization. When 

ferromagnetic materials are placed inside the magnetic field then all domains aligned 

in the direction of applied fiend and material is said to be magnetized. If the total 

resultant magnetization became zero; material is said to be demagnetized. The applied 

field varied the magnetization from zero to saturation value. Ferromagnetic materials 

have unpaired free electrons. The spins within the domain are aligned by exchange 

interaction and unbalanced spin of electrons. In ferromagnetic materials each 

individual atom behaved as magnet and exhibited strong magnetization. The 
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susceptibility of ferromagnetic was in the order of 106 which was large as compared 

to other magnetic materials.  

The domains exist in the ferromagnetic materials and defined as huge amount of 

atoms 1013 to 1015 aligned their orientation of moment in the direction of field. In a 

magnetic field, alignment of the magnetic moments is decreased at higher 

temperature. When temperature is increased from certain value thermal agitation was 

increased from exchange force and the properties of ferromagnetic were disappeared. 

The temperature at which ferromagnetic become paramagnetic is known as Curie 

temperature. In the paramagnetic state, it followed the curie Weiss law:  

… ὅȾὝ  —         1.6 

Where ɗ is constant (Fuller, 1987). 

1.5.4 Antiferromagnetism 

The positive alignment between electron spins occurred in the certain range of 

interatomic spacing. When spacing between the atoms was increased then effect of 

inter atomic forces become negligible. If the spacing reduced up to certain limit sign 

of exchange force is altered and it preferred antiparallel configuration of spins. The 

spins within domain aligned antiparallel and cancel out the effect of each other. Such 

type of material is known as antiferromagnetic material. An ordered arrangement of 

antiparallel spins on different sub lattices is occurred in antiferromagnetic materials. 

Antiferromagnetic material possessed small value of permeability and varied with 

temperature. Antiferromagnetic nature existed at certain temperature called Neel 

temperature. When temperature is increased beyond TN then antiferromagnetic 

characteristics vanished and became paramagnetic. Neel observed that at low 

temperature antiferromagnetic material did not follow the Curie law. For high 

temperature it followed the Curie Weiss law: 

… ὅȾὝ  —            1.7 

Also; … ὅȾὝ  TN)       1.8 

Where TN = Neel temperature. Normal magnetic orientation was restricted due to 

negative exchanged force in the applied field at low temperature. Due to this behavior 

susceptibility was in the order of 10-3. The exchange interaction is reduced with raised 
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of temperature such that negative exchange interaction diminished. The susceptibility 

is raised up to Neel point where negative exchange interaction disappeared. Now the 

spin system behaved as a paramagnetic with the expected Curie Weiss law 

dependence. 

1.5.5 Ferrimagnetism 

Ferrimagnetic material is important class of magnetic materials and also called 

ferrites. The materials having antiparallel spin with different magnitude are called 

ferrimagnetic materials. Neel developed his theory of antiferromagnetism, at the same 

time J. Snoeck discovered a new class of oxide having very interesting properties at 

high frequencies. He called them ferrites. A new panorama was raised to calculate the 

magnetic moment of Fe3O4 ferrites. Theoretically unpaired electrons for Fe3O4 are 14 

so that magnetic moment was 14 ɛB. There are five electrons for each ferroic ions and 

four for ferrous ions. The experimentally calculated magnetic moment was 4 ɛB. Now 

Neel extended his theory and included ferrites. There are two different 

crystallographic sites in the crystal structure of spinel ferrites with same negative 

exchange interactions.  

The difference in antiferromagnetic and ferrimagnetic materials was only the 

magnitude of magnetic moment. In case of ferrimagnetic materials orientation of 

magnetic moment is opposite in direction but different in magnitude. This 

phenomenon produced net magnetic moment. The above phenomenon is occurred due 

to difference ions distribution on either site called ferrimagnetism. The special case of 

antiferromagnetic materials is ferrimagnetic. Ferrimagnetic materials have Curie point 

at which it became paramagnetic. Above Curie temperature properties of 

paramagnetic and ferrimagnetic materials are same (Standley, 1972). 

1.6 Magnetic interactions in ferrites 

There are two kinds of crystallographic sites present in the crystal structure of spinel 

ferrites. Exchange interactions occurred among metals cations through oxygen ions. 

Instead of direct exchange interactions, super exchange interactions are carried out 

among A and B sites cations. Among three inter sub lattices, A-B interactions is the 

strongest interactions than the other two (A-A and B-B) interactions when electron 
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spins are in opposite direction at A and B sites. When nonmagnetic ion was 

substituted in spinel ferrites then B-B exchange interaction is comparable with A-B 

exchange interaction leads to non collinear structure at B-sites. Due to negative 

energy of these interactions, the electron spins are orientated in antiparallel direction. 

The strength of energies in three inter sub lattice sites are dependent the distance 

between the ions and angle between them. The energy of exchange interactions is 

varied directly with angle and inversely with distance. The configuration of ion pairs 

in the ferrimagnetic spinel ferrites is shown in figure 1.6. Based on angle and 

distance, A-B exchange interaction was predominant than the other two interactions 

because the value of angle is much high and the distance is small (Gorter, 1954). 

 

Figure 1. 6 Magnetic exchange interactions in spinel ferrites (Saravanan, 2017). 

1.7 Hysteresis loop 

The behavior of magnetic materials is described by the hysteresis loops. The 

magnetization is increased with the increased of magnetic field is shown in figure 1.7 

with dotted line. Further increased in magnetic field caused the magnetization reached 

to maximum value óaô called saturation magnetization. All the spins are aligned in 

parallel direction exhibited saturation. After saturation no considerably increased in 

magnetization was observed with the increased of magnetic field. When applied field 

is decreased then magnetization decreased but not in same manner. External applied 

field became zero but magnetization did not become zero indicated by óbô known as 

remanence. The magnetic field is reserved in direction to make magnetization zero. At 
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zero magnetization, applied field is not zero at point ócô called coercivity. Further 

increased in magnetic field in the same direction, the material is magnetized at point d 

in reversed direction and attained saturation. By reversing the field again to make 

applied field zero at point óeô known as remanence which was numerically equal but 

opposite in direction to óbô. Further increased in H magnetization swiped out from e to 

f which was equal but opposite to point ócô. The magnetization reached to point óaô 

with the raised of applied field to complete the hysteresis loop. If the material was 

magnetized up to saturation level then magnetization did not change with applied 

field. The magnetization exhibited lag behind phenomenon, this phenomenon is called 

hysteresis and curve óabcdefô called hysteresis loop. The material was characterized as 

soft or hard by the value of coercivity. They can easily magnetize and demagnetized. 

While measuring the magnetic hysteresis one could take into account the shape of 

hysteresis is varied with the orientation of applied field to easy axis (Bertotti, 1998).  

 

 

Figure 1. 7 Hysteresis loop (Saravanan, 2017). 
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1.8 Neel theory of ferrimagnetism 

The crystal that contained atoms and ions possessed permanent magnetic moments. 

Some materials exhibited spontaneous magnetization which was due to the 

interactions of magnetic atoms aligned parallel to each other. The materials having 

spontaneous magnetization could be divided into three types such as ferromagnetic, 

antiferromagnetic and ferrimagnetic. The existence of last two classes was recognized 

by L. Neel. In 1948, Neel point out in his paper that ferrite compound developed as 

commercial magnetic materials by J. Snoek and his co-workers were ferrimagnetic 

materials. Neel theory of ferrimagnetism is molecular field theory magnetic ordering. 

The main results of this theory are given below (Néel, 1952): 

V The curve of reciprocal of susceptibility versus temperature above Curie 

temperature was hyperbola. 

V The curve of spontaneous magnetization versus temperature below the Curie 

temperature might have any number of unusual forms. 

The ferrites having formula MFe2O4 satisfied the Neel assumption where Fe3+ ions are 

trivalent magnetic ions and M represent the non-magnetic ions. The different kinds of 

magnetic interaction were existed between ions but some of them were known such as 

A-A, B-B and A-B. Neel assumed that A-B interaction was predominant than A-A 

and B-B interaction. The magnetic moment estimated from Neel theory was much 

smaller than the sum of magnetic moment of constituent ions. Therefore mathematical 

form of Neel theory was needed. 

The interaction within the material was described by Neel from Weiss molecular field 

theory.  

In ferromagnetic materials, it was assumed that Ὄ  was same for all the atoms. When 

this concept was applied on the ferrimagnetic materials we have: 

Ὄ  Ὄ  Ὄ         1.9 

Ὄ  Ὄ  Ὄ           1.10 
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Here Ὄ  is molecular field acting on A-site and its sum is Ὄ  and same for Ὄ . To 

account the magnetic interactions between magnetic ions molecular field components 

were written as: 

Ὄ  =   ὓ   Ὄ  =   ὓ   Ὄ  =   ὓ    Ὄ  =   ὓ        1.11  

Here ɔ indicated the molecular field coefficient, ὓ  illustrated magnetic moment of A 

sites and ὓ  demonstrated magnetic moments of B site. It may be shown that 

  =  . It means molecular field coefficient was not changed if some nonmagnetic 

ions were present on A and B sites and      unless the atoms were identical. 

Neel revealed that if   > 0 favoured parallel alignment of magnetization on A and B 

sites and   < 0 indicated antiparallel alignment of spins on tetrahedral and 

octahedral sites. When field  Ὄ was applied then net field acting on each sub lattices 

was given by (Smart, 1955): 

Ὄ    Ὄ .Ç*‘ ‗„  ‘„            1.12 

Ὄ    Ὄ  .Ç*‘ ‘„  ‗„           1.13 

1.9 Conduction mechanism 

In semiconductor conduction was occurred due to electron and holes. The hopping 

phenomenon of electrons through the crystal was responsible for conduction 

mechanism in ferrites. Divalent and trivalent cations in spinel ferrites occupied a fixed 

position in the crystal lattice. The ferrites sintered at high temperature produced 

oxygen deficiency and excess formation of Fe2+ ions. If ferrous ions associated with 

ferroic ions then it lowered the resistance greatly due to hopping of electrons occurred 

very steadily. Conductivity was altered with temperature but carrier concentration was 

not affected. In spinel ferrites cations were bounded with oxygen ions as well as 

isolated from each other by first order approximation. The electron of certain 

magnetic ion remained isolated and localized within ion. In all types of ferrites 

exchange of 3d electrons were responsible for conduction between Fe3+-Fe2+. The 

conduction in ferrites mainly depends on Fe3+/Fe2+ ion pairs reside on B site and 

activation energy. All the ferroic and ferrous ions pair occupied at B sites then total 
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number of charge carrier was 1022 cm-3. If the conductivity was low then mobility also 

low even number of charge carriers was large.  

1.10 Magnetic domains 

In the nineteenth century scientists began to realize that magnetic matter consist of 

elementary magnets just like matter consist of atoms or molecules. The concept of 

elementary magnets was explained on the basis of two experimental facts: it was 

impossible to isolate the North and South Pole of magnets. Langevin developed a 

theory of paramagnetism in 1905 using statistics thermodynamics model. Before that 

no effort had been made to understand the concept of magnetism. He concluded that 

independent magnetic moment exhibited a weak magnetism at room temperature. The 

strong magnetism was produced due to interaction of atomic magnets.  In 

ferromagnetic materials, atoms interact with the neighboring atom such that their 

magnetic axes become parallel i.e all north poles were pointed in the same direction. 

Such type of interaction of atomic magnets with parallel magnetic axes is called 

magnetic domain. 

 The magnetic domains within the material could be seen by powerful microscope. 

Domains are the region in a single crystal of magnetic material and very large than the 

individual atom. The magnetic domains in unmagnetized material are regions where 

they aligned to make a complete loop and shown in figure 1.8. When the material was 

magnetized the magnetic domains altered their direction and oriented their axes in the 

same direction. The maximum magnetization of material called saturation 

magnetization occurred with the orientation of all magnetic spins in same direction. 

Different domains aligned in different manners. Basically magnetostatic energy was 

reduced with the formation of domains. Splitting of domain into smaller domain 

caused to reduce the energy of system and more energy required to form the grain 

boundary. When magnetic domains were aligned in antiparallel direction (the angle 

between them 180°) then material had preference to align in the direction of 

magnetization. In spinel ferrites, the triangular domain also called closure domain 

played important role in the reduction of magnetostatic energy. The reduction in 

various types of energies such as magnetostrictive energy, magnetostatic energy, 



19 
 

domain wall energy and magneto crystalline anisotropy energy were responsible for 

various type of size as well as shape of domains (Avison, 1989; Schafer, 1998). 

 

Figure 1. 8  Different shapes of domains (Schafer, 1998). 

1.11 Applications of ferrites 

Ferrites were utilized in high frequency applications on the basis of moderate to high 

value of magnetization, permeability, permitivity and high electrical resistivity. The 

spinel ferrites attracted the intention of scientist and researchers due to extra ordinary 

properties. Spinel nanoferrites were employed in switching, microwave frequency, 

memory storage devices, magnetic recording media, transformer core, gas sensing and 

many more electronic and biomedical applications. At low frequency, spinel ferrites 

are used as inductor core in power generation, conditioning and conversion. At high 

frequency, it can be used as active devices which send, receive and manipulate 

electromagnetic signals. Spinel ferrites also utilized in military and commercial 

radars. The radar applications are obviously military but it can be used in commercial 

system such as oceanographic satellite radar, commercial aviation, automobile 

anticollision radar and weather warning radar. In the mid of 20th century taking 

advantages of ferrites dielectric properties a wide range of microwave applications 
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including isolators, circulators, power limiters, phase shifter, directional couples etc. 

based on polycrystalline ferrites. There are two essential factors which make ferrites 

as a versatile material i.e low electrical conductivity and low production cost. The 

market value of ferrites is very low as compared to other electro ceramics (Amiri et 

al., 2019; Amor et al., 2019; Han et al., 2019; Hu et al., 2019a; Mailadit T. Sebastian, 

2017; Muscas et al., 2019). Copper nickel ferrites are used in high frequency 

applications. Lithium ferrites are utilized in transformer cores and switching 

applications. Copper ferrites may be suitable candidate for gas sensing and biomedical 

applications. Copper zinc ferrites are potential candidate for optical limiting and 

catalytic applications.  
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Chapter No. 2 

Literature survey 

The ferrite system CuCrxF2-xO4 where x = 0.0, 0.2, 0.4, 0.6 and 0.8 was synthesized 

by usual ceramic technique. The dielectric behavior of chromium substituted copper 

ferrites was elucidated. Phase detector technique was used to measure dielectric 

constant. Dielectric studies revealed that dielectric losses were reduced with the 

inclusion of chromium ions and increased the frequency. When Cr3+ content and 

frequency increased then value of dielectric constant was reduced. The real part of 

permitivity showed dispersion peak at moderate temperature and dispersion peak 

shifted towards higher frequencies with the increase of temperature. The results of 

chromium doped copper ferrites demonstrated that phenomenon of polarization was 

similar to the conduction. The dispersion peak appeared in dielectric study was due to 

two types of charges i.e p-type and n-type carries. With the increase of temperature 

dispersion peak shifted towards high frequency. In general dielectric parameters 

exhibited declined behavior with increase in frequency. The abnormal behavior 

illustrated in the samples was explained by the Rezlescu model (El Hiti et al., 1995). 

The effect of titanium on various properties of CuFe2O4 nanoferrites were 

investigated (Mazen et al., 1996). The samples were characterized by X-ray 

diffraction, IR spectra, micro hardness, microstructure studies and DC conductivity. 

Two different cations distribution of Ti4+ substituted copper ferrites were investigated 

in terms of XRD data and IR spectra. The lattice constant was not affected by Ti4+ 

substitution in the first series. The grain diameter was independent of dopant content 

for the second system. Grain diameter was decreased from 45 ɛm to 16 ɛm with the 

increase of titanium concentration for the first system. There was no change observed 

in grain diameter with the addition of Ti4+ for the second system. DC conductivity of 

both systems was decreased with the incorporation of titanium in copper ferrites. 

Micro hardness of the systems increased with the raised of titanium content. The 

crystal structure of copper ferrites was changed from tetragonal to cubic structure with 

the substitution of Ti4+ cations.  
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A series of polycrystalline Cu1-xCdxFe2O4 nanoferrites was synthesized by standard 

ceramic route (Ladgaonkar and Vaingankar, 1998). The convergence of R factor from 

0.0103 to 0.0315 was due to structural refinement of diffraction data. The theoretical 

intensities were elucidated from cations distribution on either site. The ratio of 

theoretical intensities of 220 to 222 planes was very sensitive to cations distribution 

among A and B-sites. The comparison between theoretical intensities ratio and 

intensities ratio was calculated. A new method wherein (theoretical intensity versus 

inversion parameter) was applied to investigate the cations distribution for 220 plane. 

The experimentally calculated intensities of 220 plane were used to obtain the exact 

value of inversion parameter. The cations distribution determined by wherein method 

was similar to the cations distribution estimated from the magnetization method. 

The various compositions of zinc substituted copper ferrites were obtained using 

double sintering ceramic method (Ravinder, 1999). Thermoelectric studies of Cu1-

xZnxFe2O4 nanoferrites (where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were carried out at 

different temperature. The value of Seebeck coefficient for all compositions of 

prepared ferrites was negative which revealed that Zn2+ substituted copper ferrites 

were n-type semiconductor. The values of charge carrier content were elucidated from 

the perceived value of Seebeck co-efficient. Seebeck co-efficient and carrier 

concentration were explained on the basis of temperature variation. The value of 

Seebeck coefficient was increased with the rise of Zn2+ content. The charge carrier 

concentration was increased attributed to increase temperature. After Neel 

temperature (TN) concentration of charge carrier was reduced as temperature 

increased. The quantity of ferrous ions was determined from standard titration 

method. The minimum value of electrical conductivity and ferrous concentration were 

observed for Cu0.4Zn0.6Fe2O4 ferrites. The increase of Zn2+ contents in copper ferrites 

increased the resistivity which was due to decrease of ferrous concentration. 

The following formula Cu1-xCdxFe2O4 (x remained in 0.2 to 1.0) of nanoferrites was 

produced by double sintering ceramic technique (Ravinder, 2000). The electrical 

parameters i.e electrical conductivity (ů) and thermoelectric power (S) were 

determined at different temperature. The behaviour of log (ůT) versus 103/T was 

linear and indicated transition near Curie temperature. The results of Seebeck 

coefficient demonstrated that cadmium doped copper ferrites have been categorized as 

n-type semiconductor. The value of charge carrier concentration was estimated from 
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experimental value of Seebeck coefficient and mobility was computed from the 

electrical conductivity. The properties of cadmium doped copper ferrites were 

compared with the zinc substituted copper ferrites. Both cadmium and zinc were 

nonmagnetic divalent ions and preferentially occupied on tetrahedral sites. The value 

of thermoelectric power and resistivity were found to be higher for cadmium doped 

ferrites and less for zinc substituted ferrites. For same concentration Curie 

temperature for Cu-Zn ferrites were high than Cu-Cd ferrites. Continuously increased 

in the value of charge carrier mobility was due to rise in temperature. Charge carrier 

mobility was increased with temperature proposed that conduction mechanism was 

due to hopping between Fe2+-Fe3+ ions. 

The Cu1-xCdxFe2O4 (0.0 ÒxÒ 1.0) ferrites fabricated via ceramic technique (ul-Islam et 

al., 2002). The resistivity measurements were estimated at room temperature. DC 

resistivity was increased at lower concentration of cadmium associated with hindering 

of hopping phenomenon of Fe2+-Fe3+. It was due to formation of stable bond between 

Cu3+ and Fe2+. For the temperature dependent resistivity two different regions were 

perceived i.e paramagnetic and ferrimagnetic. Activation energy was high in 

paramagnetic region than ferrimagnetic region which revealed that conduction 

phenomenon was occurred at high temperature. Thermo power and resistivity of Cu-

Cd ferrites were interrelated. At low temperature conduction was due to impurities. 

Seebeck coefficient for all samples was investigated and it suggested that all 

compositions of Cd2+ doped copper ferrites were degenerate semiconductors. 

The mixed nano crystalline ferrites Cu1+xMxFe2-2xO4 (where M = Ge and Ti) 0 Ò x Ò 

0.4 were obtained using standard ceramic method (Al-Rawas et al., 2004). The 

magnetic measurements were performed at different temperature. Mossbauer study 

was carried at 77 K and 300 K. Mossbauer spectra indicated that Ge4+ ions reside on 

tetrahedral sites and Ti4+ preferentially occupied on octahedral sites. Saturation 

magnetization was investigated in the temperature range 77-750 K. Magnetic 

susceptibility was determined by Faraday microbalance susceptometer whose range 

was 500-1000 K. The variations in ɢm and Ms with temperature revealed that Curie 

temperature was decreased with the rise of dopants concentrations and magnetic 

moment was elucidated from data of saturation magnetization. The magnetic moment 

was estimated from ɢm data and explained with Neelôs two sub lattice model. At high 

temperature effective moment was decreased with the incorporation of Ti and Ge up 



24 
 

to x = 0.4. Cations distribution was determined from the Mossbauer data.  Magnetic 

moment calculated for Cu-Ti system was decreased with the addition of Ti. Magnetic 

moment of Cu-Ge system was increased with the substitution of Ge.  

X. Wang et al. (Wang et al., 2004) prepared (Ni0.15Cu0.2Zn0.65O)(Fe2īxMnxO3+0.5x)0.99 ( 

x = 0ï0.04) nanoferrites by citrate precursor method. The influence of Mn on 

electromagnetic properties of NiCuZn ferrites was investigated. Microstructure and 

permeability of synthesized ferrites were also estimated. Nano crystals were sintered 

below 900 °C without adding the sintering aids due to brilliant sintering action. 

Incorporation of Mn in NiCuZn ferrites greatly affected the electromagnetic 

properties. Initial permeability of nickel copper zinc ferries was estimated which 

depend upon frequency. Initial permeability greatly enhanced with the small amount 

of Mn substitution then decreased with the increase of Mn content. With the addition 

of Mn initial permeability was enhanced from hundred kilohertz to several megahertz. 

Quality factor of prepared ferrites first enhanced with the incorporation of Mn then 

reduced with the excess amount of Mn. The manganese substituted NiCuZn 

nanoferrites for x = 0.015 possessed fine grained microstructure, high value of quality 

factor and high permeability greater than 500 at 1 MHz which showed that these 

nanoferrites were very useful for high frequency Multi-layer chip inductors 

applications.   

The nanocrystalline copper ferrites fabricated via co-precipitation route. When high 

energy milling in copper ferrites was carried out in air for different time intervals then 

progressive enhancement in magnetic properties were measured. Shifting in the super 

paramagnetic limit was detected due to rise in the time interval.  It was due to shifting 

of Mossbauer blocking temperature to higher values and maximum zero field cooled 

magnetization. The increase and shifting in magnetization was attributed to 

irreversibility between ZF and ZFC. The value of Ms and ɛB were found to increase. 

XRD pattern revealed the crystallinity of spinel ferrites were improved by milling 

process. The milling process increased grain size up to 13 nm and the value of strain 

was reduced. The cubic metastable phase of copper nanoferrites was stabilized after 

the milling of 10 hours (Stewart et al., 2004). 

 The influence of nickel in copper ferromanganites having composition Cu1-

xNixFeMnO4 (0Ò x Ò1) was investigated. XRD analysis confirmed the single phase 
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spinel structure of prepared compounds. The structural transition from tetragonal to 

cubic took place with the introduction of Mn in copper ferrites. Mossbauer spectra of 

nickel inclusion copper ferrites were carried out in the temperature range 20-628 K. 

Mossbauer spectra of all prepared ferrites showed two well resolved Zeeman patterns 

which corresponded to tetrahedral and octahedral sites. Mossbauer spectra also 

revealed weak quadrupole doublet. The paramagnetic doublet of nickel doped copper 

ferrites was due to super paramagnetic grains of ferrites and disappeared at low 

temperature. The hyperfine field was increased with the increase of dopant 

concentration at room temperature. The cations distribution determined from 

Mossbauer spectra indicated that all samples having partially inverse spinel structure. 

Curie temperature of substituted ferrites was increased with the rise of nickel content. 

The specific heat for Cu0.5Ni0.5FeMnO4 and NiFeMnO4 was investigated from 

Mossbauer spectra for nucleus of 57Fe. The temperature dependent hyperfine 

parameters were also studied for these two compositions. The one third power law 

was applicable for sub lattice of magnetization in the range 0.46<T/TC<0.91 

(Roumaih et al., 2005).  

 Ch. Venkateshwarlu et al. fabricated the various compositions of cobalt substituted 

copper ferrites using differential method (Venkateshwarlu and Ravinder, 2006). They 

investigated the thermoelectric power studies at different temperature such as room 

temperature to well beyond Curie temperature. All the samples have negative value of 

seebeck coefficient which revealed that synthesized ferrites behave as n-type 

semiconductor. Seebeck coefficient has maximum value at Tc. The seebeck 

coefficient also investigated as a function of compositions. The value of seebeck 

coefficient was decreased with the increase of copper concentration in copper spinel 

ferrites. The variation in thermoelectric power as a function of temperature was 

determined. The value of thermoelectric power for all compositions was increased 

with the rise of temperature up to certain limit called Ts. Further increased in 

temperature, the value of thermoelectric power was decreased. All the compositions 

of Cu-Co ferrites having negative value of thermoelectric power which revealed that 

majority of charge carriers were electrons.  

The copper spinel ferrite was fabricated by precursor method with the aid of 

ultrasound radiation. The variations in different preparation parameters were studied 
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on the formation of copper ferrite. Crystal structure of copper ferrite was explored 

from XRD patterns under different processing conditions. The obtained precursor was 

calcinated at 850 °C for 2 hour. Crystallite size was estimated from Scherrerôs relation 

and its value was 68 nm. FTIR spectra were observed in the range of 400-600cm-1.  

Low frequency band (ɡ2) was observed at 483 cm-1 while the high frequency band (ɡ1) 

was appeared at 570 cm-1.  The high frequency band was caused by Fe-O band at A-

sites while low frequency band observed at octahedral sites was attributed to 

stretching vibration of copper oxygen band. The key factor to control the hardening 

aggregation and produced the uniform particle size was sonochemical reaction time. 

When the calcination temperature was changed then crystalline type and particle size 

of copper ferrite was changed. The SEM micrograph showed that size of prepared 

particle was 60 nm (Lv et al., 2008). 

Muhammad Ajmal et al. (Ajmal and Maqsood, 2008) replaced the Zn2+ with Cu2+ 

having the compositions Cu1-xZnxFe2O4 and these were prepared by standard solid 

state route. The structural, electrical and magnetic properties were varied significantly 

with the substitution of Zn2+ ions in copper ferrites. Lattice parameter was found to 

increase from 8.370 - 8.520 Å. The volume of unit cell was increased and attributed to 

the inclusion of large ionic radii of Zn2+ ions. The bulk density was increased with the 

substitution of Zn2+ ions. The semiconducting nature of all samples was estimated 

from electrical measurement whose value reduced with rise in temperature. The 

decreased in dielectric parameters was attributed to space charge polarization. 

Initially, magnetic moment and Ms were improved for lower concentration and 

decreased thereafter. Value of Yafet Kittle angles were zero up to x = 0.2 then 

increased with the incorporation of zinc in copper spinel ferrites. 

The nanocrystalline copper ferrite was prepared using combustion method which 

depends upon the ceramic route and glycine nitrate process. The samples were 

characterized by IR (infrared radiation), XRD, SEM, TEM (transmission electron 

microscopy) and VSM technique. The various structural, morphological and magnetic 

parameters were investigated. The compositions of copper ferrites having different 

value of crystallite size were synthesized by varied the ratio between glycine and 

nitrates with the changing of preparation temperature. The tunable magnetic 

properties were obtained from combustion method using proper glycine-nitrate ratio. 
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The single phase spinel structure was confirmed from XRD and IR patterns. TEM 

analysis indicated the needle like tubular nanostructure with polygon particles. 

Particle size of prepared ferrites was amplified with the increase of glycine/nitrate 

ratio. The magnetic studies indicated that saturation magnetization has linear 

relationship with crystallite size (Deraz, 2010). 

V.K. Lakhani et al. employed ultrasonic pulse echo overlap technique to evaluate the 

elastic properties of aluminum substituted copper ferrites at 300 K with the frequency 

of 9MHz. The elastic moduli were determined from longitudinal and transverse wave 

velocities and their variation with the substitution of Al3+ ions. The value of elastic 

moduli was found to decrease with the inclusion of aluminum in copper ferrite. The 

low value of elastic stiffness was due to the presence of vacant oxygen sites and 

residual stress which induced spontaneous cracking. The incorporation of Al3+ in 

CuFe2O4 ferrite possessed small value of lattice energy as compared to their single 

crystalline counterpart. It could be explained on the basis of increased in the degree of 

disorientation at grain boundaries. The decreased in the value of effective elastic 

moduli was not due to the inclusion of Al3+ ions which did not take part in the 

formation of active bond and enhanced the value of pore fraction but also due to 

anisotropic thermal stress. The anisotropic thermal stress produced the development 

of micro cracks as well as oxygen vacant sites. The polycrystalline materials owing to 

the small value of lattice energy as compared to their single crystalline was attributed 

on the basis of conducting grains as well as resistive grain boundaries (Lakhani and 

Modi, 2010). 

Radheshyam Rai et al. (Rai et al., 2011) studied the impact of cadmium on structural 

and ferromagnetic properties of CuFe2O4 were fabricated by citrate precursor method. 

The techniques such as DSC, XRD, infrared spectroscopy and ferromagnetic 

resonance were employed to characterize all samples. DSC curve indicated that no 

absorption peak was observed beyond 400 °C which showed complete removal of 

residual components. The structure of prepared ferrites was analyzed from XRD 

patterns. The particle size of cadmium substituted copper ferrites was found to 40 nm 

and reduced to 20 nm with the increase of cadmium concentration. Lattice constant 

was linearly increased with the inclusion of cadmium. When Cd2+ ions were 

incorporated in the system of copper ferrites, magnetic properties were varied 
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significantly.  At room temperature, all compositions revealed ferromagnetic nature 

with significant value of remanent magnetization. The variations in resonance field 

and line width were recorded as a changed in temperature. For all the samples, the 

values of magnetic moment were shifted from high value to zero at specific value of 

applied magnetic field. To find out the value of different parameters Smit Beljers (SB) 

model was employed to the value of observed data. The peak to peak analysis was 

used to determine the value of anisotropy constant. In ferrites, FMR signal with 

changing magnetic moment revealed that SB approach may be used for the 

determination of ensemble of magnetic particles. 

The ferrites system MFe2O4 (where M = Cu, Ni and Zn) were produced by sol-gel 

technique and solution of aloevera extracted from plant. For economical and simple 

preparation of spinel ferrites aloevera was used. The thermal decomposition of as 

prepared precursor was determined from TGA and DTA curves.  The obtained ferrites 

system was calcinated at different temperature and its range was 600 to 900 °C for 2 

hours. The fabricated ferrites system was characterized by XRD, SEM, FTIR and 

TEM. The crystal structure of copper ferrites was distorted and elaborated as 

tetragonal while nickel and zinc ferrites having cubic spinel structure. All the 

compositions revealed polycrystalline nature with spinel structure having crystallite 

sizes 15 ï 70 nm. IR spectra of all samples showed that both low and high frequency 

bands were appeared in 400 - 600 cm-1. Crystallite size was improved with the 

increased of calcination temperature. SEM images indicated the fine particles with 

agglomeration and owing the value of crystallite size 15-26 nm for NiFe2O4, 18-35 

nm for ZnFe2O4 and 20-66 nm for CuFe2O4. When calcination temperature was 

increased, particle size of these ferrites system was also increased.  The magnetic 

measurement was also carried out by VSM and were explained on the basis of surface 

spin structure, cations distribution and impurity phase Ŭ-Fe2O3. M-H loops showed 

ferromagnetic behavior for copper and nickel ferrites while zinc ferrite revealed the 

paramagnetic behavior. The simple and cheapest method using aloevera provided well 

crystalline structure with nano sized and acceptable magnetic properties (Laokul et 

al., 2011). 

The Cu1-xCoxFe2O4 nanoferrites were fabricated by sol gel route through microwave 

assisted. The following technique such XRD, SEM, impedance spectroscopy and 
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dielectric were used to characterize synthesized ferrites. Structure of synthesized 

ferrites was estimated from XRD analysis possessed Fd3m space group. In all 

compositions of Cu-Co ferrites, no extra phase appeared which showed the complete 

substitution of cobalt in copper ferrites. Average value of crystallite size determined 

from Scherrerôs equation and its value reduced with the inclusion of cobalt in place of 

copper. The value of dielectric parameters was reduced with the substitution of copper 

up to 3%. The data of impedance spectroscopy revealed two semicircles, one was due 

to grain boundaries and other was due to grains. The impedance analysis described 

that conduction mechanism take place by grain boundaries as well as grains. The 

conduction and polarization phenomenon was explained on the basis of electron hole 

(Azam, 2012). 

The various physical properties of copper nanoferrites were investigated and these 

ferrites were synthesized by thermal treatment method. For preparation, copper and 

iron nitrates were used as alternative sources of metals and poly vinyl alcohol used for 

capping agent which controlled the growth of particles and produced uniform particle 

size. Heat treatment was carried out in the temperature range 673 ï 823 K. The value 

of crystallite size was varied between 10 to 41 nm. The temperature effect on various 

properties such as microstructure, phase composition, morphology and degree of 

crystallinity was explored by field emission scanning electron microscopy (FESEM), 

FTIR, TEM and XRD. Energy dispersion X-ray analysis employed to study the 

presence of copper, iron and oxygen ions in these prepared ferrites. All samples 

showed ferromagnetic behavior which was due to unpaired of electrons. This behavior 

was confirmed by electron paramagnetic resonance spectroscopy (Naseri et al., 2013). 

The nanocrystalline manganese substituted copper ferrites were synthesized by 

evaporation route. For gas sensor applications, they used egg white as well as metal 

nitrates. Effect of synthesis route and annealing temperature on various properties i.e 

structural, magnetic and microstructural were explained. Lattice constant and 

crystallite size both were increased when annealing temperature was increased. The 

average value of crystallite size was 17-55 nm. The conductor phase (Ŭ-Fe2O3) of 

synthesized nanoferrites was developed at 600 °C. The shape of particles was 

determined from SEM images which were spherical in shape. Relative atomic ratio of 

Mn3+ doped copper ferrite was closed to the expected value which was assisted from 
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quantitative analysis of EDX. EDX analysis was also used to study the compositional 

and elemental analysis. Temperature dependent of magnetic properties was estimated 

from VSM analysis. Ms value of pure sample was high than substituted samples. 

Conducting behavior of manganese substituted copper ferrite was also measured by 

exposing the materials under gas reducing agent like liquefied petroleum gas. The 

sensor response of synthesized ferrites was observed whose value was 0.2 at optimum 

temperature 250 °C (Kumar et al., 2014a). 

I. Mindru et al. replaced Fe3+ ions with chromium ions with the compositions 

CuCrxFe2-xO4 which were fabricated by precursor method with thermal decomposition 

of gluconate multimetallic complex (Mindru et al., 2015). Elemental chemical 

analysis, ultraviolet visible spectroscopy (UV), Mossbauer spectroscopy, IR and 

thermal analysis were used to characterize the complex precursor. XRD, SEM, Raman 

and Mossbauer technique were employed to the obtained oxide powder. Structural, 

morphological and magnetic properties of copper ferrites were significantly varied 

with the substitution of Cr3+ ions. The synthesized nanoferrites were calcinated at 700 

°C per hour. Thermal conditions and composition of complex precursor play a vital 

role in structural and morphological studies. Cubic spinel structure of prepare 

nanoferrites was analyzed from XRD spectra for x Ò 1.0 while it showed tetragonal 

structure for x = 0.0, 0.2 and 2. The crystallite size was calculated from XRD data and 

its ranging from 19 to 39 nm. From microstructural analysis particle size was 

estimated and increased with the increase of chromium concentration. The relative 

abundance, internal hyperfine magnetic field and site occupancy of cations for both 

cubic and tetragonal structure were determined from Mossbauer spectroscopy. It was 

concluded that gluconate precursor method was low cost, fast and simple to fabricate 

crystalline Cr3+ doped copper ferrite.  

Le-Zhong Li et al. fabricated zinc substituted copper ferrite using sol gel technique 

(Li et al., 2016b). Structural, electrical and magnetic properties of Cu1-xZnxFe2O4 

ferrites were explored. The combustion process was used in three steps which were 

observed from TGA and DTA curve. XRD patterns revealed the tetragonal structure 

for pure sample. The secondary phases such as Fe2O3, CuO and CuFe2O4 were 

appeared in the XRD pattern of pure sample. Lattice constant and average crystallite 

size decreased while theoretical density was increased with the substitution of zinc 
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into spinel lattice of copper ferrite. The value of Ms increased for x Ó 0.40 and 

declined for higher Zn2+ ions. Coercivity was monotonically reduced with the 

substitution of zinc ions. The charge polarization phenomenon was observed in the 

frequency range of 100 Hz ï 10 MHz for all the samples. The value of dielectric 

constant was exponentially reduced with the inclusion of zinc ions. The electrical 

transport behavior in the prepared nanoferrites was similar to the impurity 

semiconductor. The impact of Zn2+ substitution on temperature dependent resistivity 

was also measured.  

M. A. Haija et al. synthesized copper nanoparticles by sol gel auto route (Haija et al., 

2017). Conductometric gas sensor was made by prepared ferrites. The sintering 

temperature was kept at 500 °C-750 °C respectively. XRD and TEM analysis were 

used to identify the crystal structure of synthesized nanoparticles. XRD and TEM 

analysis indicated the growth of nanoparticles as well as structure transition from 

cubic to tetragonal. The low and high frequency absorption bands of copper 

nanoparticles were observed in the FTIR spectra which were the characteristics of 

spinel ferrite. The powder of copper ferrite was pressed to form pellet for making a 

gas sensor device. Results of device showed that prepared copper nanoparticles were 

sensitive for both hydrogen sulfide and hydrogen gas. The higher sensitivity for 

hydrogen sulfide was observed at small temperature. The concentration of H2S gas 

was detected at 80 °C. For sensor operation low optimum operational temperature 

required low power. Therefore prepared gas sensors could be used for practical 

applications. 

Y. Slimani et al. replaced lithium with copper and aluminum with iron having 

compositions Li2xCu1-xAlyFe2-yO4 with x and y varied from 0.0 to 0.4. These samples 

were prepared by hydro thermal route (Slimani et al., 2018). The effects of lithium 

and aluminum on various properties of copper ferrites were examined. Cations 

distribution on each side also investigated. Mossbauer spectra revealed that lithium 

and aluminum reside on octahedral sites. The average value of grain size assessed 

from SEM analysis was 26 nm. The behavior of crystallite size determined from XRD 

analysis was similar with grain size. It was seen from M-H loops that all compositions 

showed super paramagnetic behavior except x = 0.2. The value of Ms was reduced 

with the increased of dopants contents. Coercive fields, remanence magnetization and 
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magneto crystalline anisotropy first increased then declined with the substitution of 

Li1+ and Al3+. Squareness ratio of lithium and aluminum substituted copper 

nanoferrites was less than 0.5 which exhibited that all the samples were single domain 

with uniaxial anisotropy. Magneto crystalline anisotropy constant increased for x = 

0.2 and then reduced for higher percentage of Li1+ and Al3+ ions which ascribed on 

the basis of cations replacement such as copper and iron were replaced with lithium 

and aluminum.  

The influence of indium and scandium on the properties of magnesium ferrites were 

investigated by P.P kirichok et al. (Kirichok and Antoshchuk, 1977) and synthesized 

with usual ceramic route. Mossbauer spectra were recorded by electrodynamics type 

apparatus at room temperature. The six line pattern of hyperfine splitting of lines in 

the A and B sub lattice of magnesium spinel ferrite was observed. The variation in 

fine structure was observed with the incorporation of indium and scandium. At lower 

concentration, number of Fe3+ ions was large at B sites than A sites. Correlation of 

intensities between spectral components such as iron ions at tetra and octahedral sites 

were changed with the incorporation of scandium and indium. In the magnesium 

indium ferrites intensity of lines of tetrahedral iron ions was decreased more rapidly 

than the octahedral iron ions. There was no change in the crystallographic position of 

Mg2+ ions with the addition of In3+ in magnesium ferrite. It produced sharp reduction 

in the integrated line intensity which corresponds to the iron ions at tetrahedral sites. 

Mossbauer spectra of indium-magnesium ferrite revealed that In3+ ions occupied at 

tetrahedral sites for x < 0.2. Introduction of larger In3+ ions at A-sites may causes the 

significant distortion of oxygen ions at tetrahedral voids which increased magnitude 

of quadrupolar splitting.  

The electrical, magnetic and cations distribution of indium substituted Mn-Zn ferrites 

were measured. Mossbauer spectra of Zn0.37Mn0.58InxFe2.05-xO4 ferrites were carried 

out at room temperature. Mossbauer spectroscopic studies indicated that Zn2+ ions 

occupied at tetrahedral sites while manganese and iron reside on both tetrahedral and 

octahedral sites. Initially resistivity was increased with the addition of indium then 

decreased for higher concentration. The increased in resistivity was observed due to 

In3+ ions replaced Mn2+ ions from tetrahedral to octahedral sites and it became Mn3+ 

to enter octahedral sites. As a result hopping mechanism between ferrous and ferric 
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was decreased. Mossbauer spectra showed hyperfine splitting that corresponds to 

distribution of iron ions at A and B sites. Mossbauer spectra revealed three sextets out 

of two correspond to iron ions on B sites while the remaining one corresponds to iron 

ions at A-sites. The intensity of lines in Mossbauer spectra decreased with the rise of 

indium content which confirmed that indium ions occupied on both sites. The site 

occupancy for various cations present in the spinel lattice was investigated on the 

assumption that indium ions occupied on both sites in same manner as manganese 

(Rao and Mendiratta, 1983). 

The electrical and thermo power studied of Al3+ and In3+ inclusion of Mg-Mn ferrites 

were studied in the entire range of 300 to 700 K. Y. Purushotham et al. prepared two 

series using differential and two probe method (Purushotham et al., 1998). Lattice 

constant for indium substituted ferrites was increased while for aluminum it was 

decreased. Electrical conductivity as a function of temperature showed transition at 

Curie temperature. Elastic behavior of synthesized ferrites as a function of 

composition was studied by ultrasonic pulse transmission technique. It was seen that 

elastic moduli was decreased continuously with the substitution of indium while it 

was increased with the inclusion of aluminum. Electrical conductivity for all samples 

was monotonically increased as temperature rise. Activation energy for paramagnetic 

region was high as compared to ferrimagnetic region. The charge carrier mobility 

versus temperature was calculated and found to increase with the increase of 

temperature. 

The indium and chromium doped magnesium-manganese ferrites were obtained with 

usual ceramic route. Magnetic parameters i.e Ms, ɛB, TC and magnetic loss factor were 

calculated. Ms value was increased slightly with the incorporation of In3+ ions up to 

certain level and decreased thereafter. In case of Cr3+, it was decreased continuously. 

Curie temperature had been decreased with the increased of In3+ and Cr3+ 

concentration. Curie temperature for Cr3+ substituted series was higher than the In3+ 

substituted series. The replacement of ferroic ions with diamagnetic or paramagnetic 

ions decreased the value of Curie temperature. The value of ɛB was significantly 

increased with the incorporation of indium as compared to chromium. Value of 

magnetic loss factor was determined and these remained in the range of 0.13 ï 0.74 

(Lakshman et al., 2002). 
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B. S. Chauhan et al. studied the properties of substituted magnesium-manganese 

ferrites having chemical formula Mg0.9Mn0.1AxFe2-xO4 (A = In3+, Al3+, Co3+) and 

successfully fabricated using nonconventional citrate precursor method (Chauhan et 

al., 2004). The homogeneity of the samples was confirmed from SEM micrograph. 

Citrate precursor method was used to attain high purity, better homogeneity, low 

porosity, uniform grain growth and low processing temperature. Saturation 

magnetization, initial permeability, magneton number, thermal variation of AC 

susceptibility and Neel temperature were calculated. Neel temperature for all the 

samples was estimated from ac susceptibility data. Among all three series, higher 

values of Neel temperature were observed for Mg0.9Mn0.1CoxFe2-xO4 (x = 0.3, 0.5 and 

0.7) ferrites. It was observed that magnetic losses obtained from citrate precursor 

method were low in order of 1-2 times than those Mg-Mn ferrites synthesized by 

conventional ceramic route. 

The diamagnetic indium ions substituted magnesium-manganese ferries having 

general formula Mg0.9Mn0.1InxFe2-xO4 were prepared by ceramic technique (Lakshman 

et al., 2004). The effect of indium on various properties was explored. The crystal 

structure of mixed ferrites was estimated from XRD analysis. Mossbauer spectra 

indicated two Zeeman sextets at small concentration of indium ions. Relaxation 

mechanism explained these Zeeman sextets which correspond to the compositions x = 

0.7 and 0.9. Hyper fine magnetic field, quadrupole splitting, isomer shift and line 

width were studied as a function of In3+ concentration. There was no significantly 

change in the value of hyper fine field and isomer shift was observed with the 

inclusion of In3+. When the percentage of indium ions were increased then value of 

line width was enhanced on A and B sites. As a result extending of Mossbauer 

spectral lines was observed. Hyperfine magnetic field was reduced with the 

incorporation of indium ions in Mg-Mn nanoferrites. Variation in hyperfine magnetic 

field due to increase of In3+ concentration was described by Neelôs model.  

The polycrystalline nanoferrites with nominal composition of 

Ni0.65Zn0.375Ti0.025InxFe1.95-xO4 (0 Ò x Ò = 0.25) were prepared with conventional 

ceramic technique (Rao and Rao, 2005). The effect of indium on structural, electrical 

and magnetic properties was investigated. With the inclusion of indium ion, values of 

resistivity and Ms of nickel zinc titanium nanoferrites were improved. Lattice 
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parameter, TC, Ms and ɟdc were calculated and variations in these values revealed the 

site preference of indium ions. It was observed that indium ions occupied at 

tetrahedral sites for lower concentration and octahedral sites for higher concentration. 

The increased in the value of In3+ concentration decreased in Curie temperature was 

observed. The saturation magnetization was slightly raised then reduced with the 

inclusion of indium ions. 

M. Maletin et al. substituted In3+ with Zn2+ ions having chemical compositions Zn1-

xInxFe2O4 in which x varied from 0 to 0.6 fabricated via co-precipitation route 

(Maletin et al., 2007). The following techniques i.e XRD, EDX, TEM, Raman and 

Mossbauer spectroscopy were employed to characterize the samples. The size of 

nanoparticles was estimated about 4 nm for x Ò 0.6. XRD patterns showed single 

phase cubic spinel structure for x =0.0, 0.15 and 0.3. For higher concentration of In3+ 

ions, secondary phases were observed. The fabricated nanoparticles exhibited distinct 

behavior than the bulk counterparts. The remaining samples possessed spinel as well 

as additional phase of In (OH) 3. The lattice constant was increased while crystallite 

size was declined due to substitution of In3+. Mossbauer spectra of two samples 

exhibited similar behavior with slightly broadening of lines and lower hyperfine field. 

Raman spectra showed four broad lines moved towards positive frequency.  

Ferrites system Zn1-xInxFe2O4 (Where x = 0.00 - 0.60) were fabricated via low 

temperature co precipitation route (Maletin et al., 2008). The dc magnetization 

measurement of pure and doped samples having diameter about 4.1 and 3 nm was 

calculated. The samples for x = 0.00 and 0.15 showed single domain ferromagnetic 

below blocking temperature 25 K and super paramagnetic above that temperature. 

The value of Hc was increased while Ms was declined with the addition of indium in 

zinc ferrites. The structural arrangement was distorted with the incorporation of In3+ 

ions in zinc ferrites which changed the super exchange interactions between iron ions. 

Thakur et al. replaced Fe3+ with In3+ in nickel zinc ferrites with compositions 

Ni0.58Zn0.42InxFe2-xO4 (the value of x varied in the range 0.0-0.2) prepared using 

reverse micelle route (Thakur et al., 2009). Indium ions played a vital role to enhance 

the magnetic properties of Ni-Zn nanoferrites. Mossbauer spectra of pure Ni-Zn 

ferrites exhibited collective magnetic excitation but indium doped ferrites showed 

ferromagnetic phase. The quadrupole splitting, hyperfine magnetic field, isomer shift 
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and line width were studied as function of indium concentration. The cations 

distribution was not based on particle size but depend on preparation route. The 

magnetic properties of all ferrimagnetic materials were depending on the synthesis 

route. The reverse micelle technique was very promising technique to prepare 

nanoferrites. At room temperature, the presence of hysteresis loops and well define 

sextets showed ferromagnetic couplings which suggested that fabricated ferrites were 

useful in magnetic storage devices.  

Incorporation of indium in nickel ferrites made substantial variations in various 

properties having formula NiInxFe2-xO4 (x = 0.00 to 0.30)and these were prepared by 

solid state reaction (Shirsath et al., 2009). XRD analysis provided the detailed 

information about phase purity of the samples. Lattice constant of all compositions 

was investigated from XRD data and showed a linear increase. The mean ionic radii 

of A and B sites, oxygen position parameter and theoretical lattice parameter were 

calculated. The strain in lattice of spinel ferrites was introduced with the substitution 

of In3+ ions. Pulse field magnetization and ac susceptibility technique were employed 

to calculate of magnetic properties. An effort had been made correlate the 

experimental results with theoretical models. The data of Curie temperature of all the 

samples were obtained from susceptibility plots that indicated the decreasing trend 

with the increase of indium concentration. The weakening of A-B super exchange 

interaction caused the reduction in the value of Curie temperature.  

Electrical and dielectric properties of NiInxFe2-xO4 ferrites with x varied from 0.0 to 

0.3 with step size of 0.05 were investigated (Shirsath et al., 2011). Polycrystalline 

indium doped NiFe2O4 nanoferrites were prepared using solid state reaction 

technique. DC resistivity was determined as a function of compositions and 

temperature. When indium ions were incorporated in nickel ferrites, resistivity and 

activation energy were enhanced. Dielectric study of mixed ferrites as function of 

compositions, frequency and temperature were investigated. All the dielectric 

parameters were decreased with the increased of dopant concentration as well as 

frequency. The higher value of activation energy and stable bond formation between 

Fe2+- In3+ implied higher electrical resistivity. Maxwell Wagner type interfacial 

polarization was explained the dielectric behavior of all the samples. The conduction 

process was attributed to hopping phenomenon between ferrous and ferroic ions that 
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carried out at adjacent octahedral sites. The behavior of electrical and dielectric 

studies suggested that prepared mixed ferrites were potential candidates for data 

storage devices.  

Influence of In3+ upon various physical and electromagnetic properties of copper 

manganese nanoferrites with chemical formula Mg0.9Cu0.1Mn0.1InxFe1.9-xO4 (where 0.0 

Ò x Ò 0.4) was explored (Kaiser, 2011). For higher concentration, an additional phase 

(tetragonal) was appeared. The semiconductor to semimetal behavior was observed 

due to relationship of conductivity with temperature as increased the content of 

indium. The two hopping mechanisms were observed such as correlated barrier 

hopping at lower concentration and small polaron hopping at higher concentration of 

indium ions. These were ascribed by the  deviation in universal exponent with 

temperature. At different frequencies, dielectric permitivity versus temperature were 

studied which indicated the normal behavior of ferrites. At different temperature 

changed in value of dielectric loss via frequency showed abnormal behavior having 

extra relaxation peaks. The phenomenon of conduction was described on the basis of 

electron exchange and hole hopping mechanism between Fe2+-Fe3+ and Mn2+-Mn3+ 

ions at octahedral sites.   

The spinel ferrites CoFe2O4 and CoIn0.15Fe1.85O4 were fabricated using citrate gel 

method (Nongjai et al., 2012). The following techniques i.e XRD, EDX, SEM, Raman 

spectroscopy, electrical, dielectric and magnetic was utilized to characterize 

synthesized ferrites. Raman and XRD spectroscopy revealed crystal structure of 

prepared ferrites possessed single phase. In the doped sample, value of grain size was 

decreased while lattice constant, porosity and specific surface area were increased. 

The compositional analysis was described by EDX. The microstructural information 

was attained from SEM micrograph. The hysteresis loops indicated that saturation 

magnetization was decreased but coercivity was raised the increase of dopant 

concentration. The structure changed from multidomain to single domain was 

responsible for the increase in coercivity. Dielectric parameters were studied as a 

function of temperature and frequency. Deviation in dielectric parameters was 

attributed to Maxwell Wagner model and hopping phenomenon between ferrous and 

ferroic at octahedral sites. The electromagnetic properties were explored and indicated 

its strong dependence on grain size. Ms value was decreased while coercivity was 
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increased with the incorporation of indium ions. They conclude that microstructure of 

cobalt ferrites was altered with grain size. Low value of dielectric losses and high 

value of resistivity made these ferrites appropriate for power applications. 

The general formula of ferrites Mg0.2Ni0.3Mn0.5InxFe2-xO4 (0.0 Ò x Ò 0.3) was 

synthesized by citrate precursor technique (Verma et al., 2012). Effect of diamagnetic 

indium ions on structural and magnetic properties was determined. XRD patterns 

showed structure of spinel ferrites which was single phase. TEM micrograph revealed 

micro structural features and highly agglomerated particles. Lattice constant first 

increased after that its value declined for higher concentration. Lattice constant 

indicated nonlinear behavior with the increased dopant concentration. Irregular 

behavior of lattice constant ascribed to substitutional effect of In3+ ions. The 

saturation magnetization was monotonically decreased while coercivity was raised 

with the increase percentage of dopant. Samples exhibited high value of initial 

permeability and very low value of relative loss factor (10-6-10-5) over a wide range of 

frequency. At high frequency low value of relative loss factor showed that 

synthesized ferrites may have potential applications in microwave devices. 

Two series of samples ZnxInxFe2O4 and ZnYxFe2-xO4 were fabricated using co-

precipitation method (Milanoviĺ et al., 2013). The compositional effect on cations 

distribution in structural and magnetic properties was investigated. It was due to 

produce magnetic ceramic with improved properties than bulk materials. TEM 

micrograph indicated that pure sample had uniform size and shape while doped 

samples had agglomeration. The particle size was diminished with the introduction of 

indium. As a result, lattice strain, coercive field and anisotropy constant were 

increased. The number size distribution was estimated from scanning mobility particle 

sizer spectrometer. The cations distributions among A and B sites and formation of 

structure was calculated from Mossbauer spectroscopy. At room temperature pure 

sample showed super paramagnetic nature while ferrimagnetic nature at low 

temperature. The hysteresis loops did not completely saturate even high magnetic 

field applied which indicated super paramagnetic single domain nature. The 

substitution of indium and yttrium caused considerably structural rearrangement 

which affected the magnetic parameters. 
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R. Pandit et al. substituted In3+ with Fe3+ in cobalt nanoferrites (CoInxFe2-xO4 (x = 0.0 

to 1.0)) was fabricated with solid state reaction route (Pandit et al., 2014a). The result 

of Rietveld fitted XRD analysis confirmed the single phase spinel structure of all the 

samples. Some secondary phases appeared in the XRD patterns for higher 

concentration of indium up to x = 0.6. High field Mossbauer spectra at low 

temperature was investigated to attain detailed information about cations distribution. 

In the presence of external magnetic field of 5 T spin canted structure associated with 

ferroic ions at tetra and octahedral sites were examined. Integrated intensity ratio of 

Mossbauer spectra determined from tetrahedral and octahedral sites were in 

accordance with integrated intensity investigated from cations distribution. The 

magnetic measurements were carried out at low temperature showed canted spin 

structure. From initial permeability curve it was seen that resonance peaks occurred at 

very high frequency. The shifting of resonance peaks toward higher frequency and 

relative low loss factor were potential candidate for various industrial and 

electromagnetic applications. 

The effect of indium on electrical and microwave properties of Mn0.6Zn0.4InyFe2-yO4 

ferrites (where 0.000Ò y Ò 0.100 0.035 and 0.100) were investigated (Kumar et al., 

2014b). Indium substituted Mn-Zn ferrites were synthesized by oxalate co-

precipitation method. The structure of synthesized ferrites was analyzed from XRD 

patterns. Crystallite size determined from Scherrerôs formula and its value was 

between 11 to 16 nm. FTIR spectra provided detail information about the vibrational 

metals oxygen bands at tetrahedral and octahedral sites. Grain size increased with the 

increase of dopant concentration. The particles owing to large surface to volume 

ration with hydro phobic surfaces. The compositional dependent dielectric parameters 

such as permitivity, conductivity and tan loss were investigated. Both real and 

imaginary part of permitivity were decreased correspond to increase in frequency. 

Peak in AC conductivity graph was observed around 500 KHz. At resonance peak, ac 

conductivity was increase with the inclusion of indium ions. The behavior of In3+ 

doped manganese zinc ferrites was examined with time varying signal which can be 

explained by Neelôs theory. 

Conductivity behaviour of In3+ substituted zinc ferrites was investigated and these 

were prepared via co-precipitation route (Cvejiĺ et al., 2015). The crystal structure 
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was established from XRD spectra. Crystallite size was declined with the 

incorporation of indium ions. SEM images revealed morphology of ferrites. Grain 

size calculated from SEM micrograph and decreased with inclusion of In3+ ions. 

Frequency dependent dielectric constant and conductivity were measured at different 

temperature 300-350 K. Universal dielectric response was applicable for ac 

conductivity which transported the charge by hopping or tunneling mechanism. The 

variation in degree of correlation (n) between conductivity and frequency was 

calculated as a function of temperature and discussed possible conduction mechanism 

of indium substituted zinc ferrites. The non-overlapping small polaron indicated the 

increasing behaviour with the rise of ónô and temperature. The correlated barrier 

hopping process revealed the decreasing trend with the increase in of temperature. As 

frequency increased, ac conductivity enhanced as well as dielectric constant exhibited 

declined behavior. Initially ac conductivity was raised as inclusion of indium and 

decreased for higher x. The phenomenon of ac conductivity was described on the 

basis of occupancy of indium ions on tetrahedral and octahedral sites.   

The ferrites (MgIn1-xFeO4 where x varied from 0.00 to 0.16) were synthesized via sol- 

gel technique (Naik and Salker, 2016). Two absorption bands observed in FTIR 

spectra correspond to tetrahedral and octahedral which ascribed by the stretching 

vibration of metals and oxygen. SEM and TEM micrographs exhibited spherical 

morphology and nano sized of samples. The valence state of metals ions was obtained 

from X-ray photoelectron microscopy (XPS). The pure sample showed sextet while 

doped samples exhibited super paramagnetic doublet in Mossbauer study. When 

indium ions incorporated in magnesium ferrites then ac susceptibility showed a 

transition from single domain to super paramagnetic structure. The magnetic studies 

of all the samples with changing magnetic field and temperature were studied. 

Magnetic property showed decreasing behavior as a function of indium incorporation. 

In M-T (magnetization varied with temperature) studies, blocking temperature 

decreased to room temperature when In3+ ions were incorporated in ferrites. The super 

paramagnetic behavior with zero coercivity of ferrite suggested that fabricated 

nanoferrites were promising candidates for various applications such as catalysis, 

drug delivery and imaging.  
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The influence of indium on morphological and magnetic properties of Ni-Zn 

nanoferrites was investigated (Saini et al., 2016). The following compositions 

Ni0.5Zn0.3Co0.2InxFe2-xO4 (x = 0.2 and 0.4) were fabricated via co-precipitation 

technique and samples were pre-sintered at 800 °C. Finally samples were pressed into 

toroids and sintered at 1000 °C. The structure of pre-sintered indium doped Ni-Zn-Co 

nanoferrites was determined from XRD analysis. The average value of crystallite size 

was found to be 60 nm. The particle size of pre-sintered nanoferrites was estimated 

from FESEM and found to be in the range of 60-80 nm. The vector network analyzer 

was used for electromagnetic characterization. The value of normalized characteristics 

impedance closed to one was achieved up to 102 MHz frequency. The low value of 

dielectric and magnetic losses described that particles possessed stoichiometric and 

homogenous structure. The value of miniaturization was 12.32 for the sample which 

exhibited significant reduction in the form factor of antenna.  

F. Meng et al. explored many properties of indium doped nickel ferrite having general 

formula NiInxFe2-xO4 (x = 0.0-0.4) and these were synthesized via sol gel auto 

combustion route (Meng et al., 2017). The extra phase of In2O3 was observed in last 

sample. Lattice constant was improved with the incorporation of In3+. The presence of 

agglomeration and inhomogeneous distribution of grain size was examined from SEM 

images. The intensity of absorption band (ɡ1) appeared at 594 cm-1 was increased due 

to increase of dopant concentration. The value of Ms was increased first and then 

decreased with the inclusion of In3+. The value of Hc was decreased linearly with the 

increase of dopant concentration. The maximum value of Ms was obtained for 

NiIn0.2Fe1.8O4 sample.  

Indium substituted Mn0.6Zn0.4InyFe2-yO4 ferrites were fabricated via sol-gel chemistry 

(Hashim et al., 2018). The crystallite size was found in nanometer size (25-34) nm 

which was also confirmed by TEM analysis. The surface morphology was evaluated 

by TEM analysis. The particles were distributed in polydispersed form having nearly 

spherical shape with agglomeration. The dielectric properties were carried out by 

LCR HiTester at different frequencies from 102 Hz to 5MHz. The behavior of Ů' and 

tanŭ exhibited temperature and frequency dependent behaviors due to hopping 

mechanism between ferrous and ferroic ions. At constant temperature, Ů' and tanŭ 

showed decreasing behavior with increase of frequency. The magnetic behavior was 
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evaluated by Mossbauer spectroscopy at room temperature. Hyperfine field 

interactions in Mossbauer spectra were reduced with the increase of indium 

concentration. The two Zeeman sextets were examined in Mossbauer spectra in which 

one sextet showed Fe3+ ions at tetrahedral sites having lower isomer shift and small 

hyper fine field. The second sextet indicated occupancy of iron at B sites ascribed by 

large value of isomer shift and hyper fine field. For all temperatures, small values of 

dielectric losses were observed in the high frequency range which made them suitable 

material for high frequency microwave applications. 
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Aims and Objectives   

The aims of this dissertation is to study the impact of indium (In3+) metal ions on the 

properties of transition metals based spinel ferrites such as Cu, Ni, Li, Zn or their 

combinations in the basic spinel structure. The incorporation of indium (In3+) in these 

ferrites may enhance their structural, electrical, dielectric and magnetic properties. For 

this purpose, indium doped transitions metals based spinel ferrites will be synthesized. 

These ferrites will be synthesized by wet chemical route i.e sol-gel. Many researchers 

prepared basic ferrites with alkali metals, alkaline earth metals, group III metals, 

transition metals and rare earths metals as described earlier. The thermal, structural, 

spectral, dielectric and magnetic properties of these purposed indium substituted 

transition metals based ferrites have not been investigated. Therefore impact of 

indium ions on transition metals based spinel ferrites will be explored in detail.        
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Chapter No. 3  

3.1Experimental procedure 

3.1.1 Chemicals used 

The chemicals used for the preparation of In3+ substituted copper, lithium with copper 

nickel and copper zinc based spinel nano ferrites are as follows: 

¶ Cu (NO3)2.3H2O (Sigma Aldrich, 99.99%) 

¶ Ni (NO3)2.6H2O (Sigma Aldrich, 99.99%) 

¶ Zn (NO3)2.6H2O (Sigma Aldrich, 99%) 

¶ LiCl (BDH, 99%) 

¶ In (NO3)3.xH2O (Sigma Aldrich, 99.9%) 

¶ Fe (NO3)3.9H2O (Sigma Aldrich, 99.9%) 

¶ C6H8O7.H2O (Sigma Aldrich, 99%) 

3.1.1.1 Copper 

Copper originated from Latin word cyprium, meaning place where copper was in 

abundant amount.  The copper containing metals (copper ores) were easily found and 

refined. Thatôs why copper might be earliest mineral that were found 9000 BC back. 

The humans learned the technique to melt the mineral and getting copper from them 

at least 7000 years ago. Copper was detected in two types of ores i.e sulfides and 

oxidize ores. Native copper was found in mineral form. Copper was poly crystal 

possessed largest single crystal structure. Copper was extracted from minerals such as 

chalcopyrite (CuFeS2), bornite (Cu5FeS4) and chalcocite (Cu2S) etc. Copper ores were 

found worldwide in many countries such as Canda, Russia, United States, Nevada, 

Arizona, Chile, New Mexico, Zairand, Tennessee, Michigan, Montana, Utah and 

Zambia. The ancient metallurgic investigated that copper in pure form was very soft. 

They used copper in weapons, cutting tools and also mixed with other minerals. The 

known isotopes of copper were 32 out of 2 were present on earthôs crust in abundance 

and remaining isotopes were radioactive. Copper has orange, brown and reddish color 

made it from tarnish thin layer on its surface when interact with gases. 
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Figure 3. 1  Native copper in mineral form (C.R.Hammond, 2000). 

According to Madelungôs rule 4s subshell was filled by electrons before 3d subshell. 

That rule was not applicable for copper because copper having only one electron in 4s 

subshell instead of two electrons. Copper was ductile, malleable and easily 

constructed into various shapes such as wire, rod, pipes, ingots, sheets, powder, coins 

and tubing. Among all metals in pure form, copper kept second highest thermal and 

electrical conductivity at room temperature. It was used as heat exchanger and heat 

sinks due to high thermal conductivity. It has good atmospheric corrosion than iron. It 

used in welding due to tremendous brazing and soldering properties. Copper in 

polycrystalline form used for various industrial and commercial applications. One of 

the most fundamental characteristics of copper was excellent conductor for electricity 

and heat (C.R.Hammond, 2000; Krebs, 2006).  

3.1.1.2 Nickel 

In the early stage, the study of metals was very difficult because most of metals 

looked like same. Nickel was one of the metals about which scientists and chemists 

were confused. The first person who discovered the nickel from cobalt mine was 

Swedish mineralogist Axel Fredrik Cronstedt. He found new thing in minerals which 

react different from known metals (cobalt, copper or any other known element). He 

named it nickel. Among all elements nickel was 22th elements who found in 

abundance on earth crust. Nickel made 0.01-0.02 % earthôs crust. It was believed that 

meteorites were often contained high percentage of nickel. Most of the nickel was 
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obtained from the process of recycling. The countries which produced the nickel in 

very large quantity include Russia, Indonesia, Canda, Caledonia and Australia in 

2008. The world largest single deposit of nickel was found at Sudbury Basin and it 

discovered in 1883. The one of common method used for getting the pure nickel was 

metallurgy. Most of ores contained nickel as nickel sulfide which heated in air and 

converted into nickel oxide. The nickel oxide was chemically treated to remove the 

oxygen. The naturally occurring isotopes of nickel were five. There were eighteen 

radioactive isotopes which were known.         

 

Figure 3. 2 Nickel in mineral form (E.Newton, 2010). 

The nickel possessed shiny surface with silvery white color. The naturally occurred 

strongly magnetic elements were three (nickel, cobalt and iron). The magnetism of 

nickel was less than either cobalt or iron. At room temperature, it did not react with 

oxygen or water while at high temperature it reacted with oxygen to make nickel 

oxide. Nickel was mostly used to make alloys. In 2008, United States used 86 % of 

primary nickel to make alloy and half of them was sent to stainless steel. It was also 

used to make medical equipment and super alloys. Nickel was used to produce super 

alloys. Super alloys retained their properties at high temperature and used in engine 

parts and gas turbines. Nickel was used in manufacturing the batteries and variety of 

appliances such as electronics including portable DVD players, camcorders, cordless 

and cell telephones, scanner radios and laptop computers (E.Newton, 2010).    
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3.1.1.3 Lithium  

The word lithium comes from Greek word ñlithosò meaning stone because it found in 

rock. It was third alkali metal occurred naturally on the earth. Two Brazilian scientists 

De Andrada and Statesman visited Scandinavia. During visit they found a new type of 

mineral named petalite. Some scientists were not convinced that petalite was a new 

mineral. In 1817 Arfvedson studied the petalite and concluded that 10 percent mineral 

was missing in the analysis of petalite. He named it lithium that was third lightest 

element among all metals having density half of water. The pure lithium was 

extracted from its compound by Swedish chemist William Thomas Brande and 

English chemist Sir Humphry Davy (Trifono, 1982).  

 

Figure 3. 3 Lithium in mineral form (C.R.Hammond, 2000). 

Lithium was 33rd element found on the earth in abundance. Naturally lithium was not 

existed in pure form because it interacted with air and water. The spodumene, 

lepidolite and amblygonite minerals ore contained small amount of lithium which 

found in various countries United States, Europe, Africa and South America etc. 

Lithium was extracted from its compound required very high temperature by 

electrolysis process. On commercial scale lithium was produced by molting the 

lithium chloride that heated with potassium chloride. It had high melting point when 

mixed with potassium then melting temperature was reduced up to several hundred. 

There were seven isotopes of lithium out of two were naturally occurred and 

remaining five were radioactive. The worldôs largest consumer of lithium mineral and 
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its compound was United States. Lithium was very soft in metallic form. The small 

piece of lithium placed on the surface of water it was floated and reacted with water 

released hydrogen gas. It was excellent conductor of heat and electricity. Lithium was 

only metal with react with nitrogen at room temperature. It also reacted with acids to 

produce hydrogen gas. It did not react with oxygen at room temperature while at high 

temperature reacted and produced lithium oxide.  

In today industry Lithium is being used in variety of applications. Lithium metal was 

used in batteries. The batteries made from lithium were much lighter than the lead and 

sulfuric acid batteries. They decreased the use of toxic lead and cadmium. Lithium ion 

batteries were used in many appliances such as camera, toys, microcomputer, electric 

storage cell, watches, electronic games and many types of military vehicles. Lithium 

compounds were used as catalysts in various industrial processes. Lithium catalyst 

was used to produce tough, strong and synthetic rubber. Lithium also used to make 

alloys. Lithium alloy named Bahnmetall was used to make wheel bearing in rail road 

cars. It also used in space vehicles due to strong and lightweight. The formation of 

oxides during welding was eliminated by lithium (C.R.Hammond, 2005; E.Newton, 

2010; Krebs, 2006).     

3.1.1.4 Zinc 

In 1746, zinc metal was discovered in Europe by Marggraf. He revealed that zinc 

could be attained by reducing calamine with charcoal (C.R.Hammond, 2005). The 

word zinc was derived from German word zinn. Zinc was 24th most abundant element 

on earth. Naturally, it was not occurred in pure metallic form and refined from 

mineral named as zinc sulfide. The rocks containing zinc were presented in Canada, 

Mexico, Australia, and Belgium, as well as in the United States. German analytical 

chemist Andreas Sigismund Marggraf recognized zinc and produced by heating 

calamine with charcoal (Krebs, 2006).  

The main ores containing zinc were in the form of sulfide, carbonate, silicate and 

franklinite. The ores were roasted to obtain zinc producing oxides and these oxides 

were reduced with coal or carbon. Some other methods were also possible to obtain 

zinc from minerals. Naturally occurring zinc possessed five stable and twenty three 

unstable isotopes and isomers. The color of zinc metal was bluish white. Zinc was 

found in two forms: brittle at ordinary temperature and malleable at 100-150 °C. It 
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was fair conductor of electricity and burned in air produced heat with evolution of 

white cloud in the form of oxide. It produced several important alloys with other 

metal such as Brass, nickel silver, typewriter metal, commercial bronze, spring brass, 

German silver, soft solder, and aluminum solder.  

 

Figure 3. 4  Zinc in mineral form (C.R.Hammond, 2000). 

Zinc was extensively used in die coasting, automotive, electrical, and hardware 

industries. The one third amount of total zinc was used for galvanization of other 

metals for example prevented iron from corrosion. Zinc was nonmagnetic but ZrZn2 

showed ferromagnetism at temperature lower than 35 K. For modern civilization, zinc 

oxide was unique and very beneficial material. It was extensively used to manufacture 

paints, rubber products, cosmetics, pharmaceuticals, floor coverings, plastics, printing 

inks, soap, storage batteries, textiles, electrical equipment and many other products. 

Zinc owing unusual solid state, electrical, optical and thermal properties. Zinc sulfide 

was used to produce fluorescent light, X-rays, TV screens and luminous dials. All 

healthy humans, plants and animals required 10-15 milligrams zinc per day. It was 

found in proteins such as fish, egg, meats and milk (C.R.Hammond, 2005). The 

hundreds of zinc compounds were used over past several thousand years. Zinc acetate 

was used as a dietary supplement. Zinc chloride was used as an organic catalyst. Zinc 

oxide was used as seed treatment and cosmetics. Zinc sulfate was used as wood 

preservative and an animal feed. Zinc sulfide was used to make white glass, rubber 

and plastic (Krebs, 2006).   
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3.1.1.5 Indium  

In the history of chemical element discovery of one element is associated with the 

other element. The discovery of thallium was a catalyst for the invention of new 

element indium. In 1863 Ferdinand Reich interested to study the properties of 

thallium. He decided to obtain a sufficient amount for his experiment. He studied the 

zinc ores for tracing a new element. Accidently he produced a yellow sulfide by 

spectroscopy and called it a new element. First time in the history spectroscopy 

technique was used to identify elements by their respective unique color spectrum. 

Unfortunately Reich was color blinded and asked his assistant to examine new 

element by spectral analysis. Hieronymous Theodor Richter performed an experiment 

and he succeeded in the very first attempt. He observed extremely bright blue line of 

new element. Reich and Richter discover a new element and they named it indium 

because its main spectral lines were brilliant indigo blue (Trifono, 1982).   

 

Figure 3. 5  Indium in mineral form (E.Newton, 2010). 

The word indium derived from Latin word indium meaning indigo. Indium 

compounds turn the flame of a Bunsen burner blue-violet. Indium was relatively rare 

metal than other metals. Indium was 69th element that appeared on the earthôs crust. 

Indium was never found in natural metallic form. It was found in very small quantity 

and always combined with other ores of metals. Indium was attained generally from 

zinc ores. Nearly 1,000 kg of indium was recovered from flue stacks of zinc 

refineries. Indium was obtained from the metals ores located at Russia, Japan, Europe, 
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Peru and Canada. Total isotopes of indium were 73out of two were naturally 

occurring. One was stable and other was radioactive. Indium was very soft and silvery 

white metal. It was malleable and looked very similar to aluminum and tin. Indium 

was noncorrosive and could not oxidize at room temperature.  The melting and 

boiling point of indium were 156.60 °C and 2075 °C. The density of indium was 7.31 

g/cm3. It was soften than lead and wiped out on other surface. Indium has one unusual 

characteristic that it produced a shrieking sound when bent rapidly. It retained its 

characteristics of softness even at low temperature. Due to this property indium might 

be used in special equipment which required temperature near absolute temperature. 

At room temperature, indium was corrosion resistant while at high temperature it 

could be oxidize.  

Indium was utilized in manufacturing batteries, liquid crystal displays and many other 

electronic devices. Indium in pure form sticks very tightly on itself and other metals. 

According to this property indium was used as solder. Solder was a material used to 

join the two materials with each other. Indium was used to produce alloys and also 

called metal vitamin in alloy. Small amount of indium was added in gold and 

platinum alloy to make them much harder.  Such alloys were used in dental materials 

and electronic devices. Indium was used as coating materials in some parts of aircraft 

to prevent them making reaction with oxygen in air. Indium was used in the 

production of light emitting diode. In 2004, U.S. National Park Service changed all of 

conventional lighting at Thomas Jefferson Memorial in Washington D.C. with light 

emitting diodes enclosing indium. The sheets of indium foils were used in nuclear 

reactor to control nuclear fission reaction via absorbed some neutrons. Some indium 

isotopes were used in medical science. Indium 113 was used to examine brain, liver, 

spleen, heart, blood and pulmonary system. Indium 111 was used to search abscesses, 

tumors, infections, gastric and internal bleeding (E.Newton, 2010). 

3.1.1.6 Iron  

The word iron comes from Latin word ferrum. Iron was found to be 4th most 

abundance element on earthôs crust while 9th in sun and other stars of universe. Our 

forefather was the first person who used iron in the form of meteoritic. The human 

discovered iron about five thousand years ago. The process of extracted iron from 

ores was invented in Egypt and Mesopotamia two thousand years B.C., in Asia Minor 
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and Greece at the end of second millennium and in China at the middle of first 

millennium. The Egyptians were made jewelry and tools from iron.  Iron Age was 

started in the countries of new world with the arrival of European countries.  Some 

Africans were used iron as skipping that was Bronze Age of iron. The production of 

iron was increased gradually and become a precious element. It was difficult to smelt 

iron from ores because very high temperature was required to melt iron. The iron was 

not extensively used to produce weapons. Art of metallurgy was developed about 

1000 B.C. The metallurgy involved smelting of iron from its ores, making iron into 

different shapes and iron alloys. The revolution in the production of iron was carried 

out with the invention of furnace. Cost iron was first produced in China about 550 

B.C. Later people know that cost iron which considered as waste product could be 

converted into iron. At the end of 15th century, first smelting furnace was produce cost 

iron at very large scale (Krebs, 2006; Trifono, 1982).     

 

Figure 3. 6  Iron in mineral form (C.R.Hammond, 2000). 

The major sources of iron minerals were hematite, magnetite and siderite. It was 

believed that earth consist of two layers of iron. The inner core of earth was made up 

by molten iron. The outer core of earth was consisted of molten magma. The color of 

iron was grayish or silvery white. It was naturally occurred magnetic material. The 

tensile strength of iron was very high. The pure iron was ductile and malleable. It 

converted into many shapes i.e sheets, rods, ingots, wires, framing and pipes etc. Pure 

iron was highly reactive and interacted with oxygen in moister air to form Fe2O3. The 

most important property of iron was to become magnetized and retained magnetic 
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field. The iron was only element which could be tempered. It was good conductor of 

heat and electricity. It could be easily magnetized and loosed their magnetization at 

very high temperature. Iron contained four allotropic states. The alpha form was 

magnetic and occurred at room temperature while other three forms exist at varied 

high temperature. The most important characteristic of iron was heaviest element. It 

also reacted with very hot water and stream to evolved hydrogen gas (E.Newton, 

2010).  

Among all the elements, iron was most important and widely used metal today. It was 

impossible to list all applications of iron and no metal was available to replace iron. It 

was used in many products that could be classified into following categories such as 

construction, automotive, rail transportation, electrical equipment, oil and gas 

industries, machinery and industrial equipment, appliances and utensils, containers, 

shipping and packing. Most important application of iron was developed alloy (steel). 

Special types of steel were also available for variety of applications. Iron was also 

used for the purpose of protection from ionizing radiations. Iron possessed variety of 

biological applications in plants, humans and animals. It was found in many dietary 

sources i.e lentils, fish, red meat, leaf vegetables, chickpeas, fortified bread, tofu, 

poultry and wheat flour. Iron was major element to make hemoglobin in blood that 

carried oxygen and provided to our cells of body (C.R.Hammond, 2000; Krebs, 

2006).      

3.1.2 Synthesis technique   

The indium substituted spinel ferrites having compositions Cu0.5Ni0.5InxFe2-xO4, 

CuInxFe2-xO4, Cu0.5Zn0.5InxFe2-xO4 and Li0.5InxFe2.5-xO4 in which x varied from 0.00 to 

0.32 having step size 0.08 were synthesized using sol-gel auto technique. In sol gel 

method, all the metals were taken in stoichiometric ratio and dissolved in the 

deionized water. The solutions were prepared under continuous stirring. The molar 

ratio of metals salt to citric acid was kept 1:1. When the temperature of solutions was 

raised up to 40 °C then citric acid was appended. Chelating agent i.e citric acid was 

utilized that chelated metal ions to obtain the homogeneity of all the components and 

prevent the formation of precipitant. In order to pH of the solutions up to neutral 

level, small amount of concentrated ammonia (NH3) was appended drop wise in 

homogenous solution. Mixture of citric acid and metals nitrates were obtained under 
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continuously stirring by magnetic stirrer at 50 °C for combustion reaction. The 

resultant mixtures were dehydrated at 90 °C under uniform stirring and heating until 

the development of viscous gel. After that self-ignition of xerogel was take placed 

with the evaluation of various gasses upon further heating. Finally black fluffy 

powder (precursor) was formed and grinded in mortar and pestle. The phase 

formation (FCC cubic spinel structure) of all four series, dried powders was sintered 

at different temperature and time. 

 Indium substituted copper-nickel ferrite were sintered at 900 °C for 5 hours. 

 Indium substituted copper ferrite were sintered at 500 °C for 4.5 hours. 

 Indium substituted copper zinc ferrite were sintered at 500 °C for 3.5 hours.  

 Indium substituted lithium ferrite were sintered at 750 °C for 6 hours. 

The sintering of precursor powder was carried out to remove residual components and 

development of spinel phase. The pellets were made from synthesized powder in 

which 5wt% polyvinyl alcohol (PVA) was assorted as binder. The circular pellets of ╔ 

7mm were made using hydraulic press by applying the pressure of 30 KN. The 

pressure was applied for three minutes and pellets were formed. Pellets were sintered 

at 200 °C for 1.5 hour for PVA compaction.  

3.2 characterization techniques 

Following characterization techniques were employed to characterize synthesized 

ferrites. 

a. Thermal analysis 

b. X-ray diffraction (XRD) 

c. Fourier transform infrared spectroscopy (FTIR) 

d. Dielectric measurement 

e. Magnetic measurement 

3.2.1 Thermal Analysis 

The phase development of the material was studied by employing a simple test i.e 

heating the sample of material. In this way, temperature of the sample was increased 

without changing its form. The change in the properties of samples was scientifically 
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studied by thermal method. Every thermal method studied and measured a property as 

a function of temperature. The experimental technique such as thermal gravimetric 

analysis (TGA) was used to measure mass of the sample as a function of temperature. 

The sample was heated at constant temperature rate and sample was also subjected to 

nonlinear temperature such as controlled TGA experiment. The temperature program 

was selected on the basis of required information about sample.  TGA curve was 

plotted against temperature which showed the weight loss or percent weight loss was 

appeared in successive steps. The loss in mass or weight occurred only when volatile 

components were removed from the sample. The mass or weight changes were 

described in TGA curve. TGA measurement was used to evaluate change in mass by 

oxidations or decompositions.  

 

Figure 3. 7  Schematic diagram of general thermal analysis (Haines, 2002). 

The complementary presentation of data was used to take first derivative of TGA 

curve with respect to temperature or time. It revealed the variation in mass and known 

as differential thermo gravimetric (DTA) curve. The peaks of decomposition of 

residual components were displayed in DTA curve. DTA analysis described the phase 

changes and reactions with temperature differences. Differential scanning calorimetry 

(DSC) was used to measure heat flow. Among all thermal techniques, DTA and DSC 

were most widely used techniques. DSC technique was developed for quantitative 

calorimetric measurements. The heat flow curve exhibited two different conventions 

one endotherm in downward direction and second exotherm in upward direction. The 
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endothermic phenomenon occurred in the results showed increment in energy 

supplied to sample. When phenomenon of exothermic appeared in results revealed the 

consumption of energy (Haines, 2002; I. Gabbott, 2008). 

3.2.2 X-ray Diffraction T echnique 

The new kind of radiation called X-ray diffraction was discovered by Rontgen 

in1895. After discovery of X-rays two theories were developed; some people 

considered that X-rays were produced due to vibration process take place inside the 

tube. Perrin experimentally verified that rays emitted from cathode were negatively 

charged. Thomson evaluated that scattered beam intensity was increased due to 

scattering element of atomic mass. Bragg assumed that if X-rays were bundles of 

energy concentrated in very small volume then they should be diverted when travel 

through atom. Sommerfield give the mathematical form of XRD and suggested that 

X-rays behaved as a wave having shorter wavelength. In 1912, Laue with his 

colleagues were observed first XRD pattern of crystal.   

Bragg understood that Laue results were consistent with wave approached of X-rays 

and it was very difficult to explain particle nature of X-rays. W.L. Bragg son provided 

comprehensive analysis of Laue results. He noted that if crystal was considered as 

stacking sequence of planes then each sequence contained series of parallel planes 

with distance d apart from each other. Reflected waves produced the phenomenon of 

interference only when angle between the incident beams was normal to planes of 

crystal. The mathematical form of W.L. Braggôs law can be written as; 

ὲ‗ ςὨίὭὲ—          3.1 

Here ɚ illustrated wavelength of incident beam, d denote the spacing between two 

planes and ɗ represent Braggôs diffraction angle. 
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Figure 3. 8  Schematic diagram of Braggôs law (Cullity, 1978).  

W.L. Bragg designed a diffractometer in order to prove his theory. When X-ray beam 

falls on crystal with some angle known as Braggôs angle produced XRD patterns. The 

photo graphic plate was replaced by ionization detector in order to measure the 

intensity of reflected beam. This configuration was called Bragg arrangement. The 

angle of incident beam fall on crystal plane was kept constant and measured the 

intensity of diffracted beam using ionization chamber. They observed maximum 

intensity at an angle equal to twice of incident angle. They found three maxima for 

each reflection. Braggs concluded that peaks were appeared in the diffraction pattern 

due to three different maxima which correspond to specific wavelength. They 

suggested experimental method that used to estimate wavelength of incident 

radiations from the measurement of diffraction angles.  XRD was used to determine 

the internal structure of crystals. Intensities of diffraction peaks were based on several 

factors such as particle size, source and detector, distribution of particles, size and 

shapes of particles. The schematic diagram of Braggôs diffractometer was illustrated 

in figure 3.9 (Cullity, 1978; Guinebretiere, 2002). 
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Figure 3. 9  Schematic diagram of Braggôs diffractometer (Guinebretiere, 2002). 

3.2.3 Spectral technique 

FTIR technique was utilized to estimate functional group having specific frequencies 

of vibrations and also measured change in rotational and vibrational motion of atoms 

or molecules. It was also used to measure the qualitative and quantitative 

characteristics of organic or inorganic molecules of solid, liquid and gasses. The 

entire infrared spectrum of the sample was evaluated by FTIR analysis. The 

relationship between sine and cosine with complex interferogram was studied by Jean 

Baptiste Joseph Fourier. Fourier Transform converted time domain into frequency 

domain called. When light falls on the sample some of frequencies were absorbed 

while some of them were transmitted.  

We observed presence of bonds in the sample of organic molecule because different 

bonds having different frequencies. The vibrational and translational modes were 

estimated by three region of electromagnetic spectrum. The region of frequencies 

below 650 cm-1 was known as far infrared while above 3900 cm-1 was known as near 

infrared region. The region was in the range of 650-4000 cm-1 called mid infrared. 

The molecules were in constant vibration at certain temperature. Each bond possessed 

certain energy and capable of absorbing energy. The vibration of two atoms was 

joined together with chemical bond. If the frequency of infrared radiations and 
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vibration of atoms was matched then we get intense peaks. The transmittance or 

absorbance peaks were related to the frequency of vibrations between atoms. The 

stretching energy of bonds was greater than the bending energy. The principle of 

FTIR spectroscopy was entirely different from Michelson interferometer. In FTIR 

spectrometer, when infrared light was passed through scanning Michelson 

interferometer then Fourier Transform give plot of intensity as a function of frequency 

(kemp, 1991).  

 

Figure 3. 10  Working of FTIR apparatus (Smith, 2011). 

3.2.4 Dielectric measurement 

The dielectric oxide ceramics brought out the revolution in the microwave wireless 

communication industry due to reduce of size as well as cost of filter. The technology 

of wireless communication demanded the materials which possessed own special 

requirements and functions. The dramatic decreased in the size and weight of hand 

held communication applications such as cell phone was made by the new materials. 

The miniaturization provided driving force for the discovery and development of 

sophisticated materials to execute the improved function with small size and weight. 

The ceramics possessed low value of dielectric constant or permitivity and it was used 

in millimeter wave communication and as substrates for microwave integrated circuit. 

The ceramics having medium value of permitivity 25-50 such as were utilized in 



60 
 

satellite communication and cell phone based stations. The materials owing high 

value of dielectric constant were employed in mobile phone where the size of the 

device is very important.  

In 1939 Richtmeyer theoretical predicted that a piece of dielectric material with 

regular geometry as well as high value of relative permitivity can confined 

electromagnetic energy within itself. It was observed that a piece of dielectric 

possessed high value of Ůr can confined microwave energy at few discrete frequencies 

estimated by total multiple internal reflection. The reflection coefficient was 

approached to unity as Ůr reached to infinity. If the value of Ůr was in the range of 20-

100 then wavelength inside the dielectric material was in millimeter. For resonance 

the dimension of the dielectric was same. The higher value of Ůr result large 

confinement of energy, reduced radiation losses and improved miniaturization.  The 

large value of Ůr consequence the high value of dielectric losses due to inherent 

properties of materials (Sebastian, 2008). 

The room temperature dielectric measurements were carried out by Wayne Ker WK 

6500 BC. Soft ferrites were rapidly grown in the last few years due to large 

applications such as data storage, fast switching, peripherals, high frequency devices 

and microwave etc. Spinel ferrites exhibited interesting properties when subjected to 

higher frequencies and meet with the requirements of microwave devices. LCR meter 

was used to measure various dielectric parameters such as dielectric constant, 

dielectric loss, tan loss and ac conductivity etc.  (Kao, 2004). 

3.2.5 Magnetic measurements 

The magnetic properties were evaluated by vibrating sample magnetometer (VSM) 

Lake Shore model 7300 at room temperature with applied external field of 3 Tesla. 

The static and uniform magnetic field was employed to observe magnetic properties 

of samples. The variations in electric field were measured which give the detailed 

information occurred in magnetic field. Uniform magnetic field was employed to the 

studied sample. When sample was magnetic then applied field developed magnetic 

moments or aligned the magnetic domain. Sample was vertically moved in up and 

down direction that developed the magnetic field within the sample.  
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The transducer was employed by the circuit which converted the ac drive signal into 

sinusoidal vertical vibration. Sample was vibrated in sinusoidal motion between pick 

up coils then induced electric signal was produced within coils and measured. The 

changed magnetic field induced current produced in the coils was proportional to the 

sample magnetization. The value of induced current was increased with the raised of 

magnetic field strength. The induced current was amplified via impedance amplifier. 

The magnetization of sample and its dependence on applied field strength was 

estimated and seen on the computer screen by monitoring the software VSM 

apparatus. It was standardized with Ni owing known magnetization. The hysteresis 

loops of four series were obtained from VSM which indicated the lag behind 

phenomenon (Foner, 1959). 

 

Figure 3. 11  Working of VSM (Miller, 1969).   
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Chapter No. 4  

Results and discussion 

4.1 TGA/DTA/DSC studies           

Thermal studies of un-annealed sample were carried out by thermal gravimetric 

analysis (TGA), differential thermal gravimetric analysis (DTA) and differential 

scanning calorimetry (DSC). Fig. 4.1 revealed TGA, DTA and DSC spectra of as 

obtained powder in the entire temperature range 30-950 °C in air. TGA curve showed 

weight loss of as prepared sample that was due to disintegration of oxides and 

nitrates. The development of the stable phase occurred about 730 °C, above this 

temperature a negligible weight loss was observed. In the first step 7 % weight loss 

occurred which is ascribed by vaporization of water and solvent. In the second step 5 

% weight loss was detected from the TGA curve.  

 

Figure 4. 1  Thermal analyses of Cu0.5Ni0.5Fe2O4 powder sample. 
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The overall weight loss investigated from TGA curve is 12 % that is due to 

decomposition of citric acid and organic constituents. After 730 °C small amount of 

weight loss was observed, this ascribed due to whole decomposition of nitrates and 

development of spinel phase. Fig. 4.1 also shows the DTA curve in which two main 

peaks were appeared, the peaks appeared about 100 °C described the decomposition 

of anions. The exothermic peak occurred at 680 °C ascribed the decomposition of 

metallic ions and the formation of spinel phase. DSC analysis indicates the type of 

reaction i.e endothermic or exothermic. In DSC curve the exothermic peak associated 

at 361 °C represent supreme decomposition of hydro oxide of precursor in single step. 

It was investigated from DSC analysis that decomposition phenomenon was strongly 

exothermic. The sintering temperature for Cu0.5Ni0.5Fe2O4 nanocrystalline ferrites was 

found to be 900 °C. Thermal analysis of few other types of spinel ferrites have been 

reported in literature which have similar kind of trends (Junaid et al., 2016; Reddy et 

al., 2015). 

4.2 XRD analysis 

XRD patterns of indium substituted copper nickel ferrites are presented in Fig. 4.2. 

XRD study illustrates Braggôs reflection of FCC spinel structure with most intense 

peak of hkl (311) belonging to space group Fd3m. Diffraction pattern of base sample 

revealed  single phase spinel structure with the diffraction peaks indexed as:  (220), 

(311), (222), (400), (422), (511), (440) and (533). The absence of undesirable 

secondary phase for x = 0.00 established development of single phase spinel structure. 

The ionic radius of In3+ (0.80 Å) is much higher than Fe3+ (0.67 Å) which limits the 

solubility of indium in Cu0.5Ni0.5Fe2O4 nanocrystalline ferrites (Zhang et al., 2014). 

The high concentration of indium may distort the crystal lattice and produces 

additional phase on grain boundaries. This might be due to the replacement of smaller 

ions with the larger ions (Zhou et al., 2007). The lattice parameter ñaò is investigated 

from the following formula:  

Á Ä È Ë Ì        4.1 



64 
 

Here d denotes the inter planner distance and (hkl) is the index of X-ray reflection 

peaks. Table 4.1 exhibited that value of lattice parameter increased from 8.3349-

8.3723Å by the incorporation of In3+ ions into the copper nickel ferrite lattice. 

 

 

Figure 4. 2  XRD patterns of Cu0.5Ni0.5InxFe2-xO4 (x = 0.00-0.32) nanocrystalline 

ferrites. 

The increase in lattice parameter is attributed to the substitution of bigger ions (In3+) 

with the smaller ions (Fe3+). The lattice parameter was increased up to x = 0.24, 

thereafter lattice constant was decreased which was due to the formation of additional 

phase (Ravinder et al., 2001). Average crystallite size was estimated from 311 

reflection peak of XRD patterns using Scherrerôs formula and its value was in the 

range 17.78-33.21 nm (Fig. 4.3). The cell volume was increased with the increase of 

indium content ascribed by the expansion of spinel lattice. It is observed that 

substitution of In3+ ions in Cu-Ni ferrites for x Ò 0.24 was completely incorporated. 

Therefore a secondary phase was detected which was elaborated as tetragonal phase 

of indium oxide (In2O3) identified by the ICDD card No. 01-073-1809 (Rosnan et al., 

2016). The increase in X-ray density may be due to the replacement of In3+ ions 

which has larger atomic weight (114 amu) as compared to Fe3+ (56 amu) ions. The 






































































































































































