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ABSTRACT 

Various polycrystalline Ni0.3Cu0.2Zn0.5ScxFe2-xO4 (x = 0.00, 0.02, 0.04, 0.05 

and 0.07) were synthesized by standard solid-state reaction technique. The 

composition was calcinated at 1173 K and the samples, prepared from these powders, 

were sintered at 1373, 1423, 1473 and 1523 K for 5 h in air. The result of 

compositional variation on structural, morphological and magnetic properties of 

Scandium (Sc3+) doped Ni-Cu-Zn ferrites was investigated. The X-ray diffraction 

measurements confirmed the single-phase cubic spinel structure of these 

compositions, and no traces of extra peaks corresponding to any unreacted ingredient 

were found. Lattice constant increases with substitution of Sc3+ in the place of Fe3+. 

Theoretical density and bulk density decrease with the increase of Sc3+ substitution. 

Bulk density of Ni0.3Cu0.2Zn0.5ScxFe2-xO4 reaches the maximum value for x = 0.05 

sintered at 1423 K. The average grain sizes increase with increasing Sc3+ substitution 

up to x = 0.05 then it starts to decrease. The real part of initial permeability decreases 

for x = 0.02, then it increases for x values up to 0.05 after that it decreases again for x 

= 0.07. The doping of Sc3+ affects the magnetization may be by alteration of the 

cation distribution. The maximum saturation magnetization is observed 79 Am2/kg for 

x = 0.05 sintered at 1423 K. At lower frequency range (up to 105 Hz) dielectric 

constant decreases rapidly with increasing frequency but at higher frequencies (above 

105 Hz) it becomes constant and show negligibly small values which is a good 

agreement with the Maxwell-Wagner model. Dielectric constant and AC resistivity 

show similar behavior at different frequency ranges. The resistivity mechanism has 

been explained on the basis of electron hoping between Fe2+ and Fe3+, and it is 

concluded that at higher concentrations some Sc3+ may possibly occupy A-sites 
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besides a large portion of it going to B-sites, whereas for lower concentrations Sc3+ 

preferentially occupy B-sites in the Ni-Cu-Zn ferrites system. 

 



viii 
 

TABLE OF CONTENTS 

 

TITLE PAGE  i 

DECLARATION OF CANDIDATE  ii 

CERTIFICATION OF THESIS  iii 

DEDICATION  iv 

ACKNOWLEDGEMENTS  v 

ABSTRACT  vi 

TABLE OF CONTENTS  viii 

LIST OF FIGURES  xii 

LIST OF TABLES  xv 

LIST OF SYMBOLS AND ABBREVIATIONS  xvi 

   

             CHAPTER 1 

               INTRODUCTION 

 

1-4 

   

1.1. Introduction  1 

1.2. Highlights  2 

1.3. Outline of the Thesis  3 

References  4 



ix 
 

             CHAPTER 2 

                THEORETICAL BACKGROUND 

 

5-29 

   

2.1. General aspects of magnetism  5 

   2.1.1. Origin of magnetism  5 

   2.1.2. Magnetic moment of atoms  7 

   2.1.3. Classification of magnetism  8 

2.2. Overview of ferrites   13 

   2.2.1. Crystal structure of spinel ferrites  14 

   2.2.2. Cation distribution of spinel ferrites  15 

2.3. Hysteresis loop   16 

2.4. Structure of domain wall  17 

2.5. Permeability  19 

2.6. Magnetic structure of ferrites  21 

   2.6.1. Neel’s collinear model of ferrites  21 

   2.6.2. Non-collinear model  22 

2.7. Electrical transport properties  23 

   2.7.1. Conduction mechanism in ferrites  23 

   2.7.2. Hopping model of electrons  23 

   2.7.3. Dielectric constant  24 

   2.7.4. Dielectric loss  25 



x 
 

References  28 

   

          CHAPTER 3 

           SAMPLE PREPARATION 

 

30-35 

   

3.1. Different preparation methods  30 

3.2. Materials and methods of the present work  30 

   3.2.1. Calcination  31 

   3.2.2. Sample preparation  32 

   3.2.3. Sintering  33 

References  35 

   

          CHAPTER 4 

             EXPERIMENTAL TECHNIQUES 

 

36-44 

   

4.1. X-ray diffraction  36 

4.2. Surface morphology and microstructure  38 

4.3. Complex initial permeability measurement  39 

4.4. DC magnetization measurement technique  40 

4.5. Dielectric measurement   41 

4.6. AC resistivity  42 



xi 
 

References   44 

   

              CHAPTER 5 

             RESULTS & DISCUSSION 

 

45-84 

   

5.1. Structural analysis  45 

5.2. Surface morphology  52 

5.3. Complex initial permeability  68 

5.4. Magnetization  74 

5.5. Dielectric study  76 

5.6. AC resistivity  78 

References  81 

   

          CHAPTER 6 

            CONCLUSIONS & FURTHER WORK 

 

85-86 

   

6.1. Conclusions  85 

6.2. Further work  86 

   

LIST OF PUBLICATIONS   P-1 

APPENDIX  A-1 



xii 
 

 



 

xii 
 

LIST OF FIGURES 

   

Fig. 2.1. The orbit of spinning electron about the nucleus of an atom. 6 

Fig. 2.2. Varieties of magnetic orderings (a) paramagnetic, (b) 

ferromagnetic, (c) ferrimagnetic, (d) antiferromagnetic and (e) 

superparamagnetic. 

10 

Fig. 2.3. The inverse susceptibility varies with temperature T for (a) 

paramagnetic, (b) ferromagnetic, (c) ferrimagnetic, (d) 

antiferromagnetic. 

12 

Fig. 2.4. Two subcells of a unit cell of the spinel structure. 15 

Fig. 2.5. Unit cell of spinel ferrite divided into eight subcells with A and 

B sites. 

15 

Fig. 2.6. Hysteresis loop. 17 

Fig. 2.7. Schematic diagram of a 180° domain wall.  18 

Fig. 2.8.  Schematic magnetization curve showing the important 

parameter: initial permeability, i  (the slope of the curve at 

low fields) and the main magnetization mechanism in each 

magnetization range. 

21 

Fig. 2.9. Equivalent circuit diagrams a) Capacitive cell, b) Charging and 

loss current c) loss tangent. 

25 

Fig. 3.1. Uniaxial press. 32 

Fig. 3.2. Mixture of raw materials. 34 

Fig. 3.3. Powders after calcination and samples before sintering. 34 

Fig. 3.4. Sample after sintering at 1423 K. 34 

Fig. 4.1. Bragg’s law of X-ray diffraction. 37 

Fig. 5.1. (a) The XRD patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K and (b) the shifting off (311) peaks towards 

lower 2θ angle with Sc content. 

46 

Fig. 5.2.(a) Variation of lattice parameter (a) with respect to Nelson-Riley 

Function (F(θ)) for Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 

K. 

48 



 

xiii 
 

Fig. 5.2.(b) Variation of the a0 and the r(variant) with respect to Sc content for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

49 

Fig. 5.3.(a) Variation of ρth, ρB and P (%) with respect to Sc content for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

49 

Fig. 5.3.(b) Variation of ρB with respect to Sc content for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1373 K, 1423 K, 1473 K, 

1523 K. 

50 

Fig. 5.4. (a) The FESEM micrographs (magnification 2,000 times) of 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

53 

Fig. 5.4. (b) The FESEM micrographs (magnification 5,000 times) of 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

54 

Fig. 5.4. (c) The FESEM micrographs (magnification 1,000 times) of 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1523 K. 

55 

Fig. 5.5. (a) The EDS patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered 

at 1423 K. 

56 

Fig. 5.5. (b) The EDS patterns measured at different regions of various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K [at (i), (ii) and (iii) 

x = 0.02, at (iv), (v) and (vi) x = 0.04, at (vii), (viii) and (ix) x 

= 0.05, at (x), (xi) and (xii) x = 0.07]. 

68 

Fig. 5.6. The variation of μi
/ and μi

// with respect to frequency for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at (a) 1373, (b) 1423, (c) 

1473 and (d) 1523 K. 

71 

Fig. 5.7. The variation of Ms and μi
/ with respect to Sc content for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

 

72 

Fig. 5.8. The variation of μi
/ with respect to Sc content for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1373, 1423, 1473 and 

1523 K, (a) at frequency 1 kHz and (b) at frequency 10 kHz. 

 

73 

Fig. 5.9. The variation of RQF and tanmwith respect to frequency for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at (a) 1373 K, (b) 

1423 K, (c) 1473 K, (d) 1523 K. 

74 



 

xiv 
 

Fig. 5.10. The variation of M with respect to H at room temperature for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

76 

Fig. 5.11. The variation of (a) ε/ and (b) ε// with respect to frequency for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K.  

78 

Fig. 5.12. The variation of tan𝛿E with respect to frequency for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

79 

Fig. 5.13. The variation of ρAC with respect to frequency for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

80 

 



 

xv 
 

LIST OF TABLES 

 

   
   
Table 2.1. Summary of ferrite structure types, typified by changes in the 

Fe2O3-MeO (or Me2O3) modifier oxide ratios [3]. 

13 

Table 5.1. Data of lattice constant, the mean ionic radius of the variant 

ions, theoretical density, bulk density, porosity, average grain 

size, the distance between magnetic ions in the A-sites, B-

sites, shared sites of Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 

K. 

51 

Table 5.2. Data of saturation magnetic field, saturation magnetization 

and number of Bohr magneton of Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 

76 



 

xvi 
 

LIST OF SYMBOLS AND ABBREVIATIONS 

         

 AC   Alternating current 

         B    Magnetic induction 

         F()   Nelson-Riley function  

          fr   Resonance frequency 

         g    Landé splitting factor 

         Hcr   Critical field 

         J    Exchange integral 

         K    Total anisotropy  

         K1   Magnetocrystalline anisotropy constant 

         Ls   Self-inductance of the sample core 

         Lo   Inductance of the winding coil without sample 

         M   Magnetization 

         Ms   Saturation magnetization 

         NA   Avogadro’s number 

         P    Porosity 

         Pe   Eddy-current loss 

         RQF   Relative quality factor 

         Tc   Curie temperature 

         T n   Néel temperature 

         Ts   Sintering temperature 

         tanδ   Loss factor 

         Z    Complex impedance 

         γ    Domain wall energy 



 

xvii 
 

         ω    Angular velocity 

         δw   Domain wall thickness 

         μi    Initial permeability 

         μ/    Real part of complex permeability 

         μ//   Imaginary part of complex permeability 

         μB   Bohr magneton 

          ε/   Real part of dielectric constant 

          ε//   Imaginary part of dielectric constant 

         ρAC   AC resistivity  

          

 



 

 

CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

Ferrites are fascinating materials with remarkable electromagnetic and other 

functional properties, and their functions can be tuned and regulated by dopants. These 

are frequently used in the fabrication of magnetic, electronic and microwave devices 

because of their high resistivity and negligible eddy current loss [1]. In the applications 

of small and compact power supplies for computers, microprocessors etc. there have 

been an increasing demand for ferrites with high saturation magnetization (Ms) [2]. 

Ferrite, having high resistivity, is one of the concerns for microwave electronics 

applications [3]. It is found that the Ni–Zn ferrites have higher resistivity and Mn–Zn 

ferrites exhibit higher permeability [4-6], and doping of Sc3+ in Ni-Zn ferrites increases 

the resistivity further [7]. The substitution of small amount of Copper (Cu) in Ni-Zn 

ferrites increases the Ms [8-9]. Doping a little amount of Cu in Ni-Zn ferrites decreases 

the structural homogeneity which might slightly enhance the polarization [9]. The Ni-

Cu-Zn ferrites are magnetically soft having relatively high Ms and high resistivity in the 

high frequency region [1, 8, 9]. The Ms also increases with Sc3+ substitution in Mn-Zn 

ferrites [10], and in Ni-Zn ferrites [2, 11-14]. The ionic radius of Sc3+ (0.0745 nm) is 

greater than the ionic radius of Fe3+ (0.0550 nm), consequently, the substitution will 

expand the bond length and decrease the overlapping of orbitals, as a result, the 

hopping probability will be reduced resulting the enhancement in resistivity. In 

addition, the substitution of Sc3+ will increase the resistivity by blocking up Fe2+ ⇔ 
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Fe3+ pattern [7]. Furthermore, the Sc3+ has stable valence compared to that of Fe3+ [10]. 

Therefore, it is expected that Sc3+ will improve the electromagnetic properties of Ni-

Cu-Zn ferrites as required for potential applications. Many attempts (e.g. various 

substitutions, preparation methods and heat treatment) have been taken to improve the 

magnetic properties of Ni-Cu-Zn ferrites [11, 15-17]. The study of Sc3+ substituted Ni-

Cu-Zn ferrites is yet to be reported in literatures. These indicate that investigation of 

structural, morphological and electromagnetic properties of Sc3+ doped Ni-Cu-Zn 

ferrites will add an innovative dimension in material science research area.  

In this study, various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 were synthesized by standard 

solid-state reaction technique and investigated their different physical properties by X-

Ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), 

Energy Dispersive Spectroscopy (EDS), Impedance Analyzer, Vibrating Sample 

Magnetometer (VSM). The key motivation of the present research is that the crystal 

structure and cation distribution are expected to change due to substitution of Sc3+ in 

Ni-Cu-Zn ferrites. Because of these changes there may be a variation of exchange 

interactions, which may ultimately result in the modification of electromagnetic and 

functional properties in the ferrites. The results of this study might be useful for 

practical application of these ferrites. 

1.2 Highlights 

1. Sc3+ doped Ni-Cu-Zn ferrites were synthesized by standard solid-state reaction 

technique. 

2. XRD confirmed the single-phase cubic spinel structure and completed chemical 

reaction. 

3. Significant amount of Sc3+ reside at grain boundaries for x > 0.05. 
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4. Initial permeability changes according to the variation trend of saturation 

magnetization. 

5. AC resistivity and dielectric constant show similar behavior at different 

frequency ranges. 

1.2 Outline of the Thesis 

 The format of this thesis is as follows: 

 Chapter 1 of this thesis deals with the importance of ferrites, and the key 

motivation of the present work. 

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

well as crystal structure of the spinel type ferrites. 

 Chapter 3 gives the details of the sample preparation technique.  

 Chapter 4 describes the various type of measurement techniques that have been 

used in this research work. 

 Chapter 5 is devoted to the results and discussion of the various investigations 

of the study. 

 Chapter 6 concludes the overall experimental results and gives the suggestions 

for further work.  
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

2.1 General aspects of magnetism 

2.1.1 Origin of magnetism 

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

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

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

associated with it. The origin of magnetism lies in the orbital and spin motions of 

electrons and how the electrons interact with one another. The best way to introduce the 

different types of magnetism is to describe how materials respond to magnetic fields. 

This may be surprising to some, but all matter is magnetic. It is just that some materials 

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

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

materials there is a very strong interaction between atomic moments. 

A simple electromagnet can be produced by wrapping copper wire into the form 

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

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

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

charged particles which orbit the nucleus of each atom. Electricity is the movement of 

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

magnet in its own right. The circulating electron produces its own orbital magnetic 

moment, measured in Bohr magnetons (µB), and there is also a spin magnetic moment 
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associated with it due to the electron itself spinning, like the earth, on its own axis, 

illustrated in Fig 2.1. 

 

 

 

 

 

 

In most materials there is resultant magnetic moment, due to the electrons being 

grouped in pairs causing the magnetic moment to be cancelled by its neighbor. In 

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

align, producing a unified magnetic field.  

The response of a material to a magnetic field (H) is characteristic of the 

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

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

Relations among these three magnetic quantities are as follows. 

B = 0(H+M)         (2.1)

 B = H         (2.2) 

where 0 is a universal constant of permeability in a free space and  is the 

permeability of a material. The magnetic susceptibility () is defined as the ratio of 

magnetization to magnetic field. 

Fig. 2.1. The orbit of a spinning electron about the nucleus of an atom. 
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H

M
          (2.3) 

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

following equation.  

 = 0(1+)         (2.4) 

2.1.2 Magnetic moment of atoms 

The strength of a magnetic dipole is called the magnetic dipole moment. It is the 

yardstick to measure the ability of dipole to turn itself into alignment with a given 

external magnetic field. In the simplest case of a current loop, the magnetic moment is 

defined as: 

 daIm          (2.5) 

where a is the vector area of the current loop, and the current, I, is constant. By 

convention, the direction of the vector area is given by the right hand rule. In the more 

complicated case of a spinning charged solid, the magnetic moment can be found by 

the following equation: 

   dJrm



2

1
        (2.6) 

where d = r2sin  dr d d, J


 is the current density. 

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

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

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

with each other because while one pole pulls, the other repels. This interference is 
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greatest when the poles are close to each other i.e. when the bar magnet is short. The 

magnetic force produced by a bar magnet, at a given point in space, therefore depends 

on two factors: on both the strength p of its poles, and on the distance, d separating 

them. The force is proportional to the product, = pd, where,  describes the "magnetic 

moment" or "dipole moment" of the magnet along a distance R and its direction as the 

angle between R and the axis of the bar magnet. Magnetism can be created by electric 

current in loops and coils so any current circulating in a planar loop produces a 

magnetic moment whose magnitude is equal to the product of the current and the area 

of the loop. When any charged particle is rotating, it behaves like a current loop with a 

magnetic moment. 

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

current I and of area vector  for which the magnitude is given by: 

aIm


          (2.7) 

where, m


is the magnetic moment, a vector measured in ampere–square meters, or 

equivalently joules per tesla, I is the current, a scalar measured in amperes, and  is the 

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

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

2.1.3 Classification of magnetism 

The following are the five major groups of magnetic materials: 

1. Diamagnetism 

2. Paramagnetism 

3. Ferromagnetism 

4. Ferrimagnetism 

5. Antiferromagnetism 
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Materials in the first two groups are not magnetically ordered so they do not 

exhibit collective magnetic interactions. Whereas materials in the last three groups 

exhibit long-range magnetic order below a certain critical temperature. Ferromagnetic 

and ferrimagnetic materials are usually what we consider as being magnetic. The 

remaining three are so weakly magnetic that they are usually thought of as 

"nonmagnetic". The varieties of magnetic orderings are schematically presented in Fig. 

2.2. A brief description of the abovementioned classes of magnetic materials are 

described below. 

1. Diamagnetism 

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

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

to an applied magnetic field. Diamagnetic substances are composed of atoms which 

have no net magnetic moments (i.e., all the orbital shells are filled and there are no 

unpaired electrons). However, when exposed to a field, a negative magnetization is 

produced and thus the susceptibility is negative. It obeys Lenz’s law. The other 

characteristic behavior of diamagnetic materials is that the susceptibility is temperature 

independent. The typical values of susceptibility on the order of   10-5 to 10-6. Most of 

the materials are diamagnetic, including Cu, B, S, N2 and most organic compounds.  

2. Paramagnetism 

Paramagnetic materials possess a permanent dipole moment due to incomplete 

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

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

therefore, the material has no net macroscopic magnetization. When a field is applied 

these moments tend to align by rotation towards the direction of the applied field and 
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the material acquires a net magnetization [1]. The magnetic moment can be oriented 

along an applied field to give rise to a positive susceptibility, and the values of 

susceptibility are very small with the order of 10-5 to 10-3. O2, NO, Mn and Cr are just a 

few examples of the paramagnetic materials. The susceptibility of a paramagnetic 

material is inversely dependent on temperature, which is known as Curie law (Fig 

2.3a). 

T
C                     (2.8) 

where C is the Curie constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.2. Varieties of magnetic orderings (a) paramagnetic, (b) ferromagnetic, 

                 (c) ferrimagnetic, (d) antiferromagnetic and (e) superparamagnetic. 
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3. Ferromagnetism 

Ferromagnetic material differs from diamagnetic and paramagnetic materials in 

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

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

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

cooperative interaction of large numbers of atomic spins what are called domains, 

regions where all spins are aligned in the same direction. The exchange force is a 

quantum mechanical phenomenon due to the relative orientation of the spins of two 

electrons. Therefore, the ferromagnetic materials generally can acquire a large 

magnetization even in the absence of a magnetic field, since all magnetic moments are 

easily aligned together. The susceptibility of a ferromagnetic material does not follow 

the Curie law, but displayed a modified behavior defined by Curie-Weiss law (Fig. 

2.3b). 







T

C
                                                                                                    (2.9) 

where C is a constant and  is called Weiss constant. Two distinct characteristics of 

ferromagnetic materials are: 

 spontaneous magnetization and  

 the existence of magnetic ordering temperature (Curie temperature) 

The spontaneous magnetization is the net magnetization that exists inside a uniformly 

magnetized microscopic volume in the absence of a field. The saturation magnetization 

is the maximum induced magnetic moment that can be obtained in a magnetic field. 

Saturation magnetization is an intrinsic property, independent of particle size but 
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dependent on temperature. Even though electronic exchange forces in ferromagnets are 

very large, thermal energy eventually overcomes the exchange and produces a 

randomizing effect at a particular temperature called the Curie temperature (Tc).  

 

 

 

 

 

 

 

 

 

 

 

4. Ferrimagnetism 

Ferrimagnetic material has the same anti-parallel alignment of magnetic 

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

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

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

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

negative   as well in Fig. 2.3(c). 

 

Fig. 2.3. The inverse susceptibility varies with temperature T for (a) paramagnetic, (b) 

ferromagnetic, (c) ferrimagnetic, (d) antiferromagnetic materials.  
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5. Antiferromagnetism 

Antiferromagnetic material aligns the magnetic moments in a way that all 

moments are anti-parallel to each other, the net moment is zero. Common examples of 

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

ferromagnetic susceptibility is followed by the Curie-Weiss law with a negative . The 

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

2.2 Overview of ferrites 

 Ferrites are ceramic materials that are dark grey or black in color [1]. They are 

divided into three subclasses according to their crystal structures: spinels (cubic 

ferrites), magentoplumbite (hexagonal ferrites), and Garnets (rare earth ferrites). The 

cubic ferrites are used as soft magnetic materials, whereas hexagonal ferrites are hard 

magnets exhibiting permanent magnetism. Garnets are utilized in high frequency 

microwave applications [2]. These subclasses are distinguished with respect to the 

molar ratio of Fe2O3 to the other oxide component within the ceramic as shown in 

Table 2.1.  

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

Me2O3) modifier oxide ratios [3]. 

Spinel 1 Fe2O3-1 MeO where MeO is a transition 

metal oxide 

Magnetoplumbite 6 Fe2O3- 1 MeO where MeO is a divalent 

metal oxide from group 

IIA-BaO, CaO, SrO. 

Garnet 5 Fe2O3-3 Me2O3 Where MeO is a Rare 

earth metal oxide. 
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2.2.1 Crystal structure of spinel ferrites 

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

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

magnetic spinel has the general formula MeFe2O4 where Me is the divalent metal ion 

[4]. This crystal structure was first determined by Bragg and by Nishikawa [5-6]. 

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

broadened to include many other ferrimagnets including garnets and hexagonal ferrites 

these need not necessarily contain iron. The spinel lattice is composed of a close-

packed oxygen (radius about 1.3Å) arrangement in which 32 oxygen ions form a unit 

cell that is the smallest repeating unit in the crystal network. The unit cell of the ideal 

spinel structures is given in Fig. 2.4. Between the layers of oxygen ions, if we simply 

visualize them as spheres, there are interstices that may accommodate the metal ions 

(radii ranging from 0.6 to 0.8Å). Now, the interstices are not all the same: some which 

we call A sites are surrounded by or coordinated with 4 nearest neighboring oxygen 

ions whose lines connecting their centers form a tetrahedron. Thus, A sites are called 

tetrahedral sites. The other type of sites (B sites) is coordinated by 6 nearest neighbor 

oxygen ions whose center connecting lines describe an octahedron. The B sites are 

called octahedral sites. In the unit cell of 32 oxygen ions there are 64 tetrahedral sites 

and 32 octahedral sites. If all these were filled with metal ions, of either +2 or +3 

valence, the positive charge would be very much greater than the negative charge and 

so the structure would not be electrically neutral. It turns out that of the 64 tetrahedral 

sites, only 8 are occupied and out of 32 octahedral sites, only 16 are occupied. Thus, 

the unit cell contains eight formula units AB2O4, with 8 A sites, 16 B sites and 32 

oxygen ions, and total of     8 x 7 = 56 ions. 
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Fig. 2.4. Two subcells of a unit cell of the spinel structure. 

 

 

 

Fig. 2.5. Unit cell of spinel ferrite divided into eight subcells with A and B sites. 

A spinel unit cell contains two types of subcells, Fig. 2.5. The two types of subcells 

alternate in a three-dimensional array so that each fully repeating unit cell requires 

eight sub cells. 

2.2.2 Cation distribution of spinel ferrites 

In spinel structure the distribution of cations over the tetrahedral or A sites and 

octahedral or B sites can be present in a variety of ways. If all the 2Me  ions in 

4
3
2

2 OMeMe   are in tetrahedral and all 3Me ions in octahedral positions, the spinel is 

then called normal spinel. Another cation distribution in spinel exists, where one half of 

the cations 3Me  are in the A positions and the rest, together with the 2Me  ions are 
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randomly distributed among the B positions. The spinel having the latter kind of cation 

distribution is known as inverse spinel. The distribution of these spinels can be 

summarized as [6-7]: 

Normal spinels, i.e. the divalent metal ions are on A-sites: 4
3
2

2 ][ OMeMe  , 

Inverse spinels, i.e. the divalent metal ions are on B-sites: 4
3
2

23 ][ OMeMeMe  . 

A completely normal or inverse spinel represents the extreme cases. Zn ferrites 

have normal spinel structure and its formula may be written as  2
4

332 ][ OFeFeZn . On 

the other hand, Ni ferrites have inversel spinel structure and its formula may be written 

as  2
4

323 ][ OFeNiFe . There are many spinel oxides which have cation distributions 

intermediate between these two extreme cases and are called mixed spinels. The 

general cation distribution for the spinel can be indicated as: 

4
3
1

2
1

3
1

2 ])[( OMeMeMeMe xxxx









  where the first and third brackets represent the A and 

B sites respectively. For normal spinel x = 1, for inverse spinel x = 0. The quantity x is 

a measure of the degree of inversion. In the case of some spinel oxides x depends upon 

the method of preparation.  

2.3 Hysteresis loop 

In addition to the Curie temperature and saturation magnetization, ferromagnets 

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

behavior is called hysteresis and a plot of the variation of magnetization with magnetic 

field is called a hysteresis loop. Another hysteresis property is the coercivity of 

remanence (Hr) as in Fig. 2.6. This is the reverse field which, when applied and then 
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removed, reduces the saturation remanence to zero. It is always larger than the coercive 

force. The initial susceptibility (0) is the magnetization observed in low fields, on the 

order of the earth's field (50-100 T). The various hysteresis parameters are not solely 

intrinsic properties but are dependent on grain size, domain state, stresses, and 

temperature. Because hysteresis parameters are dependent on grain size, they are useful 

for magnetic grain sizing of natural samples. 

 

 

 

 

 

 

 

 

2.4 Structure of domain wall 

The energy associated with a domain wall is proportional to its area. Fig. 2.7 

shows the schematic diagram of domain wall that illustrates the dipole moments of the 

atoms within the wall are not pointing in the easy direction of magnetization and hence 

are in a higher energy state. Additionally, the atomic dipoles within the wall are not at 

180º to each other and so the exchange energy is also raised within the wall. 

Consequently, the domain wall energy is an intrinsic property of a material depending 

on the degree of magnetocrystalline anisotropy and the strength of the exchange 

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

Fig. 2.6. Hysteresis loop. 
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relation to these parameters, as strong magnetocrystalline anisotropy will favor a 

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

 

 

 

 

 

 

 

 

 

A minimum energy can therefore be achieved with a specific number of domains 

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

sample (which will affect the magnetostatic energy) and the intrinsic magnetic 

properties of the material (which will affect the magnetostatic energy and the domain 

wall energy). Ferromagnetic materials get their magnetic properties not only because 

their atoms carry a magnetic moment but also because the material is made up of small 

regions known as magnetic domains. In each domain, all of the atomic dipoles are 

coupled together in a preferential direction. During solidification, a trillion or more 

atom moments are aligned parallel so that the magnetic force within the domain is 

strong in one direction. Ferromagnetic materials are said to be characterized by 

"spontaneous magnetization" since they obtain saturation magnetization in each of the 

domains without an external magnetic field being applied. Even though the domains are 

Fig. 2.7. Schematic diagram of a 180º domain wall. 



Chapter 2: Theoretical Background 
------------------------------------------------------------------------------------------------------------------------------ 

19 | P a g e  
 

magnetically saturated, the bulk material may not show any signs of magnetism 

because the domains develop themselves and are randomly oriented relative to each 

other.  

2.5 Permeability 

Permeability is defined as the proportionality constant between the 

magnetic field induction B and applied field intensity H [7, 8, 9]: 

HB                    (2.10) 

If the applied field tends to zero, the ratio will be called the initial permeability, shown 

in Fig. 2.8, and is given by  

)0( 



H

i H

B                  (2.11) 

 A magnetic material subjected to an ac magnetic field can be written as 

eHH 0 it                  (2.12) 

It is observed that the magnetic flux density B lag behind H. This is caused due to the 

presence of various losses and is thus expressed as 

eBB 0 i(t-)                   (2.13) 

Here  is the phase angle that marks the delay of B with respect to H. The permeability 

is then given by 
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where   cos
0

0/

H

B
                    (2.15) 

and   sin
0

0//

H

B
                  (2.16) 

The real part ( / ) of complex permeability (  ), as expressed in equation (2.15) 

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

permeability. If there are no losses, we should have /  . The imaginary part //  

corresponds to that of B, which is delayed by phase angle 900 from H [10-11]. The 

presence of such a component requires a supply of energy to maintain the alternating 

magnetization, regardless of the origin of delay. The ratio of //  to / , as is evident 

from equation (2.15) and (2.16) gives 









tan
cos

sin

0

0

0

0

/

//



H

B
H

B

                 (2.17) 

This tan  is called loss factor. 

The quality factor is defined as the reciprocal of this loss factor, i.e.  

Quality factor
tan

1
                  (2.18) 

And the relative quality factor, 



tan

/

Q                (2.19) 

The curves that show the variation of both /  and //  with frequency are called the 

magnetic spectrum or permeability spectrum of the material [6]. The variation of 

permeability with frequency is referred to as dispersion. The measurement of complex 
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permeability gives us valuable information about the nature of domain wall and their 

movements. In dynamic measurements the eddy current loss is very important. This 

occurs due to the irreversible domain wall movements. The permeability of a 

ferrimagnetic substance is the combined effect of the wall permeability and 

rotational permeability mechanisms.  

 

 

 

 

Fig. 2.8. Schematic magnetization curve showing the important parameter: initial permeability, i  (the 

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

2.6 Magnetic structure of ferrites 

2.6.1 Neel’s collinear model of ferrites 

Soft ferrites belong to the cubic spinal structure. According to Neel’s theory, the 

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

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

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

of the inter- (JAB) and intra-sublattice exchange interactions (JAA, JBB). Negative 

exchange interactions exist between AA, AB and BB ions. When AB 

antiferromagnetic interaction is the dominant one, A and B-sublattices will be 

magnetized in opposite direction below a transition temperature. When the AA (or 

BB) interaction is dominant, Neel found that the above transition will not take place 
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and he concluded that the substance remains paramagnetic down to the lower 

temperature. But this conclusion was not correct, as in the presence of strong 

interactions, some kind of ordering may be expected to occur at low temperature as 

claimed by Yafet and Kittel [12].  

2.6.2 Non-collinear model 

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

JAB»JBB»JAA. In such situation, collinear or Neel type of ordering is obtained. Yafet 

and Kittel theoretically considered the stability of the ground state of magnetic 

ordering, taking all the three exchange interations into account and concluded that 

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

configuration of moment wherein the B-site moments are oppositely canted relative to 

the A-site moments. Later on, Leyons et. al. [13] extending these theoretical 

considerations showed that for normal spinel the lowest energy corresponds to conical 

spinal structure for the value of 3JBBSB/2JABSA greater than unity. Initially one can 

understand why the collinear Neel structure gets perturbed when JBB/JAB increases. 

Since all these three exchange interations are negative (favoring antiferromagnetic 

alignment of moments) the inter- and intra-sublattice exchange interaction compete 

with each other in aligning the moment direction in the sublattice. This is one of the 

origins of topological frustration in the spinel lattice. By selective magnetic directions 

of say A-sublattice one can effectively decrease the influence of JAB vis-à-vis JBB and 

thus perturb the Neel ordering. The first neutron diffraction study of such system i.e., 

ZnxNi1-xFe2O4 was done at Trombay [14] and it was shown to have the Y-K type of 

magnetic ordering followed by Neel ordering before passing on to the paramagnetic 

phase [15]. 
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2.7 Electrical transport properties 

2.7.1 Conduction mechanism in ferrites 

Ferrites are ferromagnetic semiconductors that could be used in electronic 

devices. The increasing demand for low loss ferrites resulted in detailed investigations 

on conductivity and on the influence of various substitutions on the electrical 

conductivity, thermoelectric power, etc. The conduction mechanism in ferrites is quite 

different from that in semiconductors. In ferrites, the temperature dependence of 

mobility affects the conductivity and the carrier concentration is almost unaffected by 

temperature variation. In semiconductors, the band type conduction occurs, where in 

ferrites, the cations are surrounded by closed pack oxygen anions and as a first 

approximation can well be treated as isolated from each other. There will be a little 

direct overlap of the anion charge clouds or orbital. In other words, the electrons 

associated with particular ion will largely remain isolated and hence a localized 

electron model is more appropriate than a collective electron (band) model. This 

accounts for the insulating nature of ferrites. These factors led to the hopping electron 

model [16]. An appreciable conductivity in these ferrites is found to be due to the 

presence of iron ion ions with different valence states at crystallographically different 

equivalent lattice sites [17-21]. Conduction is due to exchange of 3d electron, localized 

at the metal ions, from Fe3+ to Fe2+. Various models have been suggested to account for 

the electrical properties.  

2.7.2 Hopping model of electrons 

In ferrites, there is a possibility in exchanging valency of a considerable fraction of 

metal ions and especially that of iron [22-26]. The temperature dependence of 
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conductivity arises only due to mobility and not due to the number of charge carriers in 

the sample. It is noted that for hopping conduction mechanism:  

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

in hopping model the number of charge carriers is fixed. 

 Thermally activated process with activation energy Ea called hopping activation 

energy. 

 Occurrence of n-p transitions with charge carriers in the Fe2+ or oxygen 

concentration in the system.  

2.7.3 Dielectric constant 

The overall Dielectric constant ( ' ) of an insulator material is given by the relation: 

000 ' EED                     (2.20) 

D represents the electric displacement, E the electric field in the dielectric, '  the 

dielectric constant and 0  permittivity of vacuum. The electric displacement describes 

the extent to which the electric field has been altered by the presence of the dielectric 

material. The ' is an intrinsic property of a material and a measure of the ability of the 

material to store electric charge relative to vacuum. It is measured indirectly from the 

capacitance of a capacitor in which the material is used as electrode separator or 

dielectric. From equation 2.20 and the capacitive cell illustrated in Fig. 2.9 the 

dielectric constant ' , total charge Q (coulombs) and capacitance C (farads) can be 

developed as follows: 

dV

AQ

E

D

/

/

00

'


                   (2.21) 

Therefore, CVV
d

A
Q  '0                  (2.22) 
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Where  
d

A
C '0            (2.23) 

  
d

A
C 00          (2.24) 

And  
00

'

 

C

C
        (2.25) 

Here, A represents the area of the capacitive cell, d its thickness (or gap between the 

electrodes), 0C  and C the respective capacitance of the capacitor with air and material, 

V the voltage across the cell  the material permittivity (F/m). Thus, '  represents the 

ratio of the permittivity or charge storage capacity relative to air or vacuum as 

dielectric. A real capacitor can be represented with a capacitor and a resistor.  

     

Fig. 2.9. Equivalent circuit diagrams a) Capacitive cell, b) Charging and loss current c) loss tangent. 

2.7.4 Dielectric loss 

 Friction is a macroscopic concept and its explanation in terms of models 

conceived at a microscopic level has presented difficulties in many branches of physics. 

Dielectric loss is a special type of friction and the classical and quantum statistical 

mechanical theories of dielectric loss present the familiar difficulties of principle 
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encountered in a theory of dissipation. Every type of dissipation (dielectric loss) is 

connected with motions of charge carrier. The effect of their movements in an electric 

field is called polarization. The total polarization is the sum of various contributions, 

e.g. electronic polarization due to the relative displacement of electrons and nuclei, 

dipolar polarization due to orientation of dipoles, and interfacial or Maxwell-Wagner 

polarization when there are boundaries between the components of a heterogeneous 

system [27-29]. The occurrence of dielectric loss can generally be understood as 

follows: at very low frequencies the polarization easily follows the alternating field, 

thus its contribution to the dielectric constant is maximal, and no loss occurs. At very 

high frequencies the field alternates too fast for polarization to arise and there is no 

contribution to the dielectric constant, and no energy lost in the medium. Somewhere 

between these two extremes the polarization begins to lag behind the field, and energy 

is dissipated. An ideal dielectric would allow no flow of electronic charge, only a 

displacement of charge via polarization. If a plate of such ideal material were placed 

between the capacitive cell shown in Fig 2.10 and a dc voltage was applied, the current 

through the circuit would decay exponentially to zero with time. But this would not be 

case if an alternating (sine wave) electric field were applied. 

tiCVeQ                     (2.26) 

Therefore, VCiCVi
dt

dQ
I '

00                  (2.27) 

Here, I represent the current flow on discharge of the capacitor in time t. For real 

dielectric material, the current I, has two vector components, real IR and imaginary IC. 

The condition of a loss (not so good) dielectric illustrated in Fig 2.9 as an 

equivalent circuit analogous of a resistance in parallel with the capacitor. The current Ic 
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represent a (watt less) capacitive current proportional to the charge stored in the 

capacitor. It is frequency dependent and leads the voltage by 090 . On the other hand, the 

current IR is ac conduction current in phase with the voltage V, which represents the 

energy loss or power dissipated in the dielectric. The resultant angle between the current 

and the voltage is φ somewhat less than 090 . The current in real capacitor lags slightly 

behind what it would be in an ideal capacitor. The angle of lag is defined as δ and the 

amount of lag becomes tan δ or loss tangent.  

Dielectric loss often attributed to ion migration, ion vibration & deformation 

and electric polarization [30-32]. Ion migration is particularly important and strongly 

affected by temperature and frequency. The losses due to ion migration increase at loss 

low frequency and the temperature increases. 
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CHAPTER 3 

SAMPLE PREPARATION 

 

3.1 Different preparation methods 

Ferrites are ceramic materials with remarkable electromagnetic and other 

functional properties, and their functions can be tuned and regulated by dopants.  

Processing parameters always play a crucial role to tune its characteristics [1]. The 

sample preparation of polycrystalline ferrites with optimum desired properties is still a 

complex and difficult task. The preparation of polycrystalline ferrites with optimized 

properties has always demanded delicate handling and cautious approach. The following 

are the different preparation methods of polycrystalline ferrite materials:  

 Solid state reaction method [2] 

 High energy ball milling [3] 

 Sol-gel method [4] 

 Chemical co-precipitation method [5] 

 Microwave sintering method [6] 

 Auto combustion method [7], etc. 

3.2 Materials and methods of the present work 

Various polycrystalline Ni0.3Cu0.2Zn0.5ScxFe2-xO4 were prepared by the standard 

solid-state reaction technique from high purity powders of NiO (≥99.9%), CuO 

(≥99.9%), ZnO (≥99.9%), Sc2O3 (≥99.99%) and Fe2O3 (≥99.9%). Appropriate amount 

of raw materials was thoroughly mixed and calcined at 1173 K for 5 h in air using 

programmable muffle furnace. The calcined powders were crushed again into fine 
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powders. After that small amount of polyvinyl alcohol was mixed with these fine 

powders as a binder, and then toroid- and disk-shaped samples were prepared using two 

different dies and a hydraulic press with a uniaxial pressure of 4.14 × 107 Pa. Finally, 

these samples were sintered at 1373, 1423, 1473 and 1523 K for 5 h in air. 

3.2.1 Calcination 

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

composition of mixed powders by heating them for a certain time at a high temperature 

and then allowing it to cool slowly. During the calcining stage, the reaction of Fe2O3 

with metal oxide (say, MeO or Me/
2O3) takes place in the solid state to form spinel 

according to the reactions [7-9]:  

MeO + Fe2O3           MeFe2O4 (Spinel) 

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

Fe2O3 + FeO               Fe3O4 

After that Mn ions are introduced by 

If x=0.50 then the ferrite is Mn0.5Fe2.5O4.   

 In this project the grinded powders were calcined in air or in oxygen at a 

temperature 1173 K for 5 h in air using programmable muffle furnace to remove the 

unwanted oxides present in the chemicals. After 5 hours it was cooled to room temperature 

(furnace cooling). When room temperature was attained, the calcined powders were 

crushed again into fine powders. The calcining process can be repeated several times to obtain 

a high degree of homogeneity. A small particle size of the reactant powders provides a high 

contact surface area for initiation of the solid-state reaction. 

(1-x)Fe3O4 + xMnO     MnxFe3-xO4  
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3.2.2 Sample preparation 

 After calcination small amount of polyvinyl alcohol was mixed with these fine 

powders as a binder, and then toroid- and disk-shaped samples were prepared using two 

different dies and a hydraulic press with a uniaxial pressure of 4.14 × 107 Pa.  

 

Fig. 3.1. Uniaxial press. 

A binder is usually added prior to compaction, at a concentration lower than 5wt % 

[8]. Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl 

alcohol. The binder facilitates the particles flow during compacting and increases the bonding 

between the particles, presumably by forming bonds of the type particle-binder-particle. 

During sintering, binders decompose and are eliminated from the ferrite. Pressures are used 

for compacting very widely but are commonly several tons per square inch (i. e., up to  

108 N m-2). 
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3.2.3 Sintering 

Sintering is defined as the process of obtaining a dense, tough body by heating a 

compacted powder for a certain time at a temperature high enough to significantly 

promote diffusion, but clearly lower than the melting point of the main component [10]. 

The driving force for sintering is the reduction in surface free energy of the powder. Part 

of this energy is transferred into interfacial energy (grain boundaries) in the resulting 

polycrystalline body [11]. The sintering time, temperature and the furnace atmosphere 

play very important role on the magnetic property of ferrite materials. The purposes of 

sintering process are [12, 13]: 

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

 to densify the material by eliminating the pores and  

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

calcining step.  

After preparing the samples using different dies, these samples were sintered at 

1373, 1423, 1473 and 1523 K for 5 h in air using programmable muffle furnace. Field 

Emission Scanning Electron Microscopy was taken from these sample. The samples were 

then polished to have a smooth face for further characterization. 
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Fig. 3.2. Mixture of raw materials. 

   

Fig. 3.3. Powders after calcination and samples before sintering. 

 

 

Fig. 3.4. Sample after sintering at 1423 K. 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 

 

4.1 X-ray diffraction 

One of the most fundamental studies used to characterize the structure of 

materials is X-ray diffraction (XRD). This technique uses the principle that waves 

interacting with atomic planes in a material will exhibit the phenomenon of diffraction. 

X-rays incident on a sample are scattered off at an equal angle. At certain angles of 

incidence, x-rays scattering off from neighboring parallel planes of atoms will interfere 

destructively. At other angles, these waves will interfere constructively and result in a 

large output signal at those angles. The XRD technique is based on Bragg’s principle. 

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

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

incident on a periodic crystal plane at an angle  and is diffracted at the same angle as 

shown in Fig. 4.1, the Bragg diffraction condition for X-rays is given by 

 nSind 2          (4.1) 

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

represents the order of reflection. Equation (4.1) is known as Bragg law. This Bragg 

law suggests that the diffraction is only possible when  ≤ 2d [1]. For this reason, we 

cannot use the visible light to determine the crystal structure of a material.  

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

formula for cubic spinel structure 
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222 lkhda          (4.2) 

For tetragonal system, the lattice parameters a and c are related by 
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where h, k and l are the Miller indices of the crystal planes [1]. Various properties of any 

crystal structure like interplanar distance, lattice parameters etc. can be measured by X-

ray diffraction (XRD). 

 

 

 

 

 

 

 

Fig. 4.1. Bragg’s law of X-ray diffraction. 

To determine exact lattice constant of cubic phase, Nelsion-Riley method was 

used [2]. The Nelsion-Riley function F (θ) is given as 

𝐹(𝜃) =   [ +  ]            (4.4) 

The values of lattice parameter 'a' of all the peaks for a sample are plotted against F(). 

Then using a least square fit method, exact lattice parameter 'ao' is determined. The point 
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where the least square fit straight line cut the y-axis (i.e. at F() = 0) is the exact lattice 

parameter of the sample. 

The theoretical density (ρth), bulk density (ρB) and porosity, P (%) of the sintered 

samples were calculated using the following relations: 

 ρ =  
 

          (4.5) 

where MA is the molecular weight of the composition and NA represents the Avogadro’s 

number, 

 ρ =            (4.6) 

where m indicates the mass, r represents the radius and t is the thickness of the pellet, 

and 

 𝑃 (%) =  
  

× 100%        (4.7)  

4.2 Surface morphology and microstructure 

The microstructural and elemental analyses of the samples were investigated 

using Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive 

Spectroscopy (EDS) (Model: JEOL JSM-7600F). The average grain size (D) of the 

samples was determined from the observed FESEM micrographs using the linear 

intercept technique [3]. To do this, several random horizontal and vertical lines were 

drawn on the micrographs. Therefore, we counted the number of grains intersected and 

measured the length of the grains along the line traversed. Finally, the average grain size 

was calculated. The D of the samples are calculated from these micrographs with the 

help of the following equation [3, 4]: 
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 𝐷 =  
.

          (4.8) 

where L is the total length of the test line in cm, X symbolizes the magnification and N 

represents the total number of intercept. Basically, the microstructural study was 

performed in order to have an insight of the grain structures. The samples of different 

compositions and sintered at different temperatures were chosen for this purpose. 

4.3 Complex initial permeability measurement 

Ferrite, having high permeability with low loss at high frequency region, is one 

of the major concerns for potential electronics applications. One of the most important 

goals of ferrite research is to fulfill this requirement. The technique for the frequency 

dependent permeability measurement of the present samples is described below. The 

real (μi
/) and imaginary part (μi

//) of the μi
* (𝜇∗ = 𝜇

/
− 𝑗𝜇

//
) were calculated using the 

following equations: 

 𝜇/
=           (4.9) 

𝜇
//

= (𝜇
/

× tan 𝛿 )                   (4.10) 

where Ls denotes the self-inductance of the sample core, L0 represents the inductance of 

the winding coil without the sample core and tan𝛿m is the magnetic loss factor. L0 is 

determined from the geometrical dimension of the toroid shape sample using the equation 

 𝐿 =                    (4.11) 

In this equation, μ0 is the permeability of free space, N is the number of turns of the coil 

(N = 4), A is the cross-sectional area and  

d (= )                (4.12) 
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is the average diameter of the toroid shape sample, here di and do are the inner and outer 

diameter respectively. The relative quality factor (RQF) was determined using the 

following relation:  

𝑅𝑄𝐹 =
/

 (4.13) 

4.4 DC magnetization measurement technique 

Vibrating sample magnetometer (VSM) technique is used to measure the change 

of magnetization of materials as a function of an external field, which enables to identify 

their magnetic nature. It is a versatile and sensitive method of measuring magnetic 

properties developed by S. Foner and is based on the flux change in a coil when the 

sample is vibrated near it [5]. As explained earlier, para-, dia- and ferromagnetic 

materials will have a different reaction to the applied field. In ferromagnetic samples, a 

hysteresis loop is expected. The degree of bending of the M-H graph represents the 

amount of ferromagnetism in the examined sample. The principle of the VSM is, as its 

name reveals, based on the mechanical vibration of a magnetic sample in a homogeneous 

magnetic field, which will produce a change in the magnetic flux in the neighborhood of 

the sample. The sample is vibrating sinusoidally at small fixed amplitude with respect to 

stationary pick-up coils. According to Faradays law, an electromagnetic field will be 

induced, proportional to the rate of the flux change, as 

( ) Bd
V t

dt


                   (4.14) 

VSM is designed to continuously measure the magnetic properties of materials 

as a function of temperature and field. In this type of magnetometer, the sample is 

vibrated up and down in a region surrounded by several pickup coils. The magnetic 
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sample is thus acting as a time-changing magnetic flux, varying inside a particular region 

of fixed area. From Maxwell’s law it is known that a time varying magnetic flux is 

accompanied by an electric field and the field induces a voltage in pickup coils. This 

alternating voltage signal is processed by a control unit system, in order to increase the 

signal to noise ratio. The result is a measure of the magnetization of the sample. 

4.5 Dielectric measurement 

The dielectric properties of ferrites are affected by several factors, like structural 

homogeneity, chemical composition, preparation method, density, porosity, grain size, 

sintering temperature and atmosphere, impurity levels etc. [6, 7-9]. There are several 

types of polarizations, each of which can be explained by its intrinsic physical 

mechanism. The three basic types of polarizations are electronic, ionic and orientational 

[10]. When an insulator is placed in an external electric field, electrons of the atoms are 

displaced slightly with respect to the nuclei, so induced dipole moments result and cause 

the electronic polarization. When the atoms of a molecule do not share their electrons 

symmetrically, the electron-clouds will be displaced eccentrically towards the stronger 

binding one. Thus, the ions acquire charges of opposite polarity. These net charges will 

tend to change the equilibrium positions of the ions themselves under the action of an 

external electric field. 

This displacement of charged ions or groups of ions with respect to each other 

creates a second type of induced dipole moment. It represents the ionic polarization of 

the unlike partners of molecule giving rise, in addition to permanent dipole moments, 

which exist even in the absence of an external electric field. Such dipoles experience a 

torque in an electric field that tends to orient them in the direction of the field. 

Consequently, an orientation (or dipole) polarization can arise. These three mechanisms 
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of polarization are due to charges locally bound in atoms, molecules or in the structure 

of solids. In addition to all these, there usually exist charge carriers that can migrate for 

some distance through the dielectric.  

The complex initial permeability (μi
*), dielectric property (ε*) and AC electrical 

resistivity (ρAC) were measured using precision impedance analyzer (Model: Wayne Kerr 

6500B) in the frequency range of 100 Hz to 120 MHz. For the ρAC and ε* measurement, 

the disk-shaped samples were polished gently on which silver paste was coated for 

effective ohmic contacts. The real part of dielectric constant (ε/) was calculated using the 

following relation [7]: 

 ε/ =                    (4.15)  

where Cp represents the capacitance of the disk-shaped sample, ε0 is the free space 

permittivity, t and A is the thickness and cross-sectional area of the sample respectively. 

The imaginary part of dielectric constant (  ) of the sample was calculated using 

relation: 

 tan                (4.16) 

where tanδ is the dielectric loss tangent. 

4.6 AC resistivity 

The AC electrical resistivity (ρAC) of ferrites gives fundamental information 

associated to the concentration of charge carriers at grain or grain boundaries, dielectric 

polarization of magnetic ions and intergranular tunneling of charge carriers across the 

grain boundary [11-13]. The ρAC were measured using precision impedance analyzer 

(Model: Wayne Kerr 6500B) in the frequency range of 100 Hz to 120 MHz. For the ρAC 
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measurement, the disk-shaped samples were polished gently on which silver paste was 

coated for effective ohmic contacts. The ρAC was calculated using the following relation: 

𝜌 =                   (4.17) 

where ω is the angular frequency and tan𝛿E is the dielectric loss factor.   
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CHAPTER 5 

RESULTS & DISCUSSION 

 

5.1. Structural analysis 

Fig. 5.1(a) shows the XRD patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered 

at 1423 K. The clear prominent Bragg’s reflections indicate the formation of cubic 

single-phase spinel structure for each composition. All the Bragg’s reflections match 

well with the previously reported value [1-8], and no traces of extra peaks 

corresponding to any unreacted ingredient are found which confirms that the chemical 

reaction is completed. It is observed that with increasing Sc content, the most intense 

peak (311) along with other peaks shifts towards lower 2θ angle, Fig. 5.1(b). This 

shifting of peaks with substitution of Sc3+ in the place of Fe3+ is due to the relative 

difference between the ionic radii of Sc3+ (0.0745 nm) with that of Fe3+ (0.0550 nm) 

which results an increase in lattice constant (a0), obeying the Vegard’s law [9-12], and 

it reveals the expansion of unit cell with respect to Sc3+ substitutions. The a0, mean 

ionic radius of the variant ions (r(variant)), theoretical density (ρth), bulk density (ρB), 

porosity (P), D, the distance between magnetic ions (hopping length) in the A-sites (LA-

A), B-sites (LB-B), shared sites (LA-B) of Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K are 

presented in Table 5.1. The lattice parameters (a) were calculated using the following 

relation: 𝑎 =  
 𝛌

{√ℎ + 𝑘 + 𝑙 }, where (hkl) symbolize the Miller indices of the 

crystal plane, λ stands for the wavelength of X-ray (= 0.15418 nm), θ denotes the 

Bragg’s diffraction angle. 
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Fig. 5.1. (a) The XRD patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K and (b) the 

shifting off (311) peaks towards lower 2θ angle with Sc content. 
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Calculated a were plotted against Nelson-Riley function [13]: 𝐹(θ) =   
 

+

 
 

, where θ denotes the Bragg’s diffraction angle, and a straight line was obtained 

for each composition. The values of a0 for each composition were determined from the 

extrapolation of these lines to F(θ) = 0 at θ = 90˚, shown in Fig. 5.2(a). The r(variant) for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 can be determined by the following relation [14]: 

r(variant) = [xrSc + (2 - x) rFe], where rSc represents the ionic radius of Sc3+ and rFe 

represents the ionic radius of Fe3+. It is observed that r(variant) slightly increases with 

increasing Sc content complying with the increasing of a0. Fig. 5.2.(b) shows the 

variation of a0 and r(variant) with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-

xO4 sintered at 1423 K. The ρth, ρB and P (%) of the sintered samples were calculated 

using the following relations: ρ =  
 

 , where MA is the molecular weight of the 

composition and NA represents the Avogadro’s number, ρ =   , where m indicates 

the mass, r represents the radius and t is the thickness of the pellet, and 𝑃 (%) =

 
  

× 100% , respectively [15]. Fig. 5.3 shows the variation of ρth, ρB and P (%) 

with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. We 

observed decrease in both ρth and ρB with the increase of Sc3+ substitution in various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 which could be attributed to Sc3+ has lower atomic weight 

(44.96 amu) compared to that of the atomic weight of Fe3+ (55.85 amu). The ρB of 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K reaches the maximum value for x 

= 0.05 due to the minimum porosity which depends on the sintering conditions. The 

distance between the centers of adjacent ions is known as the hopping length. The 

distance between magnetic ions (hopping length) in the A-sites, B-sites and shared sites 

can be calculated using the following relations [16]: 𝐿 =  
√  , 𝐿 =  

√
 and 
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𝐿 =  
√

 . It is found that the hopping lengths increase with increase of Sc content 

which suggests that the magnetic ions become larger with Sc3+ dopant. 

 

Fig. 5.2.(a) Variation of lattice parameter (a) with respect to Nelson-Riley Function (F(θ)) for 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 
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Fig. 5.2.(b) Variation of the a0 and the r(variant) with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-

xO4 sintered at 1423 K. 
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Fig. 5.3.(a) Variation of ρth, ρB and P (%) with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 
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Fig. 5.3.(b) Variation of ρB with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 

1373 K, 1423 K, 1473 K, 1523 K.  
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Table 5.1. Data of lattice constant, the mean ionic radius of the variant ions, theoretical density, bulk 

density, porosity, average grain size, the distance between magnetic ions in the A-sites, B-sites, shared 

sites of Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

 

  

x a0 (nm) r(variant) 
(nm) 

ρth 
(kg/m3) 
× 103 

ρB 

(kg/m3) 
× 103 

P 
(%) 

D 
(μm) 

LA-A 
(nm) 

LB-B 
(nm) 

LA-B 
(nm) 

0.00 0.84100 0.11000 5.33 4.91 8 10 0.36416 0.29733 0.34866 

0.02 0.84080 0.11039 5.33 4.92 8 17 0.36407 0.29726 0.34857 

0.04 0.84130 0.11078 5.32 4.88 8 20 0.36429 0.29744 0.34878 

0.05 0.84180 0.11098 5.30 5.05 5 21 0.36451 0.29762 0.34899 

0.07 0.84200 0.11137 5.29 4.82 9 18 0.36459 0.29769 0.34907 
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5.2. Surface morphology 

The microstructure of ferrites strongly influences their electrical and magnetic 

properties, so it is necessary to determine the D and the type of grain growth of the 

samples. The FESEM micrographs of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 

K and 1523 K are illustrated in Fig. 5.4. The D of the samples are calculated from these 

micrographs with the help of the following equation [17]: 𝐷 =  
.

 , where L is the 

total length of the test line in cm, X symbolizes the magnification and N represents the 

total number of intercept, and are presented in Table 5.1. We observed that the D 

increases with increasing Sc3+ substitution up to x = 0.05 which could be attributed to 

Sc3+ have higher ionic radius than Fe3+. For x = 0.07 the D decreases because in this 

case significant amount of Sc3+ reside at the grain boundaries which hamper the grain 

growth and may be increased in strain on the grains [10], consequently, lead the D to 

decrease. The surface elemental composition of the samples sintered at 1423 K was 

investigated by EDS analysis. The the EDS patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-

xO4 sintered at 1423 K are illustrated in Fig. 5.5. The EDS spectrum of the different 

samples confirmed the presence of Ni, Cu, Zn, Sc, Fe and O elements. The EDS 

spectrum was measured at different regions of the samples and it was found that 

relatively higher amount of Sc resides at the grain boundaries for x = 0.07, shown in 

Fig. 5.5 (b). 
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x = 0.00 x = 0.02 

x = 0.04 x = 0.05 

x = 0.07 

 

Fig. 5.4. (a) The FESEM micrographs (magnification 2,000 times) of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 
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Fig. 5.4. (b) The FESEM micrographs (magnification 5,000 times) of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 
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Fig. 5.4. (c) The FESEM micrographs (magnification 1,000 times) of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1523 K. 
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Fig. 5.5. (a) The EDS patterns of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 
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(xii) 

 

Fig. 5.5. (b) The EDS patterns measured at different regions of various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered 

at 1423 K [at (i), (ii) and (iii) x = 0.02, at (iv), (v) and (vi) x = 0.04, at (vii), (viii) and (ix) x = 0.05, at (x), 

(xi) and (xii) x = 0.07]. 
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5.3. Complex initial permeability 

Fig. 5.6 shows the variation of μi
/ and μi

// as a function of frequency for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1373, 1423, 1473 and 1523 K. It is observed that 

the μi
/ decreases for x = 0.02, then it increases for x values up to 0.05 after that it 

decreases again for x = 0.07. It is also observed that the μi
// decreases with frequency 

and reached a minimum value at a certain frequency, where the μi
/ starts to decrease. 

The μi
// appears because of lagging of the domain walls motion with the applied 

alternating magnetic field. The decrease in μi implies onset of ferromagnetic resonance. 

The μi of ferrites is influenced by their intrinsic factors like preferential site occupancy 

as well as extrinsic properties such as density, porosity and grain size [18]. Processing 

parameters also play a crucial role to tune its characteristics. For polycrystalline 

ferrites, the μi is the superposition of two different magnetizing processes [19]: (i) spin 

rotation and (ii) domain wall motion. As μi is very sensitive to several parameters so it 

is still challenging to obtain a precise conclusion for variation of μi with concentration. 

Usually μi of ferrite obeys the following relation [10, 20]: 𝜇 ∝   , where K1 is the 

magnetocrystalline anisotropy constant. Fig. 5.7 illustrates that μi
/ changes according to 

the variation trend of Ms (discussed in section 5.4). When the grain growth is normal 

then the μi would be proportional to D. Increase in grain size results in an increase in 

the domain walls number in every grain. As the domain walls movement regulates the 

μi so any intensification in the domain walls number would consequence in an increase 

in μi
/ [15]. The increase in μi

/ with Sc3+ substitution can be attributed to the increase in 

D, which increases for increasing Sc content up to x = 0.05 as shown in Fig. 5.4. 

Decreasing in the μi
/ of Ni0.3Cu0.2Zn0.5Sc0.07Fe1.93O4 can be attributed to the ionic radii 

of Sc3+ may be greater than the lattice of spinel, so considerable Sc3+ find difficulty to 

enter the spinel lattice, for this reason a significant amount of Sc3+ reside at grain 
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boundaries which hamper the mobility of grain boundary as well as grain growth. 

Jiang, et al. [21] found the similar result for Ca2+ in Mn-Zn ferrites. Consequently, the 

domain rotation and domain wall motion become difficult which causes the decrease in 

μi
/. Density is inversely proportional to porosity. When density increases then porosity 

decreases thus connectivity among grains increases with increasing density. High 

connectivity among grains facilitates magnetic flux flow which increases μi
/. 

Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 has the highest density as well as lowest porosity at 

sintering temperature 1423 K as a result it shows the highest μi
/. It is found that μi

/ 

remains almost constant up to resonance frequency (fr) [22] and the relation between μi
/ 

and fr obeys Snoek’s law (μi
/fr = constant) [23]. The μi

/ shows decreasing trend with 

increasing frequency because nonmagnetic impurities between grains and intragranular 

pores function as pinning points at higher frequencies and hamper the motion of spin 

and domain walls increasingly [24]. The variation of μi
/ with respect to Sc content, for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1373, 1423, 1473 and 1523 K, at two fixed 

frequencies are shown in Fig. 5.8. The μi
/ at two fixed frequencies (1 kHz and 10 kHz) 

shows almost similar behavior. 
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Fig. 5.6. The variation of μi
/ and μi

// with respect to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at (a)1373, (b) 1423, (c) 1473 and (d) 1523 K. 
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Fig. 5.7. The variation of Ms and μi
/ with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 

Fig. 5.9 illustrates the variation of RQF and tan𝛿m with respect to frequency for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1373, 1423, 1473 and 1523 K. For 

practical applications RQF is often used as a yardstick to measure the performance. 

From Fig. 5.9 it is observed that RQF increases with increasing frequency and then it 

shows a peak at particular frequencies. After showing a peak RQF starts to decrease 

with more increase in frequency. RQF becomes higher may be due to the growth of less 

imperfections and defects. The tan𝛿m arises from lag of domain wall motion with 

respect to applied alternating magnetic field. It is attributed to several domain effects 

like non-uniform and non-repetitive domain wall motion, nucleation and annihilation of 

domain wall, domain wall bowing, localized variation of flux density [10, 25]. 
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Fig. 5.8. The variation of μi
/ with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 

1373, 1423, 1473 and 1523 K, (a) at frequency 1 kHz and (b) at frequency 10 kHz. 
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Fig. 5.9. The variation of RQF and tanmwith respect to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at (a) 1373 K, (b) 1423 K, (c) 1473 K, (d) 1523 K.   
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5.4. Magnetization 

 Fig. 5.10 shows the variation of magnetization (M) with respect to the applied 

magnetic field (H), recorded by VSM at room temperature (300 K), for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. It is observed that all the samples show 

very narrow hysteresis loop which implies the behavior of soft magnetic materials. The 

Ms is determined by extrapolating the magnetization curve to H = 0. The number of 

Bohr magneton (nB) is determined by the following relation: 𝑛 =
×

×
 , where μB is 

the Bohr magneton (= 9.27 × 10-21 emu). The calculated values of nB is tabulated in 

Table 5.2. The M of ferrites strongly depends on their intrinsic factors like preferential 

site occupancy as well as extrinsic properties like microstructure, density, porosity [9]. 

According to Neel’s theory [26], the M is equal to the magnetization of octahedral 

sublattice (MB) minus the magnetization of tetrahedral sublattice (MA), i.e. M = (MB - 

MA), and generally MB is greater than MA. The variation of Ms with the substitution of 

Sc3+ in Ni-Cu-Zn ferrites can be elucidated based on the change in crystal structure and 

cation distribution. Because of these changes there may be a variation of exchange 

interactions between the ions at the octahedral (B) and tetrahedral (A) sites in the 

crystallographic lattice, which may ultimately result in the modification of Ms. It has 

been previously reported that Fe3+ (magnetic moment = 5 μB) and Cu2+ (magnetic 

moment = 1.3 μB) can occupy both A- and B-sites though they have preference for the 

B-sites, Ni2+ (magnetic moment = 2.3 μB) has a strong preference for B-sites, and Zn2+ 

(non-magnetic) prefers the A-sites [27]. Therefore, the probable cation distribution of 

the present ferrites might be written as follows: (Zn2+
0.5 Fe3+

0.5)A [Ni2+
0.3 Cu2+

0.2 Sc3+
x 

Fe3+
1.5-x]B O2+

4, where the round () and box [] brackets represent A- and B-sites, 

respectively. In this study, the magnetic Fe3+ are substituted by the nonmagnetic Sc3+, 

which has preference for the B-sites [28]. Being nonmagnetic and having preference for  
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Fig. 5.10. The variation of M with respect to H at room temperature for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K. 

Table 5.2. Data of saturation magnetic field, saturation magnetization and number of Bohr magneton of 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

x Hs (A/m) × 105 Ms (Am2/kg) nB (μB) 

0.00 3.191 61 2.6 

0.02 2.393 55 2.3 

0.04 2.393 72 3.1 

0.05 3.989 79 3.4 

0.07 2.393 67 2.9 
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B-sites, Sc3+ would decrease the resultant M. However, we observed decrease in Ms 

with substitution of Sc3+ in the place of Fe3+ for x = 0.02, then it increases up to x = 

0.05 and after that Ms decreases for further substitution of Sc3+. This anomalous may be 

elucidated by considering that the substitution of Sc3+ in place of Fe3+ drives some Ni2+ 

to migrate from B-sites to A-sites, might be for x > 0.02. In this situation, some Fe3+, 

initially presented at A-sites, are forced to move to B-sites which leads to increase in M 

of B sublattice, consequently the resultant M increases. Rao, et al [29], Harris, et al 

[30], Krishnan, et al [31] also reported the migration of a minor fraction of Ni2+ into A-

sites. More Fe3+ are possibly forced to move to B-sites for higher concentration of Sc3+ 

(x > 0.05) doping. This will decrease the exchange interaction between A- and B-sites 

and increase the B-B exchange interaction. Such variation of exchange interactions will 

allow the anti-parallel spin coupling, and consequently the magnetic moment of B 

sublattice will decrease. In addition, as Sc3+ has preference for B-sites, so at higher 

concentration (x > 0.05) it will decrease the resultant M because of its nonmagnetic 

behavior. Angadi, et al [10] found the similar result of M for Sc3+ doped Mn-Zn 

ferrites. 

5.5. Dielectric study 

The dielectric properties of ferrites are affected by several factors, like structural 

homogeneity, chemical composition, preparation method, density, porosity, grain size, 

sintering temperature and atmosphere, impurity levels etc. [9, 18]. There is a similarity 

between the mechanism of dielectric polarization in ferrites and electric conduction 

which can be explained on the basis of electron hopping between Fe2+ and Fe3+ ions in 

the B-sites of spinel lattice [10]. Fig. 5.11 illustrates the variation of real part of 

dielectric constant (ε/) and imaginary part of dielectric constant (ε//) with respect to 

frequency, recorded by precision impedance analyzer at room temperature, for various 
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Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. The ε/ was calculated using the following 

relation [18]: 𝜀/ =  , where Cp represents the capacitance of the disk-shaped sample, 

ε0 is the free space permittivity. The ε// was calculated using the following relation [18]: 

ε// = ε/tan𝛿E, where tan𝛿E is the dielectric loss factor. From Fig. 5.11 it is evident that at 

lower frequency range (up to 105 Hz) ε/ decreases rapidly with increasing frequency but 

at higher frequencies (above 105 Hz) it becomes constant and show negligibly small 

values which is a good agreement with the Maxwell-Wagner model [32]. At lower 

frequencies, ε/ shows the higher values due to the space charge polarization formed at 

the grain boundaries whereas at higher frequencies, ε/ becomes constant because of the 

inability of electric dipoles to follow the alternating electric field [33-37]. Fig. 5.12. 

demonstrates the variation of dielectric loss factor (tan𝛿E) with respect to frequency for 

various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 1423 K. 

 

Fig. 5.11. The variation of (a) ε/ and (b) ε// with respect to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 

sintered at 1423 K.  

102 103 104 105 106 107 108
0

2000

4000

6000
 x = 0.00
 x = 0.02
 x = 0.04
 x = 0.05
 x = 0.07

 

 

/

Frequency (Hz)

Ts = 1423 K

(a)

103 104 105 106 107 1080

700

1400

2100
 x = 0.00
 x = 0.02
 x = 0.04
 x = 0.05
 x = 0.07

 

 

/
/

Frequency (Hz)

Ts = 1423 K

(b)



Chapter 5: Results & Discussion 
------------------------------------------------------------------------------------------------------------------------------ 

79 | P a g e  
 

102 103 104 105 106 107 1080

1

2

3

 

 

 x = 0.00
 x = 0.02
 x = 0.04
 x = 0.05
 x = 0.07

ta
n


Frequency (Hz)

Ts = 1423 K

 

Fig. 5.12. The variation of tan𝛿E with respect to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered 

at 1423 K. 

5.6. AC resistivity 

The AC resistivity of ferrites gives fundamental information associated to the 

concentration of charge carriers at grain or grain boundaries, dielectric polarization of 

magnetic ions and intergranular tunneling of charge carriers across the grain boundary 

[38-42]. Fig. 5.13 illustrates the variation of ρAC with respect to frequency for various 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 at room temperature. The ρAC was calculated using the 

following relation: 𝜌 =  , where ω is the angular frequency. From Fig. 5.13 

it is observed that at lower frequency range (up to 105 Hz) ρAC decreases with 

increasing frequency but at higher frequencies (above 105 Hz) it becomes constant and 

shows negligibly small values. The resistivity mechanism in ferrites can be explained 

on the basis of electron hoping between Fe2+ and Fe3+. The grains are low resistive 

materials whereas the grain boundaries are high resistive materials. The grain 

boundaries having high resistivity are more active at lower frequency region so the 
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hopping frequency of electron between Fe3+ and Fe2+ is less at lower frequencies. With 

the increase in frequency of applied field, the grains having low resistivity become 

more active, consequently, the hopping frequency of electron between Fe3+ and Fe2+ 

enhance. As a result, the ρAC gradually decreases with frequency whereas the AC 

electrical conductivity increases [33, 34, 44]. Ferrites having high density provide high 

ρAC. The Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 sintered at 1423 K has the highest density as well 

as lowest porosity as a result it shows the highest ρAC. 
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Fig. 5.13. The variation of ρAC with respect to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2-xO4 sintered at 

1423 K. 

In ferrites two metal ions existing at B-sites are closer than two metal ions 

existing at different sites, one at A-sites and another one at B-sites. Therefore, the 

probability of electron hopping between B-B sites is greater than B-A sites. Hopping 

between A-A sites may not exist because during sintering process some Fe2+ are 
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formed and preferentially occupy B-sites only. It is expected that as Sc3+ prefer B-sites 

to A-sites, so the doping will increase the resistivity linearly with increasing Sc content 

which can be explained by the following arguments. Due to the relative difference 

between the ionic radii of Sc3+ and Fe3+, the substitution of Sc3+ in place of Fe3+ will 

expand the bond length and unit cell, and reduce the overlapping of orbitals, 

consequently, the hopping probability will be reduced. And furthermore, Sc3+ does not 

contribute in the conduction process rather increase the resistivity by blocking up Fe2+ 

⇔ Fe3+ pattern. However, the observed resistivity does not increase linearly by obeying 

the above-mentioned reasons. The deviation from linearity may be explained by 

assuming that at higher concentrations some Sc3+ may possibly occupy A-sites besides 

a large portion of it going to B-sites, whereas for lower concentrations Sc3+ 

preferentially occupy B-sites [7]. 
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CHAPTER 6 

CONCLUSIONS & FURTHER WORK 

 

6.1. Conclusions 

In the present investigation, spinel type various polycrystalline 

Ni0.3Cu0.2Zn0.5ScxFe2-xO4 were synthesized by standard solid-state reaction technique. 

The XRD measurements confirmed the single-phase cubic spinel structure of the studied 

compositions. The a0 increases with substitution of Sc3+ in the place of Fe3+ might be due 

to the larger ionic radius of Sc3+ than the ionic radius of Fe3+. The ρth and ρB decrease 

with the increase of Sc content which could be attributed to Sc3+ has lower atomic weight 

than the atomic weight of Fe3+. Both μi
/ and Ms decrease for x = 0.02, then they increase 

for x values up to 0.05 after that they decrease again for x = 0.07. The μi
/ increases with 

Sc3+ substitution might be due to the increase in D. The μi
/ decreases for higher value of 

x (x > 0.05) because in these circumstances some Sc3+ reside at grain boundaries which 

slow down the mobility of grain boundary and grain growth. The 

Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 has the highest ρB as well as lowest P at sintering 

temperature 1423 K consequently it shows the highest μi
/ because high connectivity 

among grains facilitates magnetic flux flow. The variation of Ms is explained with the 

help of change in crystal structure and cation distribution as a result of Sc3+ substitution. 

The ε/ shows a good agreement with the Maxwell-Wagner model. It is observed that at 

lower frequency range (up to 105 Hz) ρAC decreases with increasing frequency but at 

higher frequencies (above 105 Hz) it becomes constant and shows negligibly small values 

because of the variation of hopping frequency of electron between Fe3+ and Fe2+ in 

different frequency ranges. The investigated spinel ferrites are soft magnetic materials 
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with high saturation magnetization, have high initial permeability and low loss, high 

resistivity, and high dielectric constant, which make them significant in various practical 

applications. 

6.2. Further work 

Various polycrystalline Ni0.3Cu0.2Zn0.5ScxFe2-xO4 were synthesized by standard solid-

state reaction technique at Solid State Physics Laboratory, Bangladesh University of 

Engineering and Technology (BUET), and shown encouraging results but a lot of work 

still has to be done to further develop this ferrite material. The following are some of 

them:  

 Mössbauer spectroscopy can be performed to know the cation distribution. 

 Transmission electron micrographs (TEM) may be taken for proper 

understanding of the domains. 

 Investigation of temperature dependent electromagnetic properties. 

 The calcination temperature, sintering temperature and x values can be tuned to 

observe the insight of characteristics deeply. 
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A B S T R A C T

Various polycrystalline Ni0.3Cu0.2Zn0.5ScxFe2−xO4 (x=0.00, 0.02, 0.04, 0.05 and 0.07) were synthesized by
standard solid-state reaction technique. The composition was calcinated at 1173 K and the samples, prepared
from these powders, were sintered at 1373, 1423, 1473 and 1523 K for 5 h in air. The result of compositional
variation on structural, morphological and magnetic properties of Scandium (Sc3+) doped Ni-Cu-Zn ferrites was
investigated. The X-ray diffraction measurements confirmed the single-phase cubic spinel structure of these
compositions, and no traces of extra peaks corresponding to any unreacted ingredient were found. Lattice
constant increases with substitution of Sc3+ in the place of Fe3+. Theoretical density and bulk density decrease
with the increase of Sc3+ substitution. Bulk density of Ni0.3Cu0.2Zn0.5ScxFe2−xO4 reaches the maximum value for
x=0.05 sintered at 1423 K. The average grain sizes increase with increasing Sc3+ substitution up to x=0.05
then it starts to decrease. The real part of initial permeability decreases for x=0.02, then it increases for x
values up to 0.05 after that it decreases again for x=0.07. The doping of Sc3+ affects the magnetization may be
by alteration of the cation distribution. The maximum saturation magnetization is observed 79 Am2/kg for
x=0.05 sintered at 1423 K. At lower frequency range (up to 105 Hz) dielectric constant decreases rapidly with
increasing frequency but at higher frequencies (above 105 Hz) it becomes constant and show negligibly small
values which is a good agreement with the Maxwell-Wagner model. Dielectric constant and AC resistivity show
similar behavior at different frequency ranges. The resistivity mechanism has been explained on the basis of
electron hoping between Fe2+ and Fe3+, and it is concluded that at higher concentrations some Sc3+ may
possibly occupy A-sites besides a large portion of it going to B-sites, whereas for lower concentrations Sc3+

preferentially occupy B-sites in the Ni-Cu-Zn ferrites system.

Introduction

Ferrites are fascinating materials with remarkable electromagnetic
and other functional properties, and their functions can be tuned and
regulated by dopants. These are frequently used in the fabrication of
magnetic, electronic and microwave devices because of their high re-
sistivity and negligible eddy current loss [1]. In the applications of
small and compact power supplies for computers, microprocessors etc.
there have been an increasing demand for ferrites with high saturation
magnetization (Ms) [2]. Ferrite, having high resistivity, is one of the
concerns for microwave electronics applications [3]. It is found that the
Ni–Zn ferrites have higher resistivity and Mn–Zn ferrites exhibit higher
permeability [4–6], and doping of Sc3+ in Ni-Zn ferrites increases the
resistivity further [7]. The substitution of small amount of Copper (Cu)
in Ni-Zn ferrites increases the Ms [8–9]. Doping a little amount of Cu in

Ni-Zn ferrites decreases the structural homogeneity which might
slightly enhance the polarization [9]. The Ni-Cu-Zn ferrites are mag-
netically soft having relatively high Ms and high resistivity in the high
frequency region [1,8,9]. The Ms also increases with Sc3+ substitution
in Mn-Zn ferrites [10], and in Ni-Zn ferrites [2]. The ionic radius of
Sc3+ (0.0745 nm) is greater than the ionic radius of Fe3+ (0.0550 nm),
consequently, the substitution will expand the bond length and de-
crease the overlapping of orbitals, as a result, the hopping probability
will be reduced resulting the enhancement in resistivity. In addition,
the substitution of Sc3+ will increase the resistivity by blocking up
Fe2+⇔ Fe3+ pattern [7]. Furthermore, the Sc3+ has stable valence
compared to that of Fe3+ [10]. Therefore, it is expected that Sc3+ will
improve the electromagnetic properties of Ni-Cu-Zn ferrites as required
for potential applications. Many attempts (e.g. various substitutions,
preparation methods and heat treatment) have been taken to improve
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the magnetic properties of Ni-Cu-Zn ferrites [11]. The study of Sc3+

substituted Ni-Cu-Zn ferrites is yet to be reported in literatures. These
indicate that investigation of structural, morphological and electro-
magnetic properties of Sc3+ doped Ni-Cu-Zn ferrites will add an in-
novative dimension in material science research area.

In this study, various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 were synthesized
by standard solid-state reaction technique and investigated their dif-
ferent physical properties by X-Ray Diffraction (XRD), Field Emission
Scanning Electron Microscopy (FESEM), Energy Dispersive
Spectroscopy (EDS), Impedance Analyzer, Vibrating Sample
Magnetometer (VSM). The key motivation of the present research is
that the crystal structure and cation distribution are expected to change
due to substitution of Sc3+ in Ni-Cu-Zn ferrites. Because of these
changes there may be a variation of exchange interactions, which may
ultimately result in the modification of electromagnetic and functional
properties in the ferrites. The results of this study might be useful for
practical application of these ferrites.

Experimental

Materials and methods

Various polycrystalline Ni0.3Cu0.2Zn0.5ScxFe2−xO4 were prepared by
the standard solid-state reaction technique from high purity powders of
NiO (≥99.9%), CuO (≥99.9%), ZnO (≥99.9%), Sc2O3 (≥99.99%) and
Fe2O3 (≥99.9%). Appropriate amount of raw materials was thoroughly
mixed and calcined at 1173 K for 5 h in air using programmable muffle
furnace. The calcined powders were crushed again into fine powders.
After that small amount of polyvinyl alcohol was mixed with these fine
powders as a binder, and then toroid- and disk-shaped samples were
prepared using two different dies and a hydraulic press with a uniaxial
pressure of 4.14×107 Pa. Finally, these samples were sintered at 1373,
1423, 1473 and 1523 K for 5 h in air.

Measurement and characterization

Structural analysis of the samples was carried out using X-ray dif-
fractometer (Model: Philips PANalytical X’PERT-PRO). The micro-
structural and elemental analyses of the samples were investigated
using FESEM and EDS (Model: JEOL JSM-7600F). The average grain
size (D) of the samples was determined from the observed FESEM mi-
crographs using the linear intercept technique. The complex initial
permeability (μi*), dielectric property (ε*) and AC electrical resistivity
(ρAC) were measured using precision impedance analyzer (Model:
Wayne Kerr 6500B) in the frequency range of 100 Hz–120MHz. For the
μi* measurement, copper wire was wounded with 4 turns in toroid-
shaped samples, and for the ρAC and ε* measurement, the disk-shaped
samples were polished gently on which silver paste was coated for ef-
fective ohmic contacts. The real (μi/) and imaginary part (μi//) of the μi*

= −∗μ μ jμ( )i i i
/ // were calculated using the following equations: =μi

L
L

/ s
0

and = ×μ μ δ( tan )i i m
// / , where Ls denotes the self-inductance of the

sample core, L0 represents the inductance of the winding coil without
the sample core and tanδm is the magnetic loss factor. L0 is determined
from the geometrical dimension of the toroid shape sample using the

equation = −L μ N A

π
0

d

0
2
. In this equation, μ0 is the permeability of free

space, N is the number of turns of the coil (N= 4), A is the cross-sec-
tional area and =

− +( )d d d
2

i 0 is the average diameter of the toroid shape
sample, here di and do are the inner and outer diameter, respectively.
The relative quality factor (RQF) was determined using the following

relation: =RQF μ
δtan

i
/
. DC magnetic property was investigated using a

vibrating sample magnetometer (MicroSense).

Results and discussion

Structural analysis

Fig. 1 shows the XRD patterns of various Ni0.3Cu0.2Zn0.5ScxFe2−xO4

sintered at 1423 K. The clear prominent Bragg’s reflections indicate the
formation of cubic single-phase spinel structure for each composition.
All the Bragg’s reflections match well with the previously reported
value [8], and no traces of extra peaks corresponding to any unreacted
ingredient are found which confirms that the chemical reaction is
completed. It is observed that with increasing Sc content, the most in-
tense peak (3 1 1) along with other peaks shifts towards lower 2θ angle.
This shifting of peaks with substitution of Sc3+ in the place of Fe3+ is
due to the relative difference between the ionic radii of Sc3+

(0.0745 nm) with that of Fe3+ (0.0550 nm) which results an increase in
lattice constant (a0), obeying the Vegard’s law [12], and it reveals the
expansion of unit cell with respect to Sc3+ substitutions. The a0, mean
ionic radius of the variant ions (r(variant)), theoretical density (ρth), bulk
density (ρB), porosity (P), D, the distance between magnetic ions
(hopping length) in the A-sites (LA-A), B-sites (LB-B), shared sites (LA-B)
of Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K are presented in
Table 1. The lattice parameters (a) were calculated using the following
relation: = + +a h k l{ }λ

sinθ2
2 2 2 , where (hkl) symbolize the Miller in-

dices of the crystal plane, λ stands for the wavelength of X-ray
(=0.15418 nm), θ denotes the Bragg’s diffraction angle. Calculated a
were plotted against Nelson-Riley function [13]:

= ⎡
⎣

+ ⎤
⎦

F θ( ) cos θ
sinθ

cos θ
θ

1
2

2 2
, where θ denotes the Bragg’s diffraction angle,

and a straight line was obtained for each composition. The values of a0
for each composition were determined from the extrapolation of these
lines to F(θ)= 0 at θ=90°. The r(variant) for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 can be determined by the following relation
[14]: r(variant) = [xrSc+ (2− x) rFe], where rSc represents the ionic ra-
dius of Sc3+ and rFe represents the ionic radius of Fe3+. It is observed
that r(variant) slightly increases with increasing Sc content complying
with the increasing of a0. Fig. 2. shows the variation of a0 and r(variant)
with respect to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sin-
tered at 1423 K. The ρth, ρB and P (%) of the sintered samples were
calculated using the following relations: =ρth

M
N a
8 A
A 03 , where MA is the

molecular weight of the composition and NA represents the Avogadro’s
number, =ρB

m
πr t2 , where m indicates the mass, r represents the radius

and t is the thickness of the pellet, and = ×−P (%) 100%ρ ρ
ρ

th B

th
, respec-

tively [15]. Fig. 3 shows the variation of ρth, ρB and P (%) with respect
to Sc content for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.
We observed decrease in both ρth and ρB with the increase of Sc3+

substitution in various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 which could be at-
tributed to Sc3+ has lower atomic weight (44.96 amu) compared to that

Fig. 1. The XRD patterns of various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at
1423 K.
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of the atomic weight of Fe3+ (55.85 amu). The ρB of various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K reaches the maximum
value for x= 0.05 due to the minimum porosity which depends on the
sintering conditions. The distance between the centers of adjacent ions
is known as the hopping length. The distance between magnetic ions
(hopping length) in the A-sites, B-sites and shared sites can be calcu-
lated using the following relations [16]: =−LA A

a 3
4

0 , =−LB B
a 2

4
0 and

=−LA B
a 11

8
0 . It is found that the hopping lengths increase with in-

crease of Sc content which suggests that the magnetic ions become
larger with Sc3+ dopant.

Surface morphology

The microstructure of ferrites strongly influences their electrical and
magnetic properties, so it is necessary to determine the D and the type
of grain growth of the samples. The FESEM micrographs and the EDS
patterns of various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K are
illustrated in Figs. 4 and 5, respectively. The D of the samples are

calculated from these micrographs with the help of the following
equation [17]: =D L

XN
1.5 , where L is the total length of the test line in cm,

X symbolizes the magnification and N represents the total number of
intercept, and are presented in Table 1. We observed that the D in-
creases with increasing Sc3+ substitution up to x= 0.05 which could be
attributed to Sc3+ have higher ionic radius than Fe3+. For x= 0.07 the
D decreases because in this case significant amount of Sc3+ reside at the
grain boundaries which hamper the grain growth and may be increased
in strain on the grains [10], consequently, lead the D to decrease. The
surface elemental composition of the samples sintered at 1423 K was
investigated by EDS analysis. The EDS spectrum of the different samples
confirmed the presence of Ni, Cu, Zn, Sc, Fe and O elements. The EDS
spectrum was measured at different regions of the samples and it was
found that relatively higher amount of Sc resides at the grain bound-
aries for x= 0.07.

Complex initial permeability

Fig. 6 shows the variation of μi/ and μi// as a function of frequency
for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K. It is observed
that the μi/ decreases for x= 0.02, then it increases for x values up to
0.05 after that it decreases again for x= 0.07. It is also observed that
the μi// decreases with frequency and reached a minimum value at a
certain frequency, where the μi/ starts to decrease. The μi// appears
because of lagging of the domain walls motion with the applied alter-
nating magnetic field. The decrease in μi implies onset of ferromagnetic
resonance. The μi of ferrites is influenced by their intrinsic factors like
preferential site occupancy as well as extrinsic properties such as den-
sity, porosity and grain size [18]. Processing parameters also play a
crucial role to tune its characteristics. For polycrystalline ferrites, the μi
is the superposition of two different magnetizing processes [19]: (i) spin
rotation and (ii) domain wall motion. As μi is very sensitive to several
parameters so it is still challenging to obtain a precise conclusion for
variation of μi with concentration. Usually μi of ferrite obeys the fol-
lowing relation [10,20]: ∝μi

M D
K
s2

1
, where K1 is the magnetocrystalline

anisotropy constant. Fig. 7 illustrates that μi/ changes according to the
variation trend of Ms (discussed in Section “Magnetization”). When the
grain growth is normal then the μi would be proportional to D. Increase
in grain size results in an increase in the domain walls number in every
grain. As the domain walls movement regulates the μi so any in-
tensification in the domain walls number would consequence in an
increase in μi/ [15]. The increase in μi/ with Sc3+ substitution can be
attributed to the increase in D, which increases for increasing Sc con-
tent up to x= 0.05 as shown in Fig. 4. Decreasing in the μi/ of
Ni0.3Cu0.2Zn0.5Sc0.07Fe1.93O4 can be attributed to the ionic radii of Sc3+

may be greater than the lattice of spinel, so considerable Sc3+ find
difficulty to enter the spinel lattice, for this reason a significant amount
of Sc3+ reside at grain boundaries which hamper the mobility of grain
boundary as well as grain growth. Jiang, et al. [21] found the similar
result for Ca2+ in Mn-Zn ferrites. Consequently, the domain rotation
and domain wall motion become difficult which causes the decrease in
μi/. Density is inversely proportional to porosity. When density in-
creases then porosity decreases thus connectivity among grains in-
creases with increasing density. High connectivity among grains

Table 1
Data of lattice constant, the mean ionic radius of the variant ions, theoretical density, bulk density, porosity, average grain size, the distance between magnetic ions in
the A-sites, B-sites, shared sites of Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

x a0 (nm) r(variant) (nm) ρth (kg/m3)×103 ρB (kg/m3)× 103 P (%) D (μm) LA-A (nm) LB-B (nm) LA-B (nm)

0.00 0.84100 0.11000 5.33 4.91 8 10 0.36416 0.29733 0.34866
0.02 0.84080 0.11039 5.33 4.92 8 17 0.36407 0.29726 0.34857
0.04 0.84130 0.11078 5.32 4.88 8 20 0.36429 0.29744 0.34878
0.05 0.84180 0.11098 5.30 5.05 5 21 0.36451 0.29762 0.34899
0.07 0.84200 0.11137 5.29 4.82 9 18 0.36459 0.29769 0.34907

Fig. 2. Variation of the a0 and the r(variant) with respect to Sc content for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

Fig. 3. Variation of ρth, ρB and P (%) with respect to Sc content for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.
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facilitates magnetic flux flow which increases μi/.
Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 has the highest density as well as lowest
porosity at sintering temperature 1423 K as a result it shows the highest
μi/. It is found that μi/ remains almost constant up to resonance fre-
quency (fr) [22] and the relation between μi/ and fr obeys Snoek’s law
(μi/fr = constant) [23]. The μi/ shows decreasing trend with increasing
frequency because nonmagnetic impurities between grains and in-
tragranular pores function as pinning points at higher frequencies and
hamper the motion of spin and domain walls increasingly [24]. The
variation of μi/ with respect to Sc content, for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1373, 1423, 1473 and 1523 K, at
two fixed frequencies are shown in Fig. 8. The μi/ at two fixed fre-
quencies (1 kHz and 10 kHz) shows almost similar behavior.

Fig. 9(a) illustrates the variation of RQF with respect to frequency
for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K. For practical
applications RQF is often used as a yardstick to measure the perfor-
mance. From Fig. 9(a) it is observed that RQF increases with increasing
frequency and then it shows a peak at particular frequencies. After
showing a peak RQF starts to decrease with more increase in frequency.
RQF becomes higher may be due to the growth of less imperfections

and defects. Fig. 9(b) demonstrates the variation of tanδm with respect
to frequency for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.
The tanδm arises from lag of domain wall motion with respect to ap-
plied alternating magnetic field. It is attributed to several domain ef-
fects like non-uniform and non-repetitive domain wall motion, nu-
cleation and annihilation of domain wall, domain wall bowing,
localized variation of flux density [10,25].

Magnetization

Fig. 10 shows the variation of magnetization (M) with respect to the
applied magnetic field (H), recorded by VSM at room temperature
(300 K), for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K. It is
observed that all the samples show very narrow hysteresis loop which
implies the behavior of soft magnetic materials. The Ms is determined
by extrapolating the magnetization curve to H=0. The number of Bohr
magneton (nB) is determined by the following relation: = ×

×nB
M M
N μ

A S
A B

,
where μB is the Bohr magneton (=9.27× 10−21 emu). The calculated
values of nB is tabulated in Table 2. The M of ferrites strongly depends

Fig. 4. The FESEM micrographs of various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.
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on their intrinsic factors like preferential site occupancy as well as ex-
trinsic properties like microstructure, density, porosity [9]. According
to Neel’s theory [26], the M is equal to the magnetization of octahedral
sublattice (MB) minus the magnetization of tetrahedral sublattice (MA),
i.e. M= (MB−MA), and generally MB is greater than MA. The variation
of Ms with the substitution of Sc3+ in Ni-Cu-Zn ferrites can be eluci-
dated based on the change in crystal structure and cation distribution.
Because of these changes there may be a variation of exchange inter-
actions between the ions at the octahedral (B) and tetrahedral (A) sites
in the crystallographic lattice, which may ultimately result in the
modification of Ms. It has been previously reported that Fe3+ (magnetic
moment= 5 μB) and Cu2+ (magnetic moment= 1.3 μB) can occupy
both A- and B-sites though they have preference for the B-sites, Ni2+

(magnetic moment= 2.3 μB) has a strong preference for B-sites, and
Zn2+ (non-magnetic) prefers the A-sites [27]. Therefore, the probable
cation distribution of the present ferrites might be written as follows:
(Zn2+0.5 Fe3+0.5 )A [Ni2+0.3 Cu2+0.2 Sc3+x Fe3+1.5−x]B O2+

4 , where the round () and
box [] brackets represent A- and B-sites, respectively. In this study, the
magnetic Fe3+ are substituted by the nonmagnetic Sc3+, which has
preference for the B-sites [28]. Being nonmagnetic and having pre-
ference for B-sites, Sc3+ would decrease the resultant M. However, we
observed decrease in Ms with substitution of Sc3+ in the place of Fe3+

for x=0.02, then it increases up to x= 0.05 and after that Ms

decreases for further substitution of Sc3+. This anomalous may be
elucidated by considering that the substitution of Sc3+ in place of Fe3+

drives some Ni2+ to migrate from B-sites to A-sites, might be for
x > 0.02. In this situation, some Fe3+, initially presented at A-sites, are
forced to move to B-sites which leads to increase in M of B sublattice,
consequently the resultant M increases. Rao et al. [29], Harris et al.
[30], Krishnan et al. [31] also reported the migration of a minor frac-
tion of Ni2+ into A-sites. More Fe3+ are possibly forced to move to B-
sites for higher concentration of Sc3+ (x > 0.05) doping. This will
decrease the exchange interaction between A- and B-sites and increase
the B-B exchange interaction. Such variation of exchange interactions
will allow the anti-parallel spin coupling, and consequently the mag-
netic moment of B sublattice will decrease. In addition, as Sc3+ has
preference for B-sites, so at higher concentration (x > 0.05) it will
decrease the resultant M because of its nonmagnetic behavior. Angadi
et al. [10] found the similar result of M for Sc3+ doped Mn-Zn ferrites.

Dielectric study

The dielectric properties of ferrites are affected by several factors,
like structural homogeneity, chemical composition, preparation
method, density, porosity, grain size, sintering temperature and atmo-
sphere, impurity levels etc. [9,18]. There is a similarity between the

Fig. 5. The EDS patterns of various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.
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mechanism of dielectric polarization in ferrites and electric conduction
which can be explained on the basis of electron hopping between Fe2+

and Fe3+ ions in the B-sites of spinel lattice [10]. Fig. 11 illustrates the
variation of real part of dielectric constant (ε/) with respect to fre-
quency, recorded by precision impedance analyzer at room tempera-
ture, for various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K. The ε/

was calculated using the following relation [18]: =ε C t
ε A

/ p

0
, where Cp

represents the capacitance of the disk-shaped sample, ε0 is the free
space permittivity. From Fig. 11 it is evident that at lower frequency
range (up to 105 Hz) ε/ decreases rapidly with increasing frequency but

at higher frequencies (above 105 Hz) it becomes constant and show
negligibly small values which is a good agreement with the Maxwell-
Wagner model [32]. At lower frequencies, ε/ shows the higher values
due to the space charge polarization formed at the grain boundaries
whereas at higher frequencies, ε/ becomes constant because of the in-
ability of electric dipoles to follow the alternating electric field.

AC resistivity

The AC resistivity of ferrites gives fundamental information asso-
ciated to the concentration of charge carriers at grain or grain bound-
aries, dielectric polarization of magnetic ions and intergranular tun-
neling of charge carriers across the grain boundary. Fig. 12 illustrates
the variation of ρAC with respect to frequency for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 at room temperature. The ρAC was calculated
using the following relation: =ρAC ε ε ω δ

1
tan E0

' , where ω is the angular

frequency and tanδE is the dielectric loss factor. From Fig. 12 it is ob-
served that at lower frequency range (up to 105 Hz) ρAC decreases with
increasing frequency but at higher frequencies (above 105 Hz) it be-
comes constant and shows negligibly small values. The resistivity me-
chanism in ferrites can be explained on the basis of electron hoping
between Fe2+ and Fe3+. The grains are low resistive materials whereas
the grain boundaries are high resistive materials. The grain boundaries
having high resistivity are more active at lower frequency region so the
hopping frequency of electron between Fe3+ and Fe2+ is less at lower
frequencies. With the increase in frequency of applied field, the grains
having low resistivity become more active, consequently, the hopping
frequency of electron between Fe3+ and Fe2+ enhance. As a result, the
ρAC gradually decreases with frequency whereas the AC electrical

Fig. 6. The variation of (a) μi/ and (b) μi// with respect to frequency for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

Fig. 7. The variation of Ms and μi/ with respect to Sc content for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

Fig. 8. The variation of μi/ with respect to Sc content for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1373, 1423, 1473 and 1523 K, (a) at
frequency 1 kHz and (b) at frequency 10 kHz.
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conductivity increases [33,34]. Ferrites having high density provide
high ρAC. The Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 sintered at 1423 K has the
highest density as well as lowest porosity as a result it shows the highest
ρAC.

In ferrites two metal ions existing at B-sites are closer than two
metal ions existing at different sites, one at A-sites and another one at B-
sites. Therefore, the probability of electron hopping between B-B sites is
greater than B-A sites. Hopping between A-A sites may not exist because
during sintering process some Fe2+ are formed and preferentially oc-
cupy B-sites only. It is expected that as Sc3+ prefer B-sites to A-sites, so
the doping will increase the resistivity linearly with increasing Sc
content which can be explained by the following arguments. Due to the
relative difference between the ionic radii of Sc3+ and Fe3+, the sub-
stitution of Sc3+ in place of Fe3+ will expand the bond length and unit
cell, and reduce the overlapping of orbitals, consequently, the hopping
probability will be reduced. And furthermore, Sc3+ does not contribute
in the conduction process rather increase the resistivity by blocking up
Fe2+ ⇔ Fe3+ pattern. However, the observed resistivity does not in-
crease linearly by obeying the above-mentioned reasons. The deviation
from linearity may be explained by assuming that at higher con-
centrations some Sc3+ may possibly occupy A-sites besides a large
portion of it going to B-sites, whereas for lower concentrations Sc3+

preferentially occupy B-sites [7].

Conclusions

In the present investigation, spinel type various polycrystalline
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 were synthesized by standard solid-state
reaction technique. The XRD measurements confirmed the single-phase
cubic spinel structure of the studied compositions. The a0 increases with
substitution of Sc3+ in the place of Fe3+ might be due to the larger
ionic radius of Sc3+ than the ionic radius of Fe3+. The ρth and ρB de-
crease with the increase of Sc content which could be attributed to Sc3+

has lower atomic weight than the atomic weight of Fe3+. Both μi/ and
Ms decrease for x= 0.02, then they increase for x values up to 0.05
after that they decrease again for x= 0.07. The μi/ increases with Sc3+

substitution might be due to the increase in D. The μi/ decreases for
higher value of x (x > 0.05) because in these circumstances some Sc3+

reside at grain boundaries which slow down the mobility of grain
boundary and grain growth. The Ni0.3Cu0.2Zn0.5Sc0.05Fe1.95O4 has the
highest ρB as well as lowest P at sintering temperature 1423 K conse-
quently it shows the highest μi/ because high connectivity among grains
facilitates magnetic flux flow. The variation of Ms is explained with the
help of change in crystal structure and cation distribution as a result of
Sc3+ substitution. The ε/ shows a good agreement with the Maxwell-
Wagner model. It is observed that at lower frequency range (up to
105 Hz) ρAC decreases with increasing frequency but at higher fre-
quencies (above 105 Hz) it becomes constant and shows negligibly
small values because of the variation of hopping frequency of electron
between Fe3+ and Fe2+ in different frequency ranges. The investigated
spinel ferrites are soft magnetic materials with high saturation mag-
netization, have high initial permeability and low loss, high resistivity,
and high dielectric constant, which make them significant in various
practical applications.
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Fig. 9. The variation of (a) RQF and (b) tanδm with respect to frequency for
various Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

Fig. 10. The variation of M with respect to H at room temperature for various
Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

Table 2
Data of saturation magnetic field, saturation magnetization and number of Bohr
magneton of Ni0.3Cu0.2Zn0.5ScxFe2−xO4 sintered at 1423 K.

x Hs (A/m)× 105 Ms (Am2/kg) nB (μB)

0.00 3.191 61 2.6
0.02 2.393 55 2.3
0.04 2.393 72 3.1
0.05 3.989 79 3.4
0.07 2.393 67 2.9
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Abstract 

Ferrites are fascinating materials with remarkable electromagnetic properties, and their 

functions can be tuned and regulated by doping foreign atoms, and they participate in a 

wide variety of technologically important applications due to their high resistivity and 

negligible eddy current loss. In this project various NiCuZnSc ferrite materials have been 

prepared by standard solid-state reaction technique. The composition powders were 

calcinated for a duration of 5 h in air at 900 ˚C and the samples were sintered at 1000-

1300 ˚C for 5 h in air atmosphere. The X-ray diffraction measurements confirmed the 

single-phase cubic spinel structure of these compositions. The effect of compositional 

variation on structural, morphological and electromagnetic properties of Scandium (Sc3+) 

doped Ni-Cu-Zn ferrites was investigated. Surface morphology, microstructure and 

compositional materials were investigated using Scanning Electron Microscopy (SEM) 

and Energy Dispersive X-ray (EDX) spectroscopy. The addition of Sc3+ in Ni-Cu-Zn 

ferrites increases the density by decreasing porosity. The permeability increases due to 

Sc3+ substitution up to a certain level. The doping of Sc3+ affects the magnetic parameters 

may be by alteration of the cation distribution.  
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