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ABSTRACT 

Combining different physical properties into one material is promising for the creation 

of multifunctional materials. AlFeO3 (AFO) and Al(Fe0.98Mn0.02)O3 (AMFO), lead-free 

perovskite materials, have been synthesized by solid-state reaction technique using 

planetary ball milling process, and their structural, electrical, and magnetic properties 

were investigated by X-ray diffraction (XRD) technique, Field emission scanning 

electron microscope (FESEM), Vibrating sample magnetometer and impedance 

analyzer. XRD analysis shows that synthesized samples have rhombohedral symmetry 

with space group R-3c. FESEM image shows that grains are segregated into different 

clusters with a size distribution from 183 to 320 nm. All the samples display a 

decreasing trend in the real and imaginary part of the dielectric constant with increasing 

frequency which is due to the reduction of space charge polarization. At higher 

frequencies, dielectric loss is low due to inhibition of domain wall motion. At room 

temperature, the initial increase in the real part of permeability (µ′) is attributed to the 

combined effect of magnetic dipolar orientations and spin rotation. At 77 K, sudden 

falls of µ′ originate from the damping mechanism of spins. The imaginary part of 

permeability decreases exponentially with increasing frequency. In DC magnetization 

measurements, both AFO and AFMO show antiferromagnetic nature at room 

temperature. 

  

 

 

  

 

 

 

 

 

 



VII 
 

CONTENTS 

                                                                                                                                               

Acknowledgments V 

Abstract VI 

Contents VII 

List of Figures X 

List of Tables XII 

List of Symbols and Abbreviations XIII 

  

1. INTRODUCTION  

1.1 Introduction 1 

1.2 Motivation 2 

1.3 Objectives 3 

1.4 Outline of the Thesis 3 

  

 

 

2. LITERATURE REVIEW AND THEORETICAL ASPECTS  

2.1 Review of Earlier Works 4 

2.2 Theoretical Aspects 7 

2.2.1 Multiferroics 7 

2.2.2 Origin of multiferroicity 8 

2.2.3 Applications of multiferroics 8 

2.2.4 Multiferroic composites 9 

2.2.5 Ferroelectricity 9 

2.2.6 Structure of ferroelectric materials 10 

2.2.7 Perovskite structure 10 

2.2.8 Properties of perovskite materials 11 

2.2.8.1 Applications 11 

2.2.9 Magnetoelectric effect 12 

2.2.10 Magnetodielectric effect 13 

2.2.11 Magnetic properties 13 

2.2.12 Magnetic materials 15 

2.2.13 Mechanism of permeability 16 



VIII 
 

2.2.14 Electric properties 17 

2.2.14.1 Dielectric properties 17 

2.2.15 Dependence of dielectric properties on various factors 17 

2.2.15.1  Dependence of dielectric properties on frequency 18 

2.2.16 Factors affecting dielectric losses 18 

2.3 Magnetic and Dielectric  Parameters 19 

2.3.1 Magnetization 19 

2.3.2 Permeability 19 

2.3.3 Dielectric parameters 21 

2.3.3.1 Dielectric constant 21 

2.3.3.2 Dielectric loss 21 

2.3.3.3 Electrical impedance  23 

2.4 Properties of AlFeO3 24 

2.4.1 Structural, magnetic, dielectric, and related properties of AlFeO3 24 

2.4.2 AlFeO3 as a multiferroic material 25 

2.4.3 AlFeO3 as a perovskite material 25 

2.4.4 Effect of Mn doping 

 

26 

     

3. MATERIALS AND METHODS 

3.1 Solid-State Reaction Technique 28 

3.1.1 Ball milling process 28 

3.1.2 Synthesis of samples for the present research 29 

3.2 Structural Properties Measurements 31 

3.2.1 X-ray diffraction technique 31 

3.2.2 Field emission scanning electron microscopy 32 

3.3 AC Electrical and Magnetic Properties Measurements 32 

3.4 DC Magnetic Properties Measurements 32 

3.4.1 Vibrating sample magnetometer 32 

3.4.1.1 Calibration of vibrating sample magnetometer 33 

 

 

 

   

 

 



IX 
 

 

 

 

 

 

 

 

4. RESULTS AND DISCUSSION  

4.1 Structural Properties 34 

4.1.1 X-ray diffraction analysis 34 

4.1.2 Morphological analysis 36 

4.2 AC Electrical Properties 38 

4.2.1 The real part of dielectric constant  38 

4.2.2 The imaginary part of the dielectric constant 40 

4.2.3 Dielectric loss  41 

4.2.4 Impedance  42 

4.3 AC Magnetic Properties  44 

4.3.1  The real part of permeability  44 

4.3.2 The imaginary part of permeability  46 

4.3.3 Magnetic loss  49 

4.3.4 Magnetic modulus 50 

4.3.4.1 The Real part of the magnetic modulus 50 

4.3.4.2 The imaginary part of the magnetic modulus 52 

4.3.4.3 Nyquist plot of magnetic modulus 54 

4.4 DC Magnetic Properties 

 

55 

     

5. CONCLUSIONS  

5.1 Summary 57 

5.2 Suggestions for future work 

 

59 

 References 

 

60 

 Appendix  70 



X 
 

List of Figures 

 

Fig. 2.1 Relationship between magnetically polarizable and electrically 
polarizable materials to multiferroics and magnetoelectrics. 
 

       7 
 

Fig. 2.2 Relationship between magneto dielectrics and multiferroics. 
 

     13  

Fig. 2.3 Schematic illustrations of spin interactions for (a) paramagnetic, (b) 
ferromagnetic ordering, (c) antiferromagnetic ordering, (d) canted 
antiferromagnet (or weak ferromagnet), and (e) ferrimagnetic ordering. 
 

     14      

Fig. 2.4 a) Hysteresis loop and b) magnetization as a function of temperature for a 
typical ferromagnetic material. 
 

15 

Fig. 2.5 a) Arrangements of magnetic moments and b) variation of susceptibility 
and inverse susceptibility with temperature for an antiferromagnetic 
material. 
 

16 

Fig. 2.6 Equivalent circuit diagrams: a) capacitive cell, b) charging and loss 
current, and c) loss tangent. 
 

22 

Fig. 2.7 Magnetic properties oriented in [111] direction. 
 

24 

Fig. 2.8 R-3c rhombohedral perovskite unit cell. 
 

26 

Fig. 3.1 Ball milling machine. 
 

29 

Fig. 3.2 (a) Disk and toroid shaped samples and  (b) uniaxial press machine 
 

30 

Fig. 3.3 Vibrating sample magnetometer (a) schematic and (b) experimental set-
up 
 

33 

Fig. 4.1 X-ray diffraction patterns of AFO, AFMO compositions ball-milled for 3 
hours and 8 hours. 
 

35 

Fig. 4.2 The microstructure of AFO, AFMO compositions ball-milled for 3 hours 
and 8 hours. 
 

37 

Fig. 4.3 The frequency-dependent real part of the dielectric constant of AFO, 
AFMO compositions ball-milled for 3 hours and 8 hours. 
 

39 

Fig. 4.4 The frequency-dependent imaginary part of the dielectric constant of 
AFO, AFMO compositions ball-milled for 3 hours and 8 hours. 
 

41 

Fig. 4.5 The frequency-dependent dielectric loss of AFO, AFMO compositions 
ball-milled for 3 hours and 8 hours. 
 

42 

Fig. 4.6 Impedance as a function of frequency for AFO, AFMO compositions 
ball-milled for 3 hours and 8 hours. 

43 



XI 
 

 
Fig. 4.7 The real part of relative permeability as a function of the frequency of 

AFO, AFMO compositions ball-milled for 3 hours and 8 hours and 
measured at room temperature. 
 

45 

Fig. 4.8 The real part of relative permeability as a function of the frequency of 
AFO, AFMO compositions ball-milled for 3 hours and 8 hours and 
measured at temperature 77 K. 
 

46 

Fig. 4.9 The imaginary part of relative permeability as a function of the frequency 
of AFO, AFMO compositions ball-milled for 3 hours and 8 hours.  
 

48 

Fig. 4.10 Frequency-dependent magnetic loss of AFO, AFMO compositions ball-
milled for 3 hours and 8 hours and measured at room temperature. 
 

49 

Fig. 4.11 Frequency-dependent magnetic loss of AFO, AFMO ball-milled for 3 
hours and 8 hours respectively at temperature 77 K. 
 

50 

Fig. 4.12 Variation of the real part of magnetic modulus with the frequency of 
AFO, AFMO compositions ball-milled for 3 hours and 8 hours and 
measured at room temperature. 
 

51 

Fig. 4.13 Variation of the imaginary part of magnetic modulus with the frequency 
of AFO, AFMO compositions ball-milled for 3 hours and 8 hours and 
measured at room temperature. 
 

53 

Fig. 4.14 Nyquist plot for (a) AFO, AFMO compositions ball-milled for 3 hours 
and (b) AFO, AFMO compositions ball-milled for 8 hours and measured 
at room temperature. 
 

54 

Fig. 4.15 Effect of Mn doping on M-H loop of AFO, AFMO compositions ball-
milled for 3 hours respectively. 
 

56 

Fig. 4.16 Effect of Mn doping on M-H loop of AFO, AFMO compositions ball-
milled for 8 hours respectively. 
 

56 

 

 

 

 

 

 

 

 

 

   



XII 
 

List of Tables 

 

4.1 The crystal structure, cell parameters, volume and crystallite size of 
Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) compounds ball milled for 3 hours 
and 8 hours. 
 

       35 
 

4.2 Grain size of the compositions Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) ball 
milled for 3 hours and 8 hours. 
 

36 

4.3 Characteristic frequency and characteristic relaxation time constant for 
the samples AFO-3hrs., AFO-8hrs., AFMO-3hrs. and AFMO-8 hrs. 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XIII 
 

List of Symbols and Abbreviations 

 

AFO 

AFMO 

Aluminum Iron Oxide 

Manganese Doped Aluminum Iron Oxide 

ME Magnetoelectric 

AFM Antiferromagnetic 

XRD 

λ 

X-ray Diffraction 

X-ray Wavelength 

FESEM Field Emission Scanning Electron Microscopy  

VSM Vibrating Sample Magnetometer 

ɛ 

ɛ0 

Dielectric Constant 

Permittivity in Free Space 

Tan  

Z 

µ′ 

μʺ 

Mm' 

Mmʺ 

NPS 

C 

C0 

Ω 

Dielectric Loss 

Impedance 

Real Part of Permeability 

Imaginary Part of Permeability 

Real Part of Magnetic Modulus 

Imaginary Part of Magnetic Modulus 

Nanoparticles 

Capacitance with Material 

Capacitance in Free Space 

Angular Frequency 

H Magnetic Field 

M 

Z 

K 

Magnetization 

Impedance 

Kelvin 



1 
 

 

1. INTRODUCTION 

 
1.1 Introduction 

Recently, the perovskite-type oxide materials exhibiting Ferro or antiferromagnetic and 

ferroelectric orderings known as multiferroics, have gained significant scientific and 

technological attention [1, 2, 3]. ABO3 type perovskites are of abiding interest to both 

experimentalists and theoreticians due to their practical applications in catalysis, 

sensing, magnetoresistance devices, and spintronics [4-7]. It is well-known that AlFeO3 

(AFO) is a perovskite-type oxide material and displays piezoelectric, magnetoelectric 

(ME), and ferromagnetic properties at low temperatures [8, 9]. For environmental and 

public health safety reasons, the researchers and manufacturers of devices are 

increasingly interested in reducing or even in extreme cases, eliminating the heavy 

metals from these materials i.e., in producing lead–free materials. The magnetic 

ordering in AFO is due to the metal-oxygen-metal antiferromagnetic super-exchange 

interactions [10, 11]. Therefore, the AFO material has attracted extensive attention 

because of its potential applications in ME sensors and transistors on account of its 

special magnetic ordering [12, 13]. Another attractive feature is its environment-friendly 

nature as compared to other lead-based perovskite-type oxide materials [14]. In 

designing functional devices, a clear knowledge of the structural, electrical, and 

magnetic properties is essential. AFO is a lead-free ABO3 type perovskite material. In 

AFO, the Al and Fe atoms, respectively occupy the A and B positions of the standard 

ABO3 perovskite. Thus, the Fe atom is having six-fold coordination inside the oxygen 

octahedra of perovskite [15]. AFO is expected to exhibit some properties similar to 

Al2O3 or Fe2O3, as it is derived from Fe2O3 by the substitution of one Fe3+ by Al3+ to 

form a rhombohedral structure [11]. AFO was found to exhibit ferroelectric relaxor and 

magnetic spin-glass behavior with a weak ferromagnetic ordering [16]. ABO3 type 

perovskite oxides with B-site doping have been extensively studied to optimize relevant 

physical properties such as ferroelectricity, superconductivity, and ferromagnetism in 

the product phases [17-21]. B cations are known to be substantial determinants of the 

physical properties of the ABO3 system. One of the recent developments in this family 

of perovskite oxides is the discovery of ferroelectricity and magnetic ordering in 

AlFeO3 material [22, 23]. It is noted that a small amount of Mn doping can not only 
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increase the resistivity, dielectric and piezoelectric properties but also significantly 

improve its magnetic properties. 

The search for multi-functionalities in a single-phase material is a subject that has been 

lead to many fundamental and applied studies. Due to the various unexploited aspects in 

structural, electrical, and magnetic properties in Mn-doped AlFeO3 compositions, this 

work aims to discuss the structural, electrical, and magnetic properties in these 

compositions. 

 

1.2 Motivation 

Multiferroics and ME materials are gaining modern technological importance in recent 

years [1, 2]. This is because they have potential applications in areas where 

(anti)ferroelectric and (anti)ferromagnetic materials are extensively employed [3, 4]. 

Natural single-phase multiferroic are rare, and their ME responses are either relatively 

weak or occur at a temperature too low for practical applications. Though conventional 

knowledge about ferroelectricity and ferromagnetism reveals their mutually exclusive 

nature, as this century unfolds, there have been numerous reports in which 

ferroelectricity arises due to unconventional reasons [5]. This has indeed opened up 

doors for research in this area, both experimental and theoretical. Many of the materials 

neglected in the past, demand reinvestigation. Multiferroic and the ME effect provide a 

rich area for exploring fundamental science. In this work, It is basically looked into the 

Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) compositions. There are a few experimental reports 

on the preparation and physicochemical properties of the rhombohedral AlFeO3 based 

compositions. This is the motivation for this study on the structural, electrical, and 

magnetic properties of rhombohedral structured AFO.  The lead-free AFO-based 

compounds are attractive multiferroic materials, as those present piezoelectricity and 

ferrimagnetism at low temperatures [6]. There have been previous reports about these 

compositions but these are scattered and are not consolidated. So, a detailed study of the 

structural, dielectric, and magnetic properties of these compositions is conducted. In this 

project, a high-energy planetary ball milling technique is used to prepare              

Al(Fe1-xMnx)O3 (x = 0.00, 0.02) compounds by crushing, grinding, and milling the 

appropriate amount of raw oxide materials Al2O3, Fe2O3, and MnO2 together. Ball 

milling boasts several advantages over other systems: the cost of installation and 
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grinding medium is low, it is suitable for both batch and continuous operation, and 

applicable for materials of all degrees of hardness. 

 

1.3 Objectives 

The main objectives of this research are as follows: 

  Synthesis of Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) compositions using the 

planetary ball milling technique at different time durations. 

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

lattice parameters of various samples. 

  Investigation of surface morphology and microstructural analysis using Field 

Emission Scanning Electron Microscopy (FESEM). 

  Measurement of magnetization as a function of the magnetic field at room 

temperature by using Vibrating Sample Magnetometer (VSM). 

  Investigation of frequency-dependent dielectric properties. 

  Measurement of complex initial permeability as a function of frequency at 

different temperatures. 

  Investigation of the effect of Mn doping on structural, electrical, and magnetic 

properties of the samples. 

 

1.4 Outline of the Thesis 

The summary of the thesis is as follows: 

In chapter 1, the introduction, motivation, objectives, and outline of the thesis are given. 

In chapter 2, literature review, theoretical backgrounds are presented and different 

parameters which are analyzed are described in detail.    

In chapter 3, the methodology in sample preparation and the characterization techniques 

that are used for different investigations are presented. 

In chapter 4, the result and discussion of the research work are presented in detail. 

In chapter 5, conclusions and suggestions for future work are presented. 
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2. LITERATURE REVIEW AND THEORETICAL ASPECTS 
 

2.1 Review of Earlier Works 

In the first half of the twentieth century, several major studies have been done by 

different researchers in different parts of the world for the development of magnetic 

materials began in Japan by researchers Kato et al. in the 1930 and by J. Snoek of the 

Philips Research Laboratories in the period 1935-45 in the Netherlands. In 1948, the 

Neel theory of ferromagnetic provided the theoretical understanding of this type of 

magnetic material [24]. Nowadays the research interest for the magnetoelectric 

compounds has been rekindled [1, 25-28], mainly due to the report of Kimura et al., 

[29] on the existence of the magnetoelectric effect in the frustrated-spin TbMnO3 

compound. 

Literature reviews on AFO compositions and the doping effect in AFO materials have 

been studied extensively to give a broad idea about the structural, magnetic, and 

electrical properties of AFO based compounds. 

Much work has been done to enhance the multiferroic properties of AFO. 

Schieber et al. [9] studied the Al2-xFexO3 family of oxides and concluded that the 

orthorhombic phase is stable in the range (x = 0.6 - 1.0). He also reported these oxides 

to be piezoelectric and magnetized in them to be composed of two non-equivalent sites 

having opposite magnetic moments. 

Saha et al. [10] have investigated AFO, GaFeO3 as well as oxides of the composition 

Al1-x-yGaxFe1+yO3 (x=0.2, y=0.2) for possible ferroelectricity by carrying out 

pyroelectric measurements. 

Santos et al. [16] investigated the synthesis and ferroic properties of AFO based 

ceramics. They milled stoichiometric proportions of the precursor’s α-Fe2O3 and α-

Al2O3 and sintered to obtain AFO ceramics. 

Tyagi et al. [30] have deposited thin films of a lead-free magnetoelectric compound 

AFO using a pulsed laser deposition technique. They observed that the polycrystalline 

AFO film showed a strong magnetoelastic coupling. 
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Shirolkar et al. [31] reported the preparation of a rhombohedral phase (space group R3c) 

AFO nanoparticles (NPS) and their magnetic and ferroelectric properties. They prepared 

AFO NPS by sol-gel route followed by annealing at 700 °C. They observed that the 

NPS showed antiferromagnetic nature at room temperature and weak ferroelectric 

properties near room temperature. 

Qiang Li et al. [32] synthesized perovskite-type AFO powders by a modified 

polyacrylamide gel route using different chelating agents at different pHs. From their X-

ray diffraction and Raman results, they observed that the AFO powders synthesized 

with oxalic acid were rhombohedral structured, while the AFO powders fabricated by 

using the other chelating agents exhibited orthorhombic structure. They also observed 

from the scanning electron microscopic images that the particle size of samples with 

rhombohedral structure is larger than that of the samples with orthorhombic structure. 

Wang et al. [33] prepared AFO powders by a modified polyacrylamide gel method and 

studied their thermal expansion and photoluminescence properties. Their X-ray 

diffraction analysis indicated that the as-synthesized AFO has the same structure as α-

Fe2O3 without the presence of any other impurities. 

Rao et al. [34] have deposited x-AFO (0.5 ≤ x ≤ 1) epitaxial thin films with low leakage, 

on SrTiO3 <111> substrates by Pulsed Laser Deposition technique. They confirmed 

room temperature ferrimagnetism of the films from the magnetic measurements. Their 

First principle calculations suggested that ferroelectric domain switching occurs through 

the shearing of in-plane oxygen layers, and predicted a high polarization value of 24 

μC/cm2. 

Hamasaki et al. [35] tried to grow epitaxial AFO films on SrTiO3 (111) substrates by the 

pulsed laser deposition technique. Their Piezoresponse force microscopy measurements 

clearly showed that GaFeO3-type AFO films have ferroelectricity at room temperature. 

They also observed AFO film showing pinched-like hysteresis loop with TN ~ 317 K. 

Kumar et al. [36] determined the nature of coupled phonons and magnetic excitations in 

AFO using inelastic light scattering from 5 to 315 K covering a spectral range from 100 

to 2200 cm-1 and complementary first-principles density functional theory-based 

calculations. 
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Shirolkar and Wang et al., [37] synthesized high purity AFO nanoparticles by chemical 

route to investigate electrical and magnetic properties. 

Mohamed and Fuess et al. [38] have doped Mn3+ in the Fe3+ site and found that 

transition temperature, saturation magnetization, and coercivity decreased. They have 

attributed this to the antiferromagnetic coupling between Mn3+ and Fe3+ ions. 

Nagai et al. [39] have reported the corundum (R-3c) phase being stabilized at high 

pressures. 

An important report comes from the experimental work of Bouree et al., [40], wherein 

they reported the synthesis and detailed study of the crystal structure of AFO. They also 

studied the magnetic structure of piezoelectric, ferromagnetic, and magnetoelectric 

properties of AFO from neutron powder diffraction and had found that this compound 

has four different cation sites which have octahedral and tetrahedral packing of oxygen 

atoms. They have found tetrahedral packing responsible for the piezoelectricity in this 

oxide. Fe3+ moment calculated by them turned out to be 3.4 ± 0.3 μB which was lower 

than expected. They had attributed this to the disordered occupancy of cations in the 

system. 

Yuan et al. [41] analyzed the AFO and TiO2 nanocomposite photocatalysts through X-

ray diffraction patterns and predicted that the optical band gap of AFO to be ~2.1 eV.  

Remeika et al. [21] reported that AFO is isomorphous with GaFeO3. 

Han et al. [42] showed that GaFeO3 is isostructural to AFO and nanoparticles with 

different grain sizes affect the site disorder and as a consequence, the magnetic 

properties are influenced. 

Brown et al. [43] measured the lattice constants and recorded the Mossbauer spectra for 

α-Al2O3 samples containing Fe3+ ions. 
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2.2 Theoretical Aspects 

2.2.1 Multiferroics  

Multiferroics were defined as materials that simultaneously possess two or more of the 

so-called ‘Ferroic’ order parameters such as ferroelectricity, ferromagnetism, ferro-

elasticity, etc. [44]. Nowadays, multiferroics often refer to a combination of 

ferroelectricity and magnetism (ferromagnetism, anti-ferromagnetism) in one particular 

material. So, to place multiferroic materials in their appropriate historical context, one 

also needs to consider ME materials, in which an electric field modifies the magnetic 

properties and vice versa. Ferroelectricity also requires that the material should be 

crystallized in a non-centrosymmetric space group [2]. In multiferroics, the ferroelectric 

displacement is driven by the A-site cation, and the magnetism arises from a partially 

filled d shell on the B site [1]. 

Sometimes the definition of multiferroics is expanded by including non-primary order 

parameters, such as anti-ferromagnetism or ferrimagnetism i.e.; most of the multiferroic 

oxides reported are antiferromagnetic, with some of them exhibiting canted anti-

ferromagnetism or ferrimagnetism [2].  

Multiferroic materials are attractive not only because they have properties of both 

magnetic and ferroelectric compounds, but also the ME coupling gives an extra degree 

of freedom in device functionality. 

 

Fig. 2.1 Relationship between magnetically polarizable and electrically polarizable 
materials to multiferroics and magneto-electrics. 
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2.2.2 Origin of multiferroicity 

In general, the ME effect describes the coupling between electric and magnetic fields in 

matter. The origin of magnetism is the same in all insulating magnetic materials, the 

existence of localized electrons in partially filled d or f shells of a transition metal or 

rare-earth ions, which have a corresponding magnetic moment. However, the absence of 

d electrons is an advantage for ferroelectricity [45]. Most ferroelectrics are transition 

metal oxides where the noncentro symmetry arises from the shifting of cations and 

anions inside the crystal as the positive transition metal ions like to form ‘molecules’ 

with the negative oxygen ions. These movements are stabilized by the formation of 

covalent bonds from the hopping of electrons from filled oxygen shells to empty 

transition metal d shells. One suggestion is the possibility that transition metal ions with 

occupied d shells are too large to be displaced from the center of oxygen octahedral as 

commonly found in ferroelectric perovskite however there is not a systematic 

correlation when the size of the ions is investigated so this is probably not the deciding 

factor [46].  

 

2.2.3 Applications of multiferroics 

Besides a scientific interest in their physical properties, multiferroics have the potential 

for applications as actuators, switches, magnetic field sensors, or new types of 

electronic memory devices [47]. The main technological driver for the exploration of 

multiferroics is their potential for controlling magnetism using electric fields via their 

ME coupling. Such a capability could be technologically transformative since the 

production of electric fields is far less energy-intensive than the production of magnetic 

fields that are used in most existing magnetism-based technologies. 

Multiferroic composite structures in bulk form are explored for high sensitivity ac 

magnetic field sensors and electrically tunable microwave devices such as filters, 

oscillators, and phase shifters in which the ferri-, ferro-, or antiferromagnetic resonance 

is tuned electrically instead of magnetically. 

Multiferroics have been used to address fundamental questions in cosmology and 

particle physics [48]. In the first, the fact that an individual electron is an ideal 
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multiferroic, with any electric dipole moment required by symmetry to adopt the same 

axis as its magnetic dipole moment, has been exploited to search for the electric dipole 

moment of the electron. 

 

2.2.4 Multiferroic composites  

It remains a challenge to develop good single-phase multiferroics with large 

magnetization and polarization and strong coupling between them at room temperature. 

Therefore composites combined with magnetic and ferroelectric materials, either in 

layers or mixtures, with coupling provided by the interfaces between them, are an 

attractive and established route to achieving multiferroicity. Several multiferroic oxides 

have, however, been discovered in the past few years by novel operating mechanisms, 

the most effective one being ferroelectricity driven by magnetism itself. The 

multiferroic materials showing simultaneously magnetic and electric ordering in a single 

phase are relatively rare and their ME response is either relatively weak or occurs at a 

temperature too low for practical applications. The discovery of several monophasic 

multiferroic and ME oxides in the past few years, exhibiting magnetically driven 

ferroelectricity, is quite impressive. In some of the perovskite, the magnetic transition 

temperature and hence the ferroelectric transition temperature can be varied by tuning 

the constituent rare earth or transition metal ions, it may be possible to generate 

multiferroics operating over a wide range of temperatures. 

While most of the [45, 49-52] research on multiferroic and ME materials has focused on 

BiFeO3 and its limitations necessitate the need to examine other materials such as 

AlFeO3. There are indications in the earlier literature that both GaFeO3 and AlFeO3 are 

piezoelectric [53, 54], and a recent study reports the magnetodielectric effect in these 

oxides [11]. GaFeO3 and AlFeO3 are respectively ferroelectric and multiferroic. They 

are ferrimagnetic [23, 55], with interesting dielectric properties. 

 

2.2.5 Ferroelectricity 

Ferroelectricity is a characteristic of certain materials that have a spontaneous electric 

polarization that can be reversed by the application of an external electric field [56, 57]. 

Ferroelectric materials have characteristics of switchable macroscopic polarization. The 

https://en.wikipedia.org/wiki/Spontaneous_process
https://en.wikipedia.org/wiki/Polarization_density
https://en.wikipedia.org/wiki/Polarization_density
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formal definition of a ferroelectric material undergoes a phase transition from a high-

temperature phase that behaves as an ordinary dielectric to a low-temperature phase that 

has a spontaneous polarization whose direction can be switched by an applied field. 

Ferroelectric materials exhibit a wide spectrum of functional properties, including 

switchable polarization, piezoelectricity, high non-linear optical activity, pyroelectricity, 

and non-linear dielectric behavior. These properties of ferroelectric materials are crucial 

for application in electronic devices such as sensors, microactuators, infrared detectors, 

microwave phase filters, and non-volatile memories. 

 

2.2.6 Structure of ferroelectric materials 

The most important structure of ferroelectric ceramics is given below: 

 (1) Perovskite type 

 (2) Tungsten-Bronze type 

 (3) Spinal structure (Layered structure) 

 (4) Pyrochloro type 

Among these, perovskite ferroelectric ceramic oxides are the most studied because of 

their wide variety of technological applications. 

 

2.2.7 Perovskite structure 

The perovskite structure type is one of the most frequently encountered in solid-state 

inorganic chemistry. A perovskite has the same type of crystal structure as calcium 

titanium oxide (CaTiO3) with oxygen in the edge centers [58]. The general formula for 

perovskite structure is ABO3, where ‘A’ and ‘B’ are two cations of very different sizes. 

The ‘A’ atoms are larger than the ‘B’ atoms. The most common perovskite compounds 

contain oxygen. In the ideal cubic unit cell, 12-coordinated A-site cations sit on the 

corners of the cube, octahedral O ions on the faces, and the B ion is in the center of the 

octahedral cage. Due to the flexibility of the corner-sharing octahedra, the perovskite 

structure can be easily distorted to accommodate a wide range of valence states on both 

the A- and B- sites by expanding, contracting the lattice, or by rotating the bond angles. 
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The perovskite crystal structure has corner connected BO6 octahedra and 12 oxygen 

coordinated A cations, located in between the eight BO6 octahedra [59]. However, 

depending on the ionic radii and electronegativity of the A and B site cations, tilting of 

the octahedra takes place, which gives rice to lower symmetry structures. As seen from 

the crystal structure, B site cations are strongly bonded with the oxygen while A site 

cations have relatively weaker interactions with oxygen. The resulting symmetry of 

distorted perovskite could be tetragonal, orthorhombic, rhombohedral, or monoclinic 

[60]. 

 

2.2.8 Properties of perovskite materials 

From both the theoretical and the application point of view, perovskite materials exhibit 

many intriguing and interesting properties. The commonly observed features in this 

family are colossal magnetoresistance, ferroelectricity, superconductivity, charge 

ordering, spin-dependent transport, high thermopower, and the interplay of structural, 

magnetic, and transport properties. These compounds are used as sensors and catalyst 

electrodes in certain types of fuel cells [61] and are candidates for memory devices and 

spintronics applications [62]. Many superconducting ceramic materials (the high-

temperature superconductors) have perovskite-like structures. Perovskites could offer 

favorable band edge potentials which allow various photoinduced reactions [59]. 

 

2.2.8.1 Applications 

Perovskites are one of the most important families of materials exhibiting properties 

suitable for numerous technological applications [63]. The origin of such properties lies 

in the crystal structure of perovskites. Physical properties of interest to materials science 

among perovskites include superconductivity, magnetoresistance, ionic conductivity, 

and a multitude of dielectric properties, which are of great importance in 

microelectronics and telecommunication. In July 2016, a team of researchers led by Dr. 

Alexander Weber-Bargioni demonstrated that perovskite photovoltaic cells could reach 

a theoretical peak efficiency of 31% [64]. Perovskites can be good candidates for use in 

light-emitting diodes (LEDs) due to their high photoluminescence quantum efficiencies 

[65]. 
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2.2.9 Magnetoelectric effect 

The ME effect denotes any coupling between the magnetic and the electric properties of 

a material [66, 67]. The first example of such an effect was described by Wilhelm 

Röntgen in 1888, who found that a dielectric material moving through an electric field 

would become magnetized [68]. A material where such a coupling is intrinsically 

present is called a magnetoelectric. The ME effect was experimentally realized in Cr2O3 

in the 1960s [69-73]. Some promising applications of the ME effect are sensitive 

detection of magnetic fields, advanced logic devices, and tunable microwave filters 

[74]. ME effect in a single-phase compound can be described by Landau theory by 

expressing free energy of the system in terms of the magnetic field, electric field, and 

their cross-coupling terms as [52]: 

     - F(E, H) = ɛ˳ɛᵢⱼEᵢEⱼ +  μ˳μᵢⱼHᵢHⱼ + αᵢⱼEᵢHⱼ + EᵢHⱼH +  HᵢEⱼE + .…             (2.1)   

Here the first term describes the electric response of a material to the applied electric 

field where ɛ˳ is the permittivity of free space and ɛᵢⱼ is the relative permittivity. The 

second term describes magnetic response with μ˳ as the permeability of free space and 

μᵢⱼ as the relative permeability. The third term is for linear ME coupling and other terms 

are for higher-order couplings involved. To establish the ME effect, if we differentiate F 

concerning Eᵢ and set Eᵢ to zero, then we get Pᵢ as a function of Hⱼ as: 

                                             Pᵢ = αᵢⱼHⱼ +  HⱼH + …                                                (2.2) 

Similarly, differentiating F concerning Hᵢ and setting Hᵢ to zero gives Mᵢ as a 

function of Eⱼ as: 

                                              μ˳Mᵢ = αⱼᵢEⱼ +  EⱼEₖ + …                               (2.3) 

In many materials, linear ME coupling will be small due to smaller values of either 𝜺ᵢⱼ or 

μᵢⱼ or both. But this doesn’t prevent the existence of higher-order coupling terms like 𝜷ᵢⱼ 

or 𝜸ᵢⱼ. This so-called non-linear coupling is found mainly in materials with reduced 

dimensionality. 
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2.2.10 Magnetodielectric effect 

ME effects in materials are restricted by symmetry and hence in recent years, a more 

general term called magnetodielectric effect has been introduced. It was first suggested 

by Lawas et.al [75]. This describes a more generalized coupling and hence there are no 

symmetry constraints. Such materials show anomalies in dielectric constant/capacitance 

when an external magnetic field is applied. 

 

 

 

Fig. 2.2 Relationship between magnetodielectric and multiferroics. 

     

Research in multiferroics has reached a very interesting forefront wherein even 

centrosymmetric materials show interesting signatures of ferroelectricity due to local 

non-Centro-symmetry [76]. There has been coupling between electric and magnetic 

order parameters triggered externally by strain etc. [77]. There is also tremendous work 

done in the field of composites, in which one component is responsible for magnetism 

and the other for ferroelectricity. ME multiferroics with considerable coupling between 

electric and magnetic order parameters are also being realized in multiferroics in which 

ferroelectricity is magnetically induced [29, 78]. 

 

2.2.11 Magnetic properties 

The magnetic moment of a system measures the strength and the direction of its 

magnetism. Anything magnetic, like a bar magnet or a loop of electric current, has a 

magnetic moment. A magnetic moment is a vector quantity, with a magnitude and a 
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direction. An electron has an electron magnetic dipole moment, generated by the 

electron's intrinsic spin property, making it an electric charge in motion. There are many 

different magnetic behavior including para-magnetism, diamagnetism, ferrimagnetism, 

anti-ferromagnetism and ferromagnetism. An interesting characteristic of transition 

metals is their ability to form magnets. Metal complexes that have unpaired electrons 

are magnetic. Since the last electrons reside in the d orbitals, this magnetism must be 

due to having unpaired d electrons. The spin of a single electron is denoted by the 

quantum number ms and is negated when the electron is paired with another but creates 

a weak magnetic field when the electron is unpaired. 

All materials in nature possess a general form of diamagnetic response to an applied 

magnetic field [79]. There are several other magnetic phenomena present in some 

inorganic solids caused by unpaired electrons usually located on metal cations. The 

different effects for a schematic are shown in Fig. 2.4 [80]. 

 

             

 

Fig. 2.3 Schematic illustrations of (a) paramagnetic, (b) ferromagnetic, (c) 
antiferromagnetic, (d) canted antiferromagnet, and (e) ferromagnetic ordering, 

respectively. 
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2.2.12 Magnetic materials 

The first magnetic material known to mankind was loadstone (magnetite, Fe3O4) [81]. 

Magnetic materials are classified differently based on their response to the magnetic 

field. If these materials repel the external field then they are termed diamagnetic 

materials [82]. Materials whose moments are randomly oriented but tend to align in the 

direction of the field when an external magnetic field is applied are called paramagnetic 

materials.  

There is yet another class of compounds in which moments are coupled to each other 

through exchange forces. These materials exhibit magnetic domain structures. The 

magnetization will be uniform within each domain. Several of these domains arrange 

randomly giving a net zero magnetization in the absence of an external magnetic field. 

But when the magnetic field is applied they tend to magnetize spontaneously reaching a 

maximum value called saturation magnetization (Ms). Even after the removal of the 

field, these materials tend to retain the memory of the applied field, which is called the 

remanent magnetization (MR). These materials hence display a hysteretic behavior in an 

applied field. At very high temperatures exchange forces are overcome by thermal 

fluctuations and hence these materials behave paramagnetically above Tc. These 

materials known as ferromagnetic materials are characterized by a positive Weiss 

constant. 

 

 

Fig. 2.4 (a) Hysteresis loop and (b) variation of magnetization as a function of 
temperature for a typical ferromagnetic material. 
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There are some materials in which neighboring domains are arranged antiparallel to 

each other giving rise to a net-zero magnetic moment. These are called anti-

ferromagnetic materials (Fig. 2.7). These materials are magnetically ordered below TN 

and behave paramagnetically above this temperature with a negative Weiss constant. 

 

 
 

Fig. 2.5 (a) Arrangements of magnetic moments and (b) variation of susceptibility     
          and inverse susceptibility with temperature for an antiferromagnetic material. 

 

If the moments in the oppositely aligned sublattices are unequal then a weak 

ferromagnetic-like behavior remains. These materials are called ferrimagnetic materials. 

 

2.2.13 Mechanism of permeability 

The mechanisms of permeability can be explained as follows: A demagnetized magnetic 

material is divided into several Weiss domains separated by Bloch walls. In each 

domain, all the magnetic moments are oriented in parallel and the magnetization has its 

saturation value Ms. In the walls the magnetization direction changes gradually from the 

direction of magnetization in one domain to that in the next. The equilibrium positions 

of the walls result from the interactions with the magnetization in neighboring domains 

and the influence of pores; crystal boundaries and chemical inhomogeneity which tend 

to favor certain wall positions. 
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2.2.14 Electrical properties 

The investigations into electrical properties are essential for their use in various 

applications as dielectric behavior measurements; i.e., (dielectric constant, dielectric 

loss factor, impedance, etc.) as a function of frequency. 

 

2.2.14.1 Dielectric properties 

A material is classified as “dielectric” if it can store energy when an external electric 

field is applied. These properties are not constant; they can change with frequency, 

temperature, orientation, mixture, pressure, and molecule structure of the material. For 

most solids, there is no net separation of positive and negative charges; that there is no 

net dipole moment. The molecules of solids are arranged in such a way that the unit cell 

of the crystal has no net dipole moment. If such a solid is placed in the electric field 

then the field is induced in the solid which opposes the applied electric field. This field 

arises from the two sources, a distortion of the electron cloud of the atoms or molecules 

and a slight movement of the atoms themselves. The average dipole moment per unit 

volume induced in the solid is the electrical polarization and is proportional to the 

applied electric field. The polarizability (α) of the dielectric is defined by [83]: 

P = αE 

Where, P is the dipole moment induced by the local electric field, E. 

The complex permittivity relative to free space is represented as ɛ = εˊ- jεʺ, where εˊ is 

the dielectric constant and εʺ is the dielectric loss factor. The real part of permittivity 

represents the energy storage capability in the electric field in the dielectric material, 

and the imaginary part represents the energy dissipation capability of the dielectric by 

which energy from the electric field is converted into heat energy in the dielectric. 

Often, the loss angle of dielectrics is of interest, and the tangent of the loss angle δ is 

used, tan δ = εʺ/εʹ. 

 

2.2.15 Dependence of dielectric properties on various factors 

The dielectric properties of most materials vary with several influencing factors [84]. 

The dielectric properties also depend on the frequency of the applied alternating electric 
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field, the temperature of the material, and composition, and structure of the material. 

The dielectric properties of materials are dependent on the chemical composition and 

especially on the presence of mobile ions and the permanent dipole moments associated 

with molecules making up the material of interest. 

The dielectric constant is the property of a dielectric medium that determines the force 

of the electric charges that exert on the dielectric. The value of ′ also depends on 

several external factors, such as the frequency of the voltage applied to the dielectric, 

temperature, particle size, etc. 

 

2.2.15.1 Dependence of dielectric properties on frequency 

Except for some extremely low-loss materials, the dielectric properties of most 

materials vary considerably with the frequency of the applied electric fields. This 

frequency dependence has been discussed previously [84-86]. An important 

phenomenon contributing to the frequency dependence of the dielectric properties is the 

polarization, arising from the orientation with the imposed electric field of molecules 

which have permanent dipole moments. The mathematical formulation developed by 

Debye to describe the permittivity for pure polar materials [87] can be expressed as, 

 

Where, ω = 2πƒ is the angular frequency, ε∞ represents the dielectric constant at 

frequencies so high that molecular orientation does not have time to contribute to the 

polarization, εs represents the static dielectric constant, i.e., the value at zero frequency 

(dc value), and τ is the relaxation time in seconds, the period associated with time for 

the dipoles to revert to random orientation when the electric field is removed. 

  

2.2.16 Factors affecting dielectric losses 

tanδ is very sensitive to humidity. Hence the microwave measurements should be done 

in an air-conditioned room. The samples should be heated in a furnace to remove the 

moisture before starting the experiments. A low loss material, it should contain the 

lowest possible concentration of dipoles and charge carriers with the lowest possible 
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mobility. However, it is a fact that most technically important insulating materials are 

far from very pure and often contain deliberate or accidental admixtures of substances 

that are necessary for their processing. The disordered charge distributions in the crystal 

lattice also contribute to dielectric loss. Dielectric losses occur if the charge distribution 

in the crystal deviates from perfect periodicity. In 1964, Schlomann reported that in 

ionic non-conducting crystals, the loss tangent increases when the ions are distributed 

disorderly in such a way that they break the periodic arrangement of atoms in the crystal 

[88]. The loss tangent depends strongly on the spatial correlation between charge 

deviations. He also reported that the loss tangent is negligible if the disordered charge 

distribution in the crystal maintains the charge neutrality within a short range of the 

order of lattice constant. 

 

2.3 Magnetic and Dielectric Parameters 

2.3.1 Magnetization 

Magnetization is the vector field that expresses the density of permanent or induced 

magnetic dipole moments in a magnetic material. The origin of the magnetic moments 

responsible for magnetization can be either microscopic electric currents resulting from 

the motion of electrons in atoms or the spin of the electrons or the nuclei. Net 

magnetization results from the response of a material to an external magnetic field, 

together with any unbalanced magnetic dipole moments that may be inherent in the 

material itself; for example, in ferromagnets. Magnetization is not always homogeneous 

within a body, but rather varies between different points. Magnetization also describes 

how a material responds to an applied magnetic field as well as the way the material 

changes the magnetic field and can be used to calculate the forces that result from those 

interactions. Physicists and engineers define magnetization as the quantity of magnetic 

moment per unit volume. It is represented by M. 

 

2.3.2 Permeability 

Permeability (μ) is defined as the proportionality constant between the magnetic field 

induction B and applied field intensity H: 

                                               B= μH                                                                            (2.4) 
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If the applied field is very low, approaching zero, the ratio is called the initial 

permeability (μi) and is given by, 

                                              μi = ∆B/∆H                                                                      (2.5) 

                                 Where  ∆H→0 

This simple definition needs further sophistication. A magnetic material subjected to an 

AC magnetic field can be written as, 

                                               H=H0eiwt                                                                        (2.6) 

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, 

                                               B=B0ei(wt-δ)                                                                     (2.7) 

Here δ is the phase angle that marks the delay of B with respect to H. μ is then given by, 

µ =  = B0ei(wt-δ) / H0eiwt =B0e-iδ/ H0 = (B0cosδ / H0) – (iB0sinδ / H0) = μ' - iμ"          (2.8) 

                             where,  μ' = B0cosδ / H0                                                                   (2.9)                                               

                                          μ"= B0sinδ / H0                                                                 (2.10)     

The real part (μ') of complex initial permeability (μ) represents the component of B 

which is in phase with H, so it corresponds to the normal permeability. If there are no 

losses, it should have μ = μ'. The imaginary part (μ") corresponds to that of B, which is 

delayed by phase angle 90° from H [89, 90]. The presence of such a component requires 

a supply of energy to maintain the alternating magnetization, regardless of the origin of 

delay. 

The curves that show the variation of both μ' and μ" with frequency are called the 

magnetic spectrum or permeability spectrum of the material [89]. The variation of 

permeability with frequency is referred to as dispersion. The measurement of complex 

permeability gives us valuable information about the nature of domain walls 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. 
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2.3.3 Dielectric parameters 

2.3.3.1 Dielectric constant 

The dielectric constant (ɛ') was determined using LCR Meter Bridge. For this purpose 

silver paint was applied on both sides of the pellets to make good contacts with 

conducting wires. The dielectric constant is given by the relation: 

                                      ɛ' =                                                                                           (2.11) 

Here, C is the capacitance of the material, ɛ˳ is the permittivity of the free space and has 

a value of (8.854×10-12 Fm-1), d is the thickness of the pellet in meters and A is the 

cross-sectional area of the flat surface of the pellet [91]. 

ɛ' is an intrinsic property of a material and a measure of the ability of the material to 

store electric charge relative to a vacuum. 

Capacitance is the ratio of the change in an electric charge in a system to the 

corresponding change in its electric potential. The capacitance is a function only of 

the permittivity of the dielectric material between the plates of the capacitor. It is clear 

from equation (2.9) that, the higher the ɛ' the higher the capacitance of the capacitor. 

This is the only variable left with the material scientist to increase the capacitance per 

unit volume value of capacitor for modern electronics applications. 

  

2.3.3.2 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 encountered in a theory of 

dissipation. Every type of dissipation (dielectric loss) is connected with the motions of 

charge carriers. 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. The occurrence of 

dielectric loss can generally be understood as follows: at very low frequencies the 

https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Electric_potential
https://en.wikipedia.org/wiki/Permittivity
https://en.wikipedia.org/wiki/Dielectric
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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 was placed between the capacitive cell and a dc voltage was applied, 

the current through the circuit would decay exponentially to zero with time. But this 

would not be the case if an alternating (sine wave) electric field was applied. 

For real dielectric material, the current I has two vector components, real IR and 

imaginary IC. 

 

 

Fig. 2.6 Equivalent circuit diagrams: a) capacitive cell, b) charging and loss current, and 
c) loss tangent. 

 

The condition of a loss (not so good) dielectric is illustrated in Fig. 2.10 as an equivalent 

circuit analogous to resistance in parallel with the capacitor. The current IC represents a 

(watt less) capacitive current proportional to the charge stored in the capacitor. It is 

frequency dependent and leads the voltage by 90°. On the other hand, the current IR is 

an 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 90°. The current in a 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 tanδ or loss tangent.  
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                          By definition, tanδ =   

Dielectric loss is often attributed to ion migration, ion vibration, deformation, and 

electric polarization. Ion migration is particularly important and strongly affected by 

temperature and frequency.   

 

2.3.3.3 Electrical impedance 

Electrical impedance is the measure of the opposition that a circuit presents to a current 

when a voltage is applied. The term complex impedance may be used interchangeably. 

Quantitatively, the impedance of a two-terminal circuit element is the ratio of the 

complex representation of a sinusoidal voltage between its terminals to the complex 

representation of the current flowing through it [92]. In general, it depends upon the 

frequency of the sinusoidal voltage. 

Impedance extends the concept of resistance to the AC circuit and possesses both 

magnitude and phase, unlike resistance, which has only magnitude. When a circuit is 

driven with direct current (DC), there is no distinction between impedance and 

resistance; the latter can be thought of as impedance with zero phase angle. 

The notion of impedance is useful for performing AC analysis of electrical networks 

because it allows relating sinusoidal voltages and currents by a simple linear law. In 

multiple port networks, the two-terminal definition of impedance is inadequate, but the 

complex voltages at the ports and the currents flowing through them are still linearly 

related by the impedance matrix [92]. 

Impedance is a complex number, with the same units as resistance, for which the SI unit 

is the ohm (Ω). Its symbol is usually Z. However, Cartesian complex number 

representation is often more powerful for circuit analysis purposes. Instruments used to 

measure the electrical impedance are called impedance analyzers. 
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2.4 Properties of AlFeO3 

2.4.1 Structural, magnetic, dielectric, and related properties of AlFeO3  

AFO is an ABO3 type perovskite material, which retains a collinear ferrimagnetic 

structure with Nèel temperature (TN) [15, 35]. The magnetic ordering in AFO is due to 

the metal-oxygen-metal antiferromagnetic superexchange interactions [10, 11]. In AFO, 

the Al and Fe atoms, respectively occupy the A and B positions of the ABO3 perovskite. 

Thus, the Fe atom is having six-fold coordination inside the oxygen octahedra of 

perovskite. Lacerda et al. [93] reported that the AFO is a weak ferromagnetic material 

and potential alternatives to develop magnetic or multiferroic devices. They also 

reported that the magnetism in R-3̅c structure was influenced by intrinsic cluster 

orientation within R-3̅c structure, hence α and β electrons are both oriented in the [1 1 1] 

direction as expected for these structures [94, 95]. Magnetic resultant is oriented along 

[1 1 1] direction of the unit cell. 

 

 
 

Fig. 2.7 Magnetic properties oriented in [1 1 1] direction [93]. 

 

AFO is expected to exhibit some properties similar to Al2O3 or Fe2O3, as it is derived 

from Fe2O3 by the substitution of one Fe3+ by Al3+ to form orthorhombic or 

rhombohedral structure [11]. It has been recently reported that AFO, shows FM 
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properties [10]. Kumar et al., [36] reported that AFO exhibits ferrimagnetism with a 

paramagnetic to FM transition temperature Tc ≈ 250 K [40, 96]. 

Saha et al. [97] concluded that, from the energies of the ferromagnetically and 

antiferromagnetically ordered states of AFO, it became clear that the AFM state is more 

stable than the FM one. 

The aluminum iron oxide (AlFeO3), a room temperature ferroelectric relaxor and 

magnetic spin-glass compound, emerges as a new single-phase lead-free material that 

can exhibit magnetoelectricity at room temperature [16, 22, 98]. Relaxors are materials 

with short-range polarization ordering and exhibit highly frequency-dependent dielectric 

properties [99]. 

 

2.4.2 AlFeO3 as a multiferroic material  

The lead-free AFO-based compounds are attractive multiferroic materials, as those 

present piezoelectricity and ferrimagnetism at low temperatures [9, 22, 23, 98]. Lead-

free AFO and AFO based composite materials offer a lower environmental impact 

(lead-free) and higher spontaneous magnetization in comparison to other lead-based 

multiferroics [100]. The attractive feature of AFO is its environment-friendly nature as 

compared to other lead-based multiferroics [36]. Vibrational properties which bear 

signatures of structure and magnetic orders are central to the ME behavior of many 

multiferroics. 

  

2.4.3 AlFeO3 as a perovskite material  

AFO is an ABO3 type perovskite material where Al and Fe atoms, respectively occupy 

the A and B positions [101]. The perovskite is a true engineering ceramic material with 

applications spanning energy production, environmental containment, and 

communications.  

However, in this study both the A and B cations adopt a trivalent state. For the 

A3+B3+O3 perovskite like AFO, the most symmetric structure is a rhombohedral 

structure with the space group R-3c, which involves a rotation of the BO6 octahedra 

concerning the cubic structure. Thus, the Fe atom is having six-fold coordination inside 
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the oxygen octahedra of perovskite and Al is in the inter-octahedral space. However, 

this distortion from the perfect cubic symmetry is slight [1 0 0].  

 

 
 

Fig. 2.8 R-3c rhombohedral perovskite unit cell. [102]. 
 

However, with decreasing A cation size, a point will be reached where the cations will 

be too small to remain in contact with the anions in the cubic structure. Therefore 

the B-O-B links bend slightly, tilting the BO6 octahedra to bring some anions into 

contact with the A cations. 

AFO is a well-known ABO3 type perovskite oxide material and exhibits a piezoelectric, 

ME, and FM effect at low temperatures [8, 9, 40, 98, 103, 104]. AFO exists in two 

different phases, orthorhombic and rhombohedral [15]. The perovskite-type oxide 

materials with a low thermal expansion are of great research interest due to their diverse 

applications from environmental emissions reduction to telecommunications 

applications [105]. Thus Fe is in six-fold coordination inside the octahedra and Al is in 

the inter-octahedral space. 

 

2.4.4 Effect of Mn doping 

Manganese is a particularly interesting element for substitution because it easily 

changes its oxidation state, furthermore, the ionic radii of Fe3+ and Mn2+ are 0.69 Å and 

0.67 Å which are practically identical [106]. Even though there are five 3d electrons and 
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an effective magnetic moment of μeff = 5.9 μB for both Fe3+ and Mn2+, the magnetic 

interaction is affected by the substitution [38]. When Mn is substituted for the Fe site, 

ferroelectric properties were observed to improve [107]. 

It is being thought that the advantage of Mn-doped AFO lies in that Mn possesses 

magnetic activity and the multivalent states of Mn ions enable the crystal to compensate 

for the charge. Mukherjee et al. reported that Y and Mn co-doping is a valid means to 

redress various problems relevant to devise application [108]. 
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3. MATERIALS AND METHODS 
 

3.1 Solid-State Reaction Technique 

To prepare the studied samples, a solid-state reaction technique has been used. The 

solid-state reaction method is well appreciated for the large-scale production of bulk 

ceramic powders. It requires low-cost precursors which are readily available and needs 

an easier preparation technique. This process starts with various solid compounds as 

raw materials. After stoichiometric calculation, the raw materials are mixed properly 

and ground by hand using a motor and vessel. The grinding times remain around 5-6 

hours. The sample wastage and contamination with organic and inorganic particles 

present in the atmosphere may occur during the grinding process and cautions should be 

taken to prevent it. After proper grinding, the sample is fired in a high-temperature 

furnace between 1000-1500°C for initial phase formation. Then several intermediate 

steps are needed to get the product sample. These steps are calcination, pelletization, 

and sintering. 

 

3.1.1 Ball milling process 

Mechanical ball milling is one of the most common operations in the processing of 

solids. The mechanical action of ball milling can release chemical reactions and the 

simplest effect of ball milling is size reduction. When magnetically ordered materials 

are milled then the small particle size results in the superparamagnetic relaxation 

phenomena. The initiation of solid-state reactions by ball milling offers interesting and 

technologically promising new possibilities. A particularly attractive area is the 

application of mechanochemical processing for low-temperature, solvent-free synthesis 

of inorganic materials. Milling is carried out to fulfill twofold purposes, one is to reduce 

the particle size and another is to mix the raw materials homogeneously. Both finer 

particles and homogeneity of raw powders ease the diffusion-controlled solid-state 

reactions. 
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Fig. 3.1 Ball milling machine 

 

Ball milling boasts several advantages over other systems: the cost of installation and 

grinding medium is low, it is suitable for both batch and continuous operation, and 

applicable for materials of all degrees of hardness. 

Here in this project, we used a high-energy planetary ball mill to prepare              

Al(Fe1-xMnx)O3 (x = 0.00, 0.02) compounds by crushing, grinding, and milling the 

appropriate amount of raw oxide materials Al2O3, Fe2O3 and MnO2 together.  

 

3.1.2 Synthesis of samples for the present research 

Al(Fe1-xMnx)O3 ceramics with x = 0.00 and 0.02 were prepared by standard solid-state 

reaction method. High purity of Al2O3, Fe2O3, and MnO2 was used for Al(Fe1-xMnx)O3 

(X=0.00 and 0.02). Appropriate amounts of reactants were weighed according to their 

stoichiometric proportions. The raw materials were weighed separately by using an 

electronic digital analytical balance and then well mixed and ground in an agate mortar 

for 3 hours using acetone as a mixing medium. Then the ground powders were pre-

calcined at 300°C for 30 minutes. After that, the powder samples were further ground by 

planetary ball mill for 3 hours and 8 hours respectively to make separate samples for 

comparative studies. Then the ball-milled samples were calcined at 400ºC for 4 hours 

and cooled to room temperature naturally. When room temperature was attained the 
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powders were re-grounded again for 30 minutes by adding a small amount of polyvinyl 

acetate (PVA) as a binder. Finally, the powders were pressed into pellets and rings using 

a uniaxial press.  

 

                                  

            

           

 

 

 

 

 

Fig. 3.2 (a) Disks and toroid shaped samples and (b) uniaxial press machine 

 

Pellets and rings were then inserted into the furnace for sintering. Sintering was done at 

1000°C for 12 hours to get an equal type of grain size and dipole moment orientation. 

The cooling process was natural in the air. The pellets and rings were then rubbed using 

fine sandpaper to have a smooth surface and both were ready for measurements. 

 

 

 

 

 

 

 

 

 

 

                               (a) 

 

                           (b) 
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The flow chart of the sample preparation process is shown below 

  

Selection of the raw materials for Al(Fe1-xMnx)O3 (where, x = 0.00 and 0.02) 

                                                                            ↓ 

Weighing by different mole percentage 

                                                                            ↓                    
Mixing by agate mortar 

                                              ↓ 

 Ball milling for 3 hours and 8 hours for comparative studies 

                                                                             ↓ 

Calcination at 400°C for 4 hours 

                                                                             ↓                         
  Regrinding and mixing for 30 minutes 

                                                                             ↓                     
  Pressing to get desired shapes 

                                                                             ↓       
  Pre-sintering at 500ºC for 1 hour 

                                                                             ↓    
  Sintering at 1000ºC for 12 hours 

                                                                             ↓               
 Prepared samples 

 

3.2 Structural Properties Measurements                                          

3.2.1 X-ray diffraction technique 

The XRD technique is commonly used in analytical characterization to gain 

crystallographic information of crystals. The main function of an XRD instrument is to 

determine the crystallographic structure, phase structure, atomic and molecular structure 

of crystalline materials. Since each material possesses its own unique XRD spectra, 

hence quantitative and qualitative analysis can be carried out from this technique. In the 



32 
 

 
 

XRD technique, the crystalline structure of crystalline material causes a beam of 

incident X-rays to diffract into many specific directions. Powder XRD is extensively 

used for the identification of phases by measuring the intensities and diffraction angles 

of these diffracted beams. 

                  

3.2.2 Field emission scanning electron microscopy 

FESEM is a widely used technique that provides topographical and elemental 

information at higher magnification with virtually unlimited depth of field. The FESEM 

is a type of microscopy that gives more clear and magnified images scanning with high-

energy electrons.  

 

3.3 AC Electrical and Magnetic Properties Measurements 

The study of dielectric properties concerns the storage and dissipation of electric and 

magnetic energy in materials [109, 110]. Dielectrics are important for explaining 

various phenomena in electronics, optics, solid-state physics, and cell biophysics. In this 

experiment, the dielectric properties were measured using a Wayne-Kerr 6500B 

Impedance Analyzer. The dielectric properties measurements on pellet and toroid-

shaped specimens were carried out as a function of frequency in the high-frequency 

range at room temperature and temperature 77 K, respectively. 

To measure dielectric properties, the pellet-shaped samples were polished properly to 

remove roughness or contamination of any other oxides on the surface during sintering, 

and samples were painted with conducting silver paste on both sides to ensure good 

electrical contacts. 

 

3.4 DC Magnetic Properties Measurements  

3.4.1 Vibrating sample magnetometer 

A VSM is a scientific instrument that measures the magnetic properties of materials. 

The vibrating component causes a change in the magnetic field of the sample, which 

generates an electrical field in a coil based on Faraday’s law of induction. 
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If the sample is placed within a uniform magnetic field H, a magnetization M will be 

induced in the sample. A known standard sample (generally Ni) is usually used to 

calibrate the VSM to obtain a calibration constant. 

In our experiment, we used Agilent vibrating sample magnetometer to determine the 

magnetization M of powder samples at room temperature. 

 

    
(a)                                                    (b)       

 

Fig. 3.3 Vibrating sample magnetometer (a) schematic and (b) experimental set-up                      

 

3.4.1.1 Calibration of vibrating sample magnetometer 

We used pure Ni as a standard sample to obtain a calibration constant for magnetization 

measurement. 

                                   Sensitivity of VSM = 100 µV,    

                                   Reference phase = 90°, 

                                   Time constant of VSM = 30 ms, 

                                   Noise level of VSM = 24 dB, 

                                   Amplitude = 5 VPP, 

                                   Reference frequency = 37 Hz, 

                 The saturation magnetization of pure nickel = 55.1 emu/g  [111],  

                                  Mass of pure nickel = 39.5  10-3 g,    

                                  Saturation voltage for nickel = 7 V, 

                      Calibration constant of the VSM is = 0.31 emu/V. 
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4. RESULTS AND DISCUSSION 
 

4.1 Structural Properties 

4.1.1 X-ray diffraction analysis 

Fig. 4.1 shows the XRD patterns of AFO and AFMO ceramics prepared by solid-state 

reaction technique with ball milling time 3 hours and 8 hours and sintered at 1000°C for 

12 hours. The phase purity of the samples was measured using XRD with Cu Kα 

radiation at room temperature. The diffraction peaks of the samples showed crystalline 

behavior in a pure perovskite structure with a rhombohedral symmetry [112]. The 

measurement confirms the R-3c phase of the particles. The XRD results of the samples 

are similar to that of α-Fe2O3 (R-3c) [15]. In XRD patterns, the peak at 30° indicates the 

presence of some non-stoichiometric aluminum oxide hydrate. Another disturbing peak 

is observed around 26.7° in the diffraction pattern which can be found in the transition 

phase as reported in the literature [30] while the transition phase is not stable [32]. In 

XRD patterns the positions of the peaks between the samples remained unchanged 

indicating that there is no change in the structure. From the peaks at 2θ = 24.2° (012) 

and 33.3° (104), the d values are measured and the cell parameters are calculated by the 

following equation [33], 

 

Where d is the interplanar spacing of the crystal; a and c are the cell parameters; h, k, 

and l are plane indices. The calculated cell parameters of AFO, AFMO samples ball 

milled for 3 hours and 8 hours are given in Table 4.1. The lattice parameters are 

comparable to the values reported by Wang et al. [32]. 
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Fig. 4.1 X-ray diffraction patterns of AFO, AFMO compositions ball-milled for 3 hours 
and 8 hours. 

 

Table 4.1 The crystal structure, cell parameters, volume, and crystallite size of     
Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) compounds ball milled for 3 hours and 8 hours. 

 

Sample name 
with ball milling 
time 

    Structure   cell parameters   volume 
     (Å3) 

    angle crystallite 
size (nm) 

  a (Å)   c (Å) 

AFO- 3 hrs. Rhombohedral 4.353 13.671 259.024  α = β = 90° 

 γ = 120° 

56 

AFMO- 3 hrs. 

 

Rhombohedral 4.356 13.657 259.175 α = β = 90° 

 γ = 120° 

53 

AFO- 8 hrs. 

 

Rhombohedral 4.334 

 

13.693 

 

257.195 α = β = 90° 

 γ = 120° 

52 

AFMO- 8 hrs. Rhombohedral 4.360 13.675 259.916 α = β = 90° 

 γ = 120° 

50 
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4.1.2 Morphological analysis 

To investigate the microstructure of the surface of the powder samples, FESEM 

imaging was carried out for all the samples. The FESEM microstructure of the samples 

Al(Fe1-xMnx)O3 (x = 0.00 and 0.02) ball-milled for 3 hours and 8 hours and sintered at 

1000 °C are presented in Fig. 4.2 and have shown the major differences in their 

morphology with irregular shape. All the FESEM images in this study were taken at the 

same magnification of ×20,000. The catalysts comprised large grains, which were 

embedded in a mixture consisting of small grains. It is observed from the FESEM 

images that the grains are segregated into different clusters. However, the size of these 

grains grew larger by agglomeration. Galarraga [113], indicated that high temperature 

could cause agglomeration of these small grains and this is also found that magnetic 

nanograins tend to agglomerate due to dipole-dipole magnetic interactions [114]. 

FESEM observations depict several agglomerations of particles. It may be due to this 

reason that the catalyst surface is covered with small crystallite of iron oxide, in 

agreement with XRD results. The aggregation effect is more significant in Fig. 4.2 (b) 

and from Fig. 4.2 (a) it is observed that this material has less dense and the grains are 

segregated into different clusters. The grains are non-uniform with varying sizes and the 

average grain size of the samples is varying from 183 to 320 nm. The average grain size 

was calculated by the linear intercept technique. The microstructural investigation 

revealed that Mn doping produced an increase in grain size. In Fig. 4.2 (c) and 4.2 (d), 

the reduction of agglomeration in Mn-doped particles is observed. There is an effect of 

milling time on the grain size of the particles. The grain size of the particles was 

reduced by increasing the ball milling time. 

 

Table 4.2 Grain size of the compositions AFO, AFMO ball milled for 3 hours and 8 
hours. 

 

Sample name with 
ball milling time 

AFO- 3 hrs. AFMO-3 hrs. AFO- 8 hrs. AFMO-8 hrs. 
 

Grain size (nm)        207          320       184         284 
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(a) The microstructure of AFO ball milled for     
3 hours. 

 

(b) The microstructure of AFO ball milled for 
8 hours. 

 

 

(c) The microstructure of AFMO ball milled for 
3 hours. 

 

(d) The microstructure of AFMO ball milled 
for 8 hours. 

 

Fig. 4.2 The microstructure of AFO, AFMO compositions ball-milled for 3 hours and 8 
hours. 
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4.2 AC Electrical Properties 

After microstructural analysis, the AC electrical and magnetic properties of the samples 

are studied by impedance spectroscopy in AC electric and magnetic fields. 

The disc-shaped pellets with 1 mm thickness and 13 mm in diameter are coated with a 

silver paste to measure the AC electrical properties of AFO, AFMO compositions ball 

milled for 3 hours and 8 hours at room temperature. 

  

4.2.1 The real part of dielectric constant  

Fig. 4.3 shows the Frequency-dependent Real part of the dielectric constant of AFO, 

AFMO compositions ball-milled for 3 hours and 8 hours. It can be seen from Fig. 4.3 

that all the samples display a decreasing trend in ɛˊ with increasing frequency. This 

observation can be explained by the phenomenon of the dipole relaxation process. The 

dipoles can follow the frequency of the applied field at low frequencies, while they are 

incapable of following the frequency of the applied field at high frequencies [115]. Also 

at low-frequencies different types of polarization (dipolar, interfacial, ionic, electric) 

contribute to the dielectric constant. But as the frequency increases beyond a certain 

limit, dipoles are not being able to align themselves with the applied electric field and 

the contribution from different polarizations ceases. Only electronic polarization has a 

significant contribution to the dielectric constant at a higher frequency and subsequently 

the dielectric constant decreases.  
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Fig. 4.3 Frequency-dependent real part of the dielectric constant of AFO, AFMO 
compositions ball-milled for 3 hours and 8 hours. 

 

According to the Koops model, the dispersion observed in the dielectric constant is due 

to the response of electrons with the applied electric field under a certain time constraint 

with the alternating applied field [116]. Accordingly, the dielectric structure of a 

material is made up of a well-conducting layer of grains followed by a poorly 

conducting layer of grain boundaries. The polarization mechanism involves the 

exchange of electrons between the ions of the same elements, which are present in more 

than one valence state and are distributed randomly over crystallographic equivalent 

sites. During the exchange mechanism, the electrons have to pass through the grains and 

grain boundaries of the dielectric medium. Owing to the high resistance of the grain 

boundary, the electrons accumulate at the grain boundary and produce space charge 

polarization. It is well known that the grain boundaries are more effective at low 

frequency and grains are effective at high frequency [117, 118]. Hence, due to the grain 

boundary affect the dielectric constant decreases rapidly in the low-frequency region. 
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So, the decrease in dielectric constant with the increase in frequency is due to the 

reduction of space charge polarization. However, at low frequency, the dielectric 

constant was high. This is due to the presence of space charge polarization at the grain 

boundaries, which generates a potential barrier. Then, an accumulation of charge at the 

grain boundary occurred, which led to higher values of the real part of permittivity. 

 

4.2.2 The imaginary part of dielectric constant 

Fig. 4.4 shows the variation of the imaginary part of the dielectric constant (ɛʺ) with 

frequency for the compositions AFO, AFMO ball milled for 3 hours and 8 hours, which 

shows similar behavior as a real part of dielectric constant. It is observed that ɛʺ 

decreases with the increase in frequency. As shown in Fig. 4.2, there is a linear relation 

between ɛʺ and frequency f, which demonstrated that conduction played an 

overwhelming role in dielectric dissipation. With the increase of frequency, the energy 

loss was gradually dominated by polarizing dipoles rather than the conduction electrons, 

so the permittivity exhibited the relaxation characteristics [119]. At lower frequencies, 

the values of the imaginary part of dielectric constant for Mn-doped samples, AFMO 

ball milled for 3 hours and 8 hours are higher than the Mn undoped samples. It is maybe 

due to the crystallite size variation effect between the samples. The crystallite size of 

Mn-doped samples is lower than the Mn undoped samples.  
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Fig. 4.4 Frequency-dependent imaginary part of the dielectric constant of AFO, AFMO 
compositions ball-milled for 3 hours and 8 hours. 

 

4.2.3 Dielectric loss 

Fig. 4.5 shows the frequency-dependent dielectric loss (tanδ) of AFO, AFMO 

compounds ball milled for 3 hours and 8 hours, measured at room temperature. The 

value of tanδ denotes the dissipation of energy in the dielectric system. From Fig. 4.5, it 

can be seen that for all the samples there is a peak. The peak of the sample AFMO-8 

hours takes place at a higher frequency which may be due to the phase transition effect. 

Peaks indicate the dielectric relaxation behavior of the compositions. The loss factor is 

attributed to domain wall resonance. At higher frequencies, the dielectric loss is low due 

to the inhibition of domain wall motion. The maximum dielectric loss is observed when 

the hopping frequency of electrons between different ionic sites becomes nearly equal to 

the frequency of the applied field [120]. The variation of tanδ with frequency for all the 

samples indicates a gradual drop of tanδ with the increase in frequency. The variation of 

dielectric loss between the samples may be due to their crystallite size variation effect. 
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Fig. 4.5 Frequency-dependent dielectric loss of AFO, AFMO compositions ball-milled 
for 3 hours and 8 hours. 

 

Fig. 4.5 implies that the hopping of charge carriers plays an important role in their 

transport process because a loss peak is an essential feature for charge carrier hopping 

transport [121]. The monotonous increase of the loss factors at low frequency is 

probably due to the contribution of DC conductivity [122]. 

 

4.2.4 Impedance 

Fig. 4.6 shows the variation of impedance (Z) as a function of frequency for AFO, 

AFMO compositions ball milled for 3 hours and 8 hours. It is observed that the value of 

Z decreases with the increase in frequency. The decrease in Z can be attributed to the 

increase in conduction mechanism due to the hopping of electrons, which increases with 
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the increasing frequency of the applied field [123]. The decreasing value of Z indicates 

the loss in the resistive property of the samples. Such behavior is expected due to the 

presence of space charge polarization in the material. The merger of Z at a higher 

frequency is ascribed to the release of space charges. We also observed that there is a 

crystallite size effect on the variation of Z values between the samples at low frequency. 

 

 

 

Fig. 4.6 Z as a function of frequency for AFO, AFMO compositions ball-milled for 3 
hours and 8 hours. 

 

In the measured frequency range (104 to 107 Hz), the dielectric response is dominated 

by relaxation phenomena because of the displacement of trapped space charges at the 

interfaces (Maxwell–Wagner–Sillars relaxation) [124]. Using this technique, the system 

can resemble mathematically an equivalent circuit, where the real part referring to 

loading transfer or polarization and electrode resistance is represented by resistors, and 



44 
 

 
 

the complex component is given by capacitance. Therefore, the impedance Z (ω) is 

defined as follows: 

Z(ω) = R(ω) + X(ω) 

Where R(ω) is the resistance and X(ω) is the reactance which is related to capacitance; 

the conductance C(ω) is the inverse of R(ω). The frequency dependence of the 

impedance Z: at low frequency, the impedance is very large, because the capacitive 

reactance 1/ωC is large. At high frequency, the capacitive reactance goes to zero (the 

capacitor doesn't have time to charge up) so the impedance goes to R. At the angular 

frequency ω = ωo = 1/RC, the capacitive reactance 1/ωC equals the resistance R. The 

characteristic frequency at which Z becomes constant is called ‘‘relaxation frequency’’. 

The ac impedance analysis is a powerful tool to separate the grain boundary and grain-

electrode effects, which usually are the sites of trap for oxygen vacancies and other 

defects [125]. It is also useful in establishing space charge polarization and its relaxation 

mechanism, by aptly assigning different values of resistance and capacitance to the 

grain and grain boundary effects. A remarkable aspect of the impedance analysis is the 

option of calculating the different contributions to the conductivity, namely the bulk, 

grain boundary, and grain-electrode contributions. From the plots, it is seen that Z 

decreases monotonically with increasing frequency up to a certain limiting range (~106 

Hz) above which it becomes almost frequency-independent. The higher values of Z at a 

lower frequency indicate that the polarization in the test material is larger. This also 

signifies that the resistive grain boundaries become conducting at room temperature. 

 

4.3 AC Magnetic Properties  

4.3.1 The real part of permeability  

Fig. 4.7 shows a representative complex permeability spectrum. From Fig. 4.7, at a low-

frequency regime, initially, μ′ is found to increase slightly and then remain constant for 

all the samples. Higher values of μ′ were observed for the samples ball milled for 3 

hours compared to the samples ball milled for 8 hours. The permeability in a material 

originates from two different magnetizing mechanisms such as spin rotation and domain 

wall motion, which can be described by the equation, μ = 1 + χspin + χdw as reported in 

the literature [126]. Hence the initial increase of μ′ may be attributed to the combined 
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effect of magnetic dipolar orientations (domain wall motions) and spin rotation. The 

materials with homogeneous grains show higher values of permeability than materials 

with inhomogeneous grains. An almost constant small value of µ′ is observed for the 

samples ball milled for 8 hrs. in the dispersion of µ′, which may originate from the 

rotation of spins only. Constant μ′ values over a large frequency range show the 

compositional stability prepared by solid-state reaction [127].  

From Fig. 4.8, it is observed that μ′ remains almost constant with the increase of 

frequency and finally, a sudden drop in μ′ is noticed at frequency after 107 Hz for all the 

samples at temperature 77 K. Almost constancy of μ′ between 103 Hz to 107 Hz may 

correspond to the spin only contribution as explained in the literature [128]. However, 

the sudden falls of µ′ in the high-frequency regime exhibit anomalous behavior and are 

assumed to originate from the damping mechanism of spins under the influence of 

applied ac magnetic field. 

 

 

Fig. 4.7 Variation of the real part of relative permeability with the frequency of AFO, 
AFMO compositions ball-milled for 3 hours and 8 hours measured at room temperature. 
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Fig. 4.8 Variation of the real part of relative permeability with the frequency of AFO, 
AFMO compositions ball-milled for 3 hours and 8 hours measured at temperature 77 K. 

 

4.3.2 The imaginary part of permeability 

Fig. 4.9 (a) and 4.9 (b) are showing the frequency-dependent imaginary part of relative 

permeability (µ″) for all the samples measured at room temperature and temperature 77 

K respectively. From Fig. 4.9 (a), at room temperature, it is seen almost a sharp 

decrease of µ″ below 105 Hz in their dispersion for the samples ball milled for 3 hours. 

This behavior of µ″ assumes to be originated from the damping of dipolar orientation 

(domain wall motion) because of lagging in frequency and finally above 106 Hz, it 

becomes nonresponsive to the applied magnetic field as explained in the literature 

[129]. The imaginary permeability decreases up to 106 Hz and then remains constant 

which indicates that the domain wall relaxation continues up to 106 Hz, then becomes 

independent of frequency. Hence, the imaginary part μʺ of AC permeability is found to 

be decreased with the increase in frequency due to a decrease of domain wall motion 

and finally, it becomes almost independent of frequency which arises from the spin-only 
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orientations. The behavior of μ″ may be attributed to the possible size-effect of the 

magnetic particles whose magnetic moments resonate well at the higher frequency 

regime but remain nonresponsive in the lower frequency regime. It can be mentioned 

that the magnetic moment of a particle is strongly size-dependent as their response to 

external frequency. It is assumed that as the samples are ball milled for different time 

durations, not every element is reduced to a certain minimum. Therefore, it can be 

expected that the magnetic elements in the compositions have a certain critical size 

distribution and have responded to the specific frequency band. 

 

At temperature 77 K, in the low-frequency region, the imaginary part μʺ shows 

dispersion behaviors for all the samples, which are attributed due to the domain wall 

displacements. Here imaginary part μʺ decreases with increasing frequency and at 

higher frequency μʺ is almost independent of frequency. The frequency independence of 

μʺ at a higher frequency region indicates the only effectiveness of spin rotation. 
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(a) 

 

 
(b) 

 

Fig. 4.9 Variation of the imaginary part of relative permeability with the frequency of 
AFO, AFMO compositions ball-milled for 3 hours and 8 hours (a) at room temperature, 

(b) at temperature 77 K. 
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4.3.3   Magnetic loss 

Fig. 4.10 and 4.11 are showing the frequency-dependent magnetic loss (tanδM) for all 

samples measured at room temperature and temperature 77 K respectively. It is seen 

that the value of tanδM decreases exponentially with increasing frequency. The value of 

tanδM remains almost constant showing frequency-independent behavior at a higher 

frequency. The tanδM arises due to the lag of domain wall motion concerning the 

applied field and creates imperfections in the lattice. At room temperature, the value of 

tanδM decreases for the Mn-doped sample ball milled for 8 hours due to the reduction of 

imperfections. 

 

 

Fig. 4.10 Frequency-dependent magnetic loss of AFO, AFMO compositions ball-milled 
for 3 hours and 8 hours and measured at room temperature. 
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Fig. 4.11 Frequency-dependent magnetic loss of AFO, AFMO compositions ball-milled 
for 3 hours and 8 hours and measured at temperature 77 K. 

 

4.3.4 Magnetic modulus  

4.3.4.1 The real part of magnetic modulus 

The complex permeability, in particular, the value of μ′, depends on stoichiometry, 

average grain size, composition, impurity, coercivity, and porosity, etc. [130, 131]. 

Hence, to understand and analyze the effect of milling time and Mn content on the 

complex permeability of the investigated samples the magnetic modulus has been used 

to separate the local behavior of defects from any other effects (air gap, etc.). The 

magnetic modulus has been determined by the usual formula from the measured values 

of µ' and µ". This formalism also provides information about inductance and magnetic 

resistance. This formalism also provides information about inductance and magnetic 

resistance. The formalisms used for estimation of both the real and imaginary part of 
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magnetic modulus are expressed as Mm' =  and Mm" =  , where, µ' is the real 

part and µ" is the imaginary part of permeability [132, 133]. 

 

 

Fig. 4.12 Variation of the real part of magnetic modulus with the frequency of AFO, 
AFMO compositions ball-milled for 3 hours and 8 hours and measured at room 

temperature. 

 

Fig. 4.12 shows the variation of the real part of magnetic modulus as a function of the 

frequency of the applied ac field for the investigated samples at room temperature 

(300K). Their real part Mm' is found to approach zero value which confirms the absence 

of external effects like eddy current loss due to the air gap in the coil, etc. The value of 

Mm' for the investigated samples increases non-linearly (almost exponentially) with the 

increased frequency of the applied ac field up to a certain plateau and then becomes 

almost independent at a single asymptotic value. The non-linear increase in Mm' is 

expected to be caused by both the wall motion and spin rotations [133]. However, the 

constancy in the real part Mm' may be produced due to the presence of spin rotations 
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only in the direction of the applied ac field in the grains because the dipolar orientations 

could not follow the frequency of the applied ac field in the high-frequency regime. As 

seen in Fig. 4.12, the dispersion in Mm' up to around 10 kHz remains the same for all the 

samples and afterward, Mm' predominantly increases for the samples ball milled for 8 

hours with the increase in frequency as compared to that for the samples ball milled for 

3 hours. This implies that there is more lagging between the frequency of dipolar 

orientations and the frequency of the applied ac field increasing the damping of wall 

motion. A bifurcation at around 10 kHz is observed in the dispersion of Mm' between the 

samples ball milled for 8 hours and ball milled for 3 hours. The lagging difference is the 

origin of this bifurcation in the dispersion. In this case, the real part Mm' lags more for 

the samples ball milled for 3 hours as compared to that for the samples ball milled for 8 

hours and results in the decrease in Mm' for the samples ball milled for 3 hours.  

 

4.3.4.2 The imaginary part of magnetic modulus 
 
Fig. 4.13 shows the dispersion/absorption of the imaginary part Mmʺ of the magnetic 

modulus as a function of frequency on a logarithmic scale. The well-resolved peaks are 

observed in their dispersion/absorption. These peaks imply the resonance effect of the 

dipolar and spin rotations. The frequency corresponding to each peak is termed as 

characteristic frequency fmax. The fmax is marked to shift rightward i.e. towards the 

higher frequencies for the samples with the increased milling time as seen in Fig. 4.13. 

The increasing rate of the magnitude of the imaginary part Mʺ is higher for the samples 

ball milled for 8 hours in comparison to the samples ball milled for 3 hours. This fact 

implies the more absorption of magnetic energy from the magnetic field that in turn 

leads to decreased spin rotations. The relaxation time constant (𝜏max) has been estimated 

by using the usual formula 𝜏max = 1/2πfmax to understand the magnetic relaxation. Both 

fmax and 𝜏max for the samples AFO-3 hours, AFO-8 hours, AFMO-3 hours, and AFMO-

8 hours are listed in Table 4.3. 
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Fig. 4.13 Variation of the imaginary part of magnetic modulus with the frequency of 
measured AFO, AFMO compositions ball-milled for 3 hours and 8 hours measured at 

room temperature. 

 

Table 4.3 fmax and 𝜏max for the samples AFO-3 hrs., AFO-8 hrs., AFMO-3 hrs., and 

AFMO-8 hrs. 

 

Sample name with ball 

milling time 

AFO-3 hrs. AFO-8 hrs. AFMO-3 hrs. AFMO-8 hrs. 

 fmax (KHz) 66.78 102.07 66.78 88.61 

𝜏max (s) 2.38 1.56 2.38 1.8 

 

From Table 4.3, it is seen that the relaxation time constant 𝜏max has decreased for the 

samples ball milled for 8 hours. This signifies the increase in the damping mechanism 

of wall motion that causes a decrease in the permeability of the material. 
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4.3.4.3 Nyquist plot of magnetic modulus 
 

  
(a)                                                                           (b) 

 

Fig. 4.14 Nyquist plot for (a) AFO, AFMO compositions ball-milled for 3 hours and (b) 
AFO, AFMO compositions ball-milled for 8 hours and measured at room temperature. 

 

The single semicircle is observed for the samples in their Nyquist plot as shown in Fig. 

4.14 and therefore represents a single time constant of magnetic relaxation, in particular, 

spin relaxation across their grain boundaries. In the low-frequency region, the non-zero 

value of the imaginary part Mʺ indicates that both the wall resonance and resonance 

rotations (spin resonance) contribute to their permeability [133]. However, the wall 

resonance gradually damped with the increase in applied frequency, and finally, only 

the resonance rotation plays its role to increase their permeability to a single asymptotic 

value. Moreover, each semicircle corresponds to each composition that may be fitted to 

an equivalent circuit comprising of an inductance and a resistance in series combination 

[133]. 
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4.4 DC Magnetic Properties 

The DC magnetic property measurements for AFO, AFMO compositions, ball milled 

for 3 hours and 8 hours are taken at room temperature. 

To observe the magnetic ordering in AFO, AFMO compositions ball milled for 3 hours 

and 8 hours, the dc-magnetization measurements have been carried out as a function of 

the applied magnetic field by using a vibrating sample magnetometer at room 

temperature as shown in Fig. 4.15 and Fig. 4.16. In the DC magnetic measurements at 

room temperature (298 K), all the samples are showing unsaturated high values of 

magnetization which confirm the antiferromagnetic nature of the compounds. The 

increasing rate of magnetization for all the samples is higher at the lower magnetic field 

while it becomes lower at the higher magnetic field by remaining unsaturated. The DC 

magnetic measurements suggest the classical spin-glass behavior of the compositions 

for their magnetically frustrated systems. Magnetically frustrated systems have been 

identified to possess the ME effect at low temperatures.  

 

Fig. 4.15 and Fig. 4.16 are representing the Effect of Mn doping on the M-H loop of 

AFO, AFMO compositions ball-milled for 3 hours and 8 hours. When Fe3+ ions in AFO 

are replaced by 2% Mn2+ ions, the magnetization appears to be affected by the 

contribution of Mn2+. Therefore, the antiferromagnetic coupling among Fe ions (or Mn 

ions) is enhanced by the Mn substitution. 
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Fig. 4.15 M-H loop of AFO, AFMO compositions ball-milled for 3 hours respectively. 

 

 

Fig. 4.16 M-H loop of AFO, AFMO compositions ball-milled for 8 hours respectively. 
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5. CONCLUSIONS 

 

5.1 Summary 

Polycrystalline AFO, AFMO ceramics were synthesized by solid-state reaction 

technique and the samples were ball milled for 3 hours and 8 hours during sample 

preparation. The objective of this thesis work is to observe the effect of 2% Mn doping 

on the Fe side and the variation of ball milling time on the structural, magnetic, and 

dielectric properties of AFO and Mn-doped AFO. AFO is a promising material because 

it exhibits antiferromagnetism and ferroelectricity in a single phase at room temperature. 

AFO is antiferromagnetic with no hysteresis loop. This chapter presents a summary of 

the results and discussion presented in the previous chapter and also suggestions for the 

scope of future work. 

The phase purity of the samples was measured using X-ray powder diffraction. The 

diffraction peaks for all the samples showed crystalline behavior in rhombohedral 

symmetry with space group R-3c. There were variations in crystallite sizes among the 

samples due to the variation of ball milling time and the effect of Mn doping in the Fe 

side of AFO. The crystallite size decreases with the increase in ball milling time and 

also decreases with Mn doping. The crystallite size is reduced because of the lattice 

distortion caused by the radius difference between Mn2+ and Fe3+. The FESEM 

microstructures of the samples have shown major differences in their morphology with 

irregular shapes. The grains are non-uniform with varying sizes and the average grain 

sizes are varying from 183 to 320 nm among the samples. Reduction of agglomeration 

is observed in Mn-doped particles. The grain size of the particles was reduced by 

increasing the ball milling time. All the samples display a decreasing trend in dielectric 

constant with increasing frequency. The decrease in dielectric constant with the increase 

in frequency is due to the reduction of space charge polarization. tanδ denotes the 

dissipation of energy in the dielectric system. The variations of tanδ with frequency for 

all the samples indicate a gradual drop of tanδ with the increase in frequency. The loss 

factor is attributed to domain wall resonance. The monotonous increase in loss factor at 

lower frequency is probably due to the contribution of dc conductivity. At high 

frequency, the dielectric loss is low due to the inhibition of domain wall motion. It is 

observed that the value of Impedance, Z decreases with the increase in frequency for all 
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the samples. The decreasing rate of Z indicates the loss in resistive property of the 

samples and such behavior is expected due to the presence of space charge polarization 

in the material. It is also observed that there is a crystallite size effect on the variation of 

the values of Z among the samples at a lower frequency. At room temperature, in the 

low-frequency regime, initially, μ′ is found to increase slightly and then remain constant 

for all the samples. The initial increase of μ′ may be attributed to the combined effect of 

magnetic dipolar orientations and spin rotation. Higher values of μ′ were observed for 

the samples ball milled for 3 hours compared to the samples ball milled for 8 hours. An 

almost constant small value of µ′ is observed for the samples ball milled for 8 hrs. in the 

dispersion of µ′, which may originate from the rotation of spins only. Constant µ′ values 

over a large frequency range show the compositional stability prepared by the solid-

state reaction. At temperature 77 K, the real part of permeability, μ′ remains almost 

constant with the increase in frequency and finally, a sudden drop of μ′ is noticed at 

frequency after 107 Hz for all the samples. The sudden falls of µ′ in the high-frequency 

regime exhibit anomalous behavior and are assumed to originate from the damping 

mechanism of spins under the influence of applied ac magnetic field. At room 

temperature, it is seen almost a sharp decrease in the imaginary part of permeability µ″ 

below 105 Hz in their dispersion for the samples ball milled for 3 hours. This behavior 

of µ″ assumes to be originated from the damping of dipolar orientation because of 

lagging in frequency and finally above 106 Hz, it becomes nonresponsive to the applied 

magnetic field. At 77K, in the lower frequency region, the imaginary part μʺ shows 

dispersion behavior which is attributed due to domain wall displacements, and in the 

higher frequency region, μʺ is almost independent of frequency indicating only 

effectiveness of spin rotation there. It is seen that the relaxation time constant 𝜏max has 

decreased for the samples ball milled for 8 hours. The single semicircle is observed for 

all the experimental samples in their Nyquist plot representing a single time constant of 

magnetic relaxation. The DC magnetization measurements were carried out as a 

function of applied magnetic field M(H) by using a vibrating sample magnetometer at 

room temperature. In this measurement, all the samples show unsaturated high values 

of magnetization which confirms the antiferromagnetic nature of the compounds 

suggesting the classical spin-glass behavior of the compositions for their magnetically 

frustrated systems. Magnetization is observed to be increased with Mn doping in the Fe 

side of AFO. 
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5.2 Suggestions for Future Work 

Further studies on different aspects are possible for the fundamental interest of the 

studied materials. 

1. Mössbauer spectroscopy can be performed to know the cation distribution and 

oxidation state of iron. 

2. Raman spectroscopy of the compositions can be studied to measure bond length, 

bond angle, etc.
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