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ABSTRACT 

Magnetoelectric materials, one kind of multiferroic material, have gained significant 

interest because of their applications in spintronics, microwave absorption, memory devices, 

actuators, sensors, etc. However, there are very few multiferroics in nature that exhibit strong 

enough magnetoelectric coupling at room temperature hindering its applicability in practical 

purposes. In this thesis, addressing the aforementioned issue, many possible ways such as 

doping with suitable elements, changing synthesis conditions and morphology, and formation 

of composites with suitable materials have been investigated in order to improve their 

applicability in practical uses. Due to the growing interest in using magnetoelectric materials 

having both electric and magnetic properties along with a coupling existing between the two 

properties, the application of synthesized magnetoelectric materials as microwave absorbing 

materials (MAMs) is also reported in the thesis. It is observed that the barium and yttrium co-

doping at the bismuth (Bi) site of BiFeO3 (BFO) in the bulk morphology is responsible for a 

significant improvement in the grain and grain boundary resistances of the materials along with 

a reduction in conductivity which is a very important aspect for the practical application of the 

materials. Stronger magnetization having a metamagnetic transition along with higher Neel 

temperature is also achieved by this doping. However, changing the morphology from bulk to 

nano further improves the magnetic properties of the materials eliminating the metamagnetic 

transition. Although no sign of ferroelectric domain switching was observed in the bulk form, 

the nano-structural form having lower yttrium doping concentrations reports stronger domain 

switching. Further study of the similar co-doping in the thin film structure also confirms the 

formation of good quality thin films having stronger piezoelectric response, and stronger 

magnetic properties than the undoped BFO thin film. Effect of formation of composite with 

highly resistive garnet, Gadolinium Gallium Garnet (Gd3Ga5O12, GGG), with another well-

known magnetoelectric material with strong magnetoelectric coupling, Gallium Ferrite (Ga2-

xFexO3, GFO) is thoroughly investigated at different synthesis conditions. A reduction in 

leakage by four orders of magnitude along with a lowered conductivity is achieved in (1-x) 

GFO – x GGG (0.0 ≤ x ≤ 0.2) composites as a result of enhanced grain and grain boundary 

resistances. Formation of composite with ferromagnetic Yttrium Iron Garnet (Y3Fe5O12, YIG) 

enhances the magnetic Curie temperature of GFO beyond room temperature (300 K) along 

with a significant enhancement in overall magnetization of (1-x) GFO – x YIG (0.0 ≤ x ≤ 0.1) 

composites. The dielectric properties are greatly improved in both composites while the 

conductivity is significantly reduced. The large enhancement in the magnetodielectric 



II 

 

properties of both composites indicates stronger coupling between the magnetic and electric 

properties. The formation of a composite between YIG and a strong room temperature 

ferroelectric and diamagnetic material, a solid solution of sodium bismuth titanate and 

strontium titanate (Sr0.5Na0.25Bi0.25TiO3, SNBT50) are observed to induce strong domain 

switching in the composites along with an increment in electrical breakdown voltage which 

intensified with increasing concentrations of YIG in the composites. Although no average 

magnetodielectric factor could be observed in the SNBT50 sample, large values of 

magnetodielectric factor observed in (1-x) SNBT50 – x YIG (0.0 ≤ x ≤ 0.2) composites implies 

the implementation of coupling between electric and magnetic properties by the formation of 

the composites. GFO is observed to have a reflection loss of -67.36 dB for an absorber length 

of 6.2mm attributed to its high dielectric permittivity, high magnetic permeability, and 

attenuation constant alongside an optimal impedance matching. Elemental substitution of 

Bismuth with the optimized concentrations of Barium and Yttrium in Bismuth Ferrite 

nanoparticles is observed to enhance the reflection loss of Bismuth Ferrite from -38.6 dB to -

61.7 dB in an absorber of length 7.5mm attributed to enhanced dielectric permittivity, magnetic 

permeability, best impedance matching and the best balance observed between tan and tan 

based on the match equation, tan = tan. The (1-x) SNBT50 – x YIG magnetoelectric 

composite exhibits a higher microwave absorption compared to its parent sample, SNBT50, 

due to its improved dielectric constant, magnetic permeability, and impedance matching.  
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চুম্বকিয়তকিৎ পদার্থ, এি প্রিারেে মাকিরেরোইি  পদার্থ,  ব্যকতক্রমীভারব্  ব্যাপি  

মর ার াগ  অর্থ    িরেরে কি  পকেব্হ  সংক্রান্ত বব্দযুকত  কব্দযা অর্ব্া কি ট্রক ক্স, মাইরক্রাতেঙ্গ 

শ াষণ, স্মৃকত ধােণক্ষমতাসম্পন্ন  ন্ত্র (memory device), সকক্রয়িােি (actuator), অ ুভব্ি  (sensor)  

ইতযাকদ  শক্ষরে  তারদে  ব্হুল  প্ররয়ারগে  িােরণ। তরব্ প্রিৃকতরত খুব্ িম সংখযি মাকিরেরোইি  

পদার্থ েরয়রে  া ঘরেে তাপমাোয়  রর্ষ্ট  কি ালী চুম্বকিয়তকিৎ   ুগ্মীিেণ  প্রদ থ  িরে  া 

ব্যব্হাকেি উরের য এে প্ররয়াগর াগযতারি ব্াধা শদয়।এই  প্রব্রে, পূরব্থাি  সমসযাটিে  সমাধা ারর্থ 

উপ ুি উপাদার ে দ্বাো  প্রকতস্থাপ , সংরেষরণে দ াে পকেব্তথ  , আিৃকতগত পকেব্তথ  , এব্ং  

উপ ুি উপিেণগুকলে  সারর্ শ ৌকগি গঠর ে মরতা  অর িগুকল সম্ভাব্য  উপায় অ ুসো   িো 

হরয়রে ব্যব্হাকেি উরের য এে প্ররয়াগর াগযতারি ব্কৃি িোে র্ য। বব্দযুকতি এব্ং  শচৌম্বিীয়  

উভয়  বব্ক ষ্টয ুি  চুম্বকিয়তকিৎ পদারর্থে   মরধয  কব্দযমা  অকতকেি  চুম্বকিয়তকিৎ   ুগ্মীিেণ 

এে উপকস্থকতে  দরু   মাইরক্রাতেঙ্গ  শ াষণিােী উপিেণ  কহসারব্ এই পদারর্থে ব্যব্হাে 

শ াগযতাও এই  প্রব্রে কব্ব্ৃত  িো  হরয়রে। এটি  ক েীক্ষণ  িো  শগরে  শ  ব্াল্ক আিৃকতরত 

কব্সমার্ শেোইট (BiFeO3, BFO) এে  কব্সমার্ (Bi) এে  র্ায়গায় শব্কেয়াম (Ba) এব্ং ইকট্রয়াম (Y) এে 

দ্বাো শ াকপং িোে েরল শেই  এব্ং শেই  সীমা াে প্রকতরোধ ক্ষমতা উরেখর াগযভারব্ ব্কৃিপ্রাপ্ত 

হরয়রে এব্ং সামকেি  তকিৎ পকেব্াকহতা  দারুণভারব্ হ্রাসপ্রাপ্ত হরয়রে শ টি ব্যব্হাকেি প্ররয়ারগে 

র্ য খুব্ই গুরুত্বপূণথ কদি। উচ্চ  শচৌম্বিীয়  দ ান্তে  তাপমাোে  সারর্ এিটি শমটামযাগর টিি  

অব্স্থান্তে  সহ   কি ালী শচৌম্বি ক্ষমতাও অর্থ    িো হরয়রে এই প্রকতস্থাপর ে মাধযরম। তরব্ 

আিারেে পকেব্তথ   ব্াল্ক  শর্রি  যার াকমটাে শেরল হ্রাস িোে  মাধযরম শমটামযাগর টিি  

অব্স্থান্তে  দেূ  িরে পদারর্থে  শচৌম্বিীয়  বব্ক ষ্টযরি আেও  উন্নত  িো  শগরে।  কদও ব্াল্ক 

েরমথ শেরোবব্দযুকতি  শ ারমই   পকেব্তথ র ে  শিা ও  কচহ্ন শদখা  ায়ক ,  যার ািাঠারমারত 

অরপক্ষািৃত িম ইকট্রয়াম  শ াকপং ঘ রত্বে  সারর্   কি ালী  শ ারমই  পকেব্তথ    লকক্ষত  

হরয়রে। কেরেে আিৃকতরত অ ুরূপ শ াকপং কব্সমার্ শেোইট এে  অধযয়  ভাল  মার ে পাতলা  

কেরেে গঠ   ক কিত   িরে   ারত  অপ্রকতস্থাকপত কব্সমার্ শেোইট এে পাতলা  কেরেে  

তুল ায়   কি ালী পাইরর্াইরলকিি প্রকতকক্রয়া এব্ং  কি ালী  শচৌম্বিীয় বব্ক ষ্টয  ক েীক্ষণ িো 

শগরে। উচ্চ শোধসম্পন্ন গাের ট, গযার াকলক য়াম গযাকলয়াম গাের ট (Gd3Ga5O12, GGG),  কি ালী 

চুম্বকিয়তকিৎ  ুগ্মীিেণ  সহ আরেিটি সুপকেকচত চুম্বকিয়তকিৎ উপাদা , গযাকলয়াম  শেোইট (Ga2-xFexO3, 
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GFO) এে সারর্ শ ৌকগি গঠর ে প্রভাব্ এে েরল উৎপন্ন কব্কভন্ন অব্স্থাে পকেব্তথ র ে পুঙ্খা পুুঙ্খভারব্ 

তদন্ত  িো  হরয়রে। শেই  এব্ং শেই  সীমা াে শোধ ব্ৃকিে েরল (1-x) GFO – x GGG (0.0 ≤ x ≤ 

0.2) উপাদা গুকলরত ব্কহিঃক গথত তকিৎ প্রব্াহ প্রায় চতুর্থ মাোয় হ্রাসপ্রাপ্ত হরয়রে। অতযন্ত প্রকতরোধী 

(~ 1012 Ω.cm) গাের ট, ইকট্রয়াম আয়ে  গাের ট (Y3Fe5O12, YIG) এে সারর্ GFO এে শ ৌকগি 

গঠ  GFO এে শচৌম্বিীয় কুকে তাপমাো ঘরেে তাপমাোে (300 K) শর্রি শব্ক  ব্ৃকি িরে এব্ং 

(1-x) GFO – x YIG (0.0 ≤ x ≤ 0.1)  শ ৌকগি এে শচৌম্বি ক্ষমতা সামকেিভারব্ ব্ৃকি িরে। উপরোি 

উভয় শ ৌকগি এে অস্তেি বব্ক ষ্টযগুকল ব্যাপিভারব্ উন্নত হয়, এব্ং তকিৎ পকেব্াকহতা 

উরেখর াগযভারব্ হ্রাস পায়। উভয় শ ৌকগি এে শচৌম্বিীয় বব্দযুকতি বব্ক রষ্টযে ব্ৃহৎ ব্ধথ  শচৌম্বিীয় 

এব্ং বব্দযুকতি বব্ক রষ্টযে মরধয  কি ালী সংর াগ ক রদথ  িরে। YIG এে সারর্ এিটি  কি ালী 

শেরোবব্দযুকতি এব্ং  ায়ারচৌম্বি উপাদা , শসাক য়াম কব্সমার্ টাইটার ট এব্ং স্ট্র কসয়াম 

টাইটার রটে ঘ  দ্রব্ণ (Sr0.5Na0.25Bi0.25TiO3, SNBT50) এে মরধয শ ৌকগি গঠ   কি ালী শ ারমই  

পকেব্তথ   প্ররোকচত িরে,  া সব্থাকধি প্ররয়াগসাধয তকিৎ-রক্ষরেে মরতাই শ ৌকগিগুকলরত YIG-এে 

ক্রমব্ধথমা  ঘ রত্বে সারর্ ক্রম  ব্ৃকিপ্রাপ্ত হয়।  কদও SNBT50 শত শিার া গি শচৌম্বিীয়-

পোবব্দযুকতি গুণ ীয়ি শদখা  ায়ক , তরব্ শ ৌকগিগুকলরত শচৌম্বিীয়-পোবব্দযুকতি গুণ ীয়রিে ব্ি 

মা  পকেলকক্ষত হয়,  া YIG-এে ক্রমব্ধথমা  ঘ রত্বে সারর্ ক্রম  ব্ৃকিপ্রাপ্ত হয়। এই প থরব্ক্ষণটি 

শেরোবব্দযুকতি, SNBT50 এব্ং শেরোরচৌম্বি, YIG গঠর ে মাধযরম বব্দযুকতি এব্ং শচৌম্বিীয় 

বব্ক ষ্টযগুকলে মরধয সংর ারগে ব্াস্তব্ায়  প্রমাণ িরে  া YIG-এে ক্রমব্ধথমা  ঘ রত্বে সারর্ তীব্র 

হয়। 6.2 কমকলকমটাে বদরঘথযে এিটি GFO শ াষরিে প্রকতেল  ক্ষয় -67.36 dB পকেলকক্ষত হয়  া 

এে উচ্চ অস্তেি ধ্রুব্ি, উচ্চ শচৌম্বি প্ররব্ যতা এব্ং উপ ম ধ্রুব্রিে পা াপাক  এিটি সরব্থাত্তম 

প্রকতব্েি সাদরৃ যে র্ য দায়ী। কব্সমার্ শেোইট  যার ািণাগুকলরত শব্কেয়াম এব্ং ইকট্রয়ারমে দ্বাো 

কব্সমারর্ে শমৌকলি প্রকতস্থাপর ে েরল এিটি 7.5 কমকলকমটাে বদরঘথযে শ াষরিে প্রকতেল  ক্ষয় -

38.6 dB শর্রি -61.7 dB প থন্ত ব্ৃকিপ্রাপ্ত িো  ায়,  াে র্ য ব্ৃকিপ্রাপ্ত তকিৎ শভদযতা, শচৌম্বি 

প্ররব্ যতা এব্ং tan = tan সমীিেরণে উপে কভকত্ত িরে পকেলকক্ষত tan এব্ং tan এে মরধয 

সরব্থাত্তম ভােসাময দায়ী। অপেকদরি, (1-x) SNBT50 – x YIG চুম্বকিয়তকিৎ শ ৌকগি  তাে উন্নত 

অস্তেি ধ্রুব্ি, শচৌম্বি প্ররব্ যতা এব্ং প্রকতব্েিতা কমরলে িােরণ এে মূল  মু া, SNBT50 এে 

তুল ায় উচ্চতে মাইরক্রাতেঙ্গ শ াষণ প্রদ থ  িরে।  
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185 

 



  

 PAGE 1 

 

CHAPTER 1 

INTRODUCTION 
 

This chapter introduces the multiferroic phenomena, its historical background, and the 

origin of multiferroic properties in materials. Besides this, this chapter discusses several 

multiferroic materials existing in nature, their applications in practice, different properties and 

characteristics that are investigated to understand the existence of multiferroic properties 

observed in a material. Finally, this chapter introduces to the motive of this thesis and its 

organization along with a brief overview of the works discussed in following chapters.  
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1.1 PREAMBLE 

The term "multiferroic" was first used in 1993 by Hans Schmid to describe the ferroic materials 

as Aizu had categorized them[1,2]. In this phase, two or more than two of the primary ferroic 

orders (ferroelasticity, ferroelectricity, ferromagnetism, and ferrotoroidicity) are displayed by 

the materials as illustrated in Figure 1.1. Today, however, this term is used more broadly to 

describe a class of magnetoelectric materials that has been the subject of extensive research. It 

now applies to substances with coexisting anti- and ferri- orders (Figure 1.2). Materials that 

can have their magnetic properties changed by electric fields and their electric polarisation 

altered by magnetic fields are referred to as magnetoelectric materials[3,4]. Even though the 

term "coupling" was first used to refer to the linear coupling between an electric field and 

magnetic   properties or a magnetic field and electric properties, it is now used to refer to any 

kind of connection between an electric charge dipole and magnetic spins[5–9]. 

1.2 HISTORICAL BACKGROUND 

Figure 1.1. Coupling electric-elastic-magnetic properties in multiferroic heterostructures, showing 

order parameters (blue) and conjugate fi elds (red). Other symbols represent response functions 

(coupling coefficients). Modified from a similar diagram on electric elastic-thermal properties[8] 
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Scientists and engineers have been fascinated by the interaction between electricity and 

magnetism since Hans Christian Oersted unintentionally found that the deflection of a magnetic 

compass needle is caused by the switching on or off of the current in a nearby battery. Although 

André Marie Ampère and Michael Faraday made substantial contributions to the formulation 

of the classical theory of electromagnetism in the subsequent 40 years, James Maxwell's unified 

theory of electromagnetism represented the major advancement in the 1860s. Since then, 

efforts have already been made to find a strong coupling between magnetic and electric 

properties in order to create low-power, voltage-controlled magnetic devices. Despite the fact 

that theoretical issues were the primary focus of research during these years, the experimental 

approach to studying these materials was still novel. In the 1950s, Smolenskii and Ioffe used 

magnetic ions to establish long-range magnetic spin order while maintaining ferroelectricity in 

ferroelectric perovskite[10]. This research resulted in the successful fabrication of a 

magnetoelectric material, Pb(Fe0.5Nb0.5)O3, where magnetic Fe ions were doped at the site of 

Niobium in ferroelectric PbNbO3. The same research led to the synthesis of a polycrystalline 

solid solution of (1-x)Pb(Fe0.66W0.33)O3 - xPb(Mg0.5W0.5)O3. The hexagonal manganites 

Figure 1.2. Venn diagram defining magnetoelectric multiferroics[9] 
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(RMnO3) and BiFeO3, the most thoroughly researched multiferroics that continue to pique the 

interest of scientists, were discovered simultaneously. In 1966, Asher and colleagues 

discovered a massive linear magnetoelectric effect in Ni3B7O13I. This effect permits the 

hysteretic transition between multiple states when an electric or magnetic field is applied. 

Around 1970, Aizu created a comprehensive taxonomy of ferroics, which contributed to the 

current understanding of (multi-)ferroics, as Hans Schmid coined the term[1,2,11]. 

During this time, around 50 multiferroic systems were discovered, but none of them 

had properties that could be used in technological applications[12]. Since then, research on 

multiferroics had become extremely slow, with only two significant papers published up until 

the 1990s. In one article, the scientists described how the presence of a spin spiral can result in 

spontaneous electric polarisation by breaking the spatial inversion symmetry, and in another, 

they provided a phenomenological model to explain the phenomenon. In 1993, Hans Schmid's 

Magnetoelectric Phenomena in Crystals (MEIPIC-2) conference reignited the interest of 

scientists in magnetoelectric materials. The focus of the conference was on theoretical aspects 

and phenomena associated with the magnetoelectric effect, as well as potential experimental 

methods for visualizing and validating the interactions between multiferroic domains. 

The concept of incorporating magnetic ions into ferroelectric perovskites was first 

proposed by Ioffe and Smolenskii. In 2000, Spaldin (then Hill) revisited the idea and elaborated 

on the contradictory nature of the coexistence of magnetic and ferroelectric properties as a 

potential explanation for the paucity of multiferroic materials[13,14]. In support of the 

possibility that magnetic and ferroelectric orders could coexist in a material, new aspects of the 

synthesis of multiferroic materials with stronger coupling have been discovered, advancing 

research even two decades after their discovery. 

1.3 ORIGIN OF MULTIFERROIC PROPERTY 

For the design of new multiferroic materials, it is essential to comprehend the coexistence of 

ferroelectric and magnetic orders as well as their potential interactions. In the section that 

follows, different multiferroic characteristics is covered in depth, along with several examples. 

A magnetoelectric material must concurrently exhibit ferromagnetism and ferroelectricity in 

order to meet the definition. Its structural, physical, and electrical properties are therefore 

limited to those factors that give rise to these characteristics in a material. Below is a discussion 

of the limiting elements or properties that lead to ferromagnetism and ferroelectricity. 
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Symmetry: Ferroelectricity and electric polarisation in a material are fundamentally dependent 

on the absence of centrosymmetry. The material's electric polarisation is the result of a 

structural distortion that distorts the unit cell in a manner that eliminates inversion symmetry. 

In 31 point groups, both spontaneous polarisation (𝑃) and spontaneous magnetization (𝑀) are 

permitted. 13 point groups among them, permit spontaneous polarisation and magnetization 

simultaneously, these are 1, 2, 2, m, m, 3, 3m, 4, 4mm, mm2, mm2, 6, and 6mm[15].  

Electrical and Magnetic Properties: In order for the applied electric field to result in electrical 

polarisation as opposed to the flow of charge carriers or current, the polarising material must 

be an insulator. As a result of the large density of states at the Fermi level, which also results 

in metallicity, ferromagnetism, on the other hand, does not require any insulating feature and 

is typically metallic in nature[16]. However, since most antiferromagnets or ferrimagnets are 

insulators, expanding the search to ferrimagnetic or antiferromagnetic materials makes it 

conceivable to obtain ferroelectric insulators with magnetic ordering. 

Chemistry d0-ness: It has been noted that the B-site of ABO3-type perovskite materials contains 

d0 electrons in the majority of insulators that exhibit ferroelectricity. On the other hand, if the 

d-shell is devoid of electrons, there will be no magnetic order. The biggest barrier to obtaining 

single-phase multiferroic materials is this contradiction. The tendency of the B ion to cause 

structural distortion by moving away from the oxygen octahedron's centre decreases when the 

d shell of the ion fills up.  

Structural Distortion: At lower temperatures, ferroelectric materials must undergo a phase 

transition into a non-centrosymmetric phase. This phase shift is caused by the movement of the 

smaller B ion away from the centre of the oxygen octahedron in ferroelectric perovskite 

materials. However, the potential to experience Jahn-Teller distortion is significantly more 

pronounced and can act as the primary driving force behind structural distortion for perovskites 

with non-zero d-shells. For instance, the Ti3+ ions in Yttrium Titanate (YTiO3) have a d1 

configuration, while those in Lanthanum Manganite (LaMnO3) have a d4 configuration. Both 

materials have a d-type Jahn-Teller distortion, but neither in ferroelectric. YTiO3 is a strongly 

correlated ferromagnetic Mott-Hubbard insulator, whereas LaMnO3 is an insulator and exhibits 

an antiferromagnetic character[17].  

On the basis of these requirements, possible methods for implementing ferroelectricity and 

ferromagnetism in a material have been classified. According to Khomskii's theory, this origin 
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gives rise to two distinct types of multiferroic materials. These are multiferroics of types I and 

II, which are discussed in greater detail in the following section. 

1.3.1 TYPE-I MULTIFERROIC 

The ferroelectricity in these kinds of materials lacks any magnetic component, resulting in an 

extremely weak coupling between the two.  

d0 ferroelectricity and f-electron magnetism: Since it has already been demonstrated that d0-

ness is necessary for ferroelectricity but, paradoxically, eliminates the magnetic ordering from 

the material, it is possible to create magnetic ordering in a d0 ferroelectric material via f-electron 

magnetism[13]. For example, in Eu-substituted BaTiO3[18], the ferroelectric polarisation 

arises from d0-ness of Ti4+ ion ([Ar] 3d2 4s2) and magnetism part comes from f-electrons of 

Eu2+ ions after substitution of Ba2+ ([Xe] 6s2) ions with Eu2+ ions ([Xe] 4f7 6s2)[19,20].  

Lone pair ferroelectricity and d-electron magnetism:  In this instance, the substance is a 

single-phase material made up of two cations, one of which is responsible for ferroelectricity 

and the other for ferromagnetism. In this situation, the "lone pair" at the cation is 

Figure 1.3. Multiferroicity, arising from the combined interplay of magnetic and ferroelectric 

mechanisms, can result from several different sources. Here, we outline different combinations of these 

‘root’ mechanisms and how they are responsible for different types of multiferroic materials. This 

visualization shows the combinations of magnetic and ferroelectric mechanisms that occur in existing 

multiferroics, and also suggests less-explored options that may prove fruitful in the future[14]. 
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stereochemically active and produces the structural distortion that results in the ferroelectricity 

that is observed. For instance, the strong antiferromagnetism in BiFeO3 comes from the Fe 

electrons, and the significant polarization in that material is caused by the stereochemical 

activity of the Bi3+ 6s2 lone pair of electrons. BiXO3 (X are transition metal ions) structures 

have been created and researched as a result of these characteristics[21]. BiCoO3 is found to 

be polar at high Neel temperatures, 𝑇𝑁 = 470 K, although flipping the polarisation has not yet 

been successful due to the large c/a ratio of the tetragonal structure. Due to the lone pair at the 

Pb ions, PbXO3-type materials also belong to this group[22]. 

Novel ferroelectricity and d-electron magnetism branch: The ferroelectric properties of these 

materials are the result of an unconventional method of breaking the inversion symmetry, 

which generates ferroelectricity. These materials' magnetism is generated by conventional d-

electrons. For instance, 

Circumventing the d0-ness requirement for ferroelectricity: Even though the cation's d orbital 

is only partially filled with electrons in this instance, the cation nevertheless manages to alter 

the structure and cause ferroelectricity via the second-order Jahn-Teller effect. Examples 

include ferroelectricity brought on by strain, as in the perovskite SrMnO3[23], and 

ferroelectricity brought on by negative chemical pressure, as in the case of BaMnO3[24,25]. 

Due to the highly unstable nature of the high-symmetry paraelectric phase, even minor 

structural perturbations become significant in these situations and can cause the material to 

become ferroelectric. 

Charge Order:  This type of ferroelectricity has been observed in organic charge transfer salts, 

where the formation of charge ordering is responsible for the emergence of 

ferroelectricity[26,27]. The tiny band gap, high conductivity, and poor ferroelectric hysteresis 

of these materials continue to present obstacles. 

Geometrically driven multiferroics: In such situations, the geometric position of the small A-

site cation becomes crucial. BaNiF4 is an example of a small A-site cation that permits rotation 

of the surrounding polyhedral [28], which is either polar on its own or is associated with a 

secondary polar distortion as in YMnO3[29–31]. In these materials, the coupling between 

polarisation and magnetization is extremely strong since the rotation of such polyhedra also 

causes magnetism.  
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1.3.2 TYPE-II MULTIFERROICS 

The ferroelectricity in this particular form of multiferroic material is typically induced by 

magnetic ordering. Spontaneous polarisation is caused when a non-centrosymmetric magnetic 

ordering, such as spin spirals, disrupts the lattice's inversion symmetry. As a result, there is a 

strong link between magnetic and ferroelectric properties. These are also referred to as 

multiferroics driven by magnetism. At very low temperatures, this type of multiferroic is 

present in TbMnO3 and TbMn2O5[32,33]. For TbMnO3, at extremely low temperatures (T = 

28 K), the magnetic structure only changes to the point where the electric polarisation is visible. 

When a particular magnetic field is applied, the polarisation of this material is observed to 

Figure 1.4. Different microscopic mechanisms observed in type-I multiferroics. (a) In "mixed" 

perovskites containing ferroelectrically active d0 ions (green circles) and magnetic dn ions (red), d0 ion 

shifts from the centers (green arrows) of O6 octahedra (yellow plaquettes) coexist with polarization (red 

arrows). (b) In materials like BiFeO3 and PbVO3, the ordering of lone pairs (yellow “lobes”) of Bi3+ and 

Pb2+ ions (orange), contributes to the polarization (green arrow). (c) In charge-ordered systems, 

ferroelectricity results from the coexistence of inequivalent sites with different charges and inequivalent 

(long and short) bonds. (d) The “geometric” mechanism of generation of polarization in YMnO3 

describes the tilting of a rigid MnO5 block with a magnetic Mn remaining at the center [31]. As a result 

of the tilting, the Y-O bonds form dipoles (green arrows), and there are two "down" dipoles for every 

"up" dipole, resulting in a ferroelectric system (and multiferroic when Mn spins order at lower 

temperatures). 
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rotate by 90 degrees. However, in TbMn2O5, the effect of the magnetic field on polarization is 

so powerful that it causes a comparable oscillation in polarization when the magnetic field 

alternates between -1.5 T and +1.5 T.  

Based on the multiferroic behaviour mechanism, the Type-II multiferroics can be further split 

into two groups. which are,  

Spiral Magnetic Structure: As seen in TbMnO3, Ni3V2O6, and other materials, the 

ferroelectricity in this instance appears as a result of a magnetic spiral. The following equation 

can be used to phenomenologically express the polarisation, 𝑃[34–36]: 

𝑃 ~ 𝑟𝑖𝑗 × [𝑆𝑖 × 𝑆𝑗] ~ [𝑄 × 𝑒]             (1.1) 

Where, 𝑟𝑖𝑗 is the distance vector between the two spins 𝑆𝑖  and 𝑆𝑗 , 𝑄  is the wave vector 

describing the spiral structure, and 𝑒 is the spin rotation axis given by [𝑆𝑖 × 𝑆𝑗].  

Collinear Magnetic Structure: In such instances, ferroelectricity manifests in a collinear 

magnetic structure in which all magnetic spins are aligned in one direction. Since the magnetic 

coupling varies with atomic position, the polarization of this material appears to be the result 

Figure 1.5. Different types of relevant spin structures for type-II multiferroics. (a) Sinusoidal spin density 

wave, wherein the spins point in a single direction but vary in magnitude. This structure is centro-

symmetric and is not ferroelectric as a result. (b) The cycloidal spiral with wave vector 𝑸 =  𝑸𝒙 rotates in 

the (x, z) plane. In this instance, there is nonzero polarization, 𝑷𝒛 ≠ 𝟎. (c) The spins of a so-called "proper 

screw" rotate in a plane that is perpendicular to Q. Here, the inversion symmetry is broken, but this 

typically does not result in polarization, although it is possible in some instances. 
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of exchange striction. For example, Ca3CoMnO6 [37] consists of both Co2+ and Mn4+ ions 

alternatively situated along one dimension and contributing different magnetic moments. 

However, as the magnetic spins here change depending on the position of Co and Mn ion, the 

exchange striction occurs and the difference between ferro (↑↑) and antiferro (↑↓) bonds leads 

to a non-centrosymmetric structure and ferroelectricity.  

1.4 STRUCTURES OF MATERIALS 

1.4.1 SINGLE PEROVSKITE MATERIALS 

The general chemical formula for single perovskite multiferroic oxides is ABX3. Here, A and 

B are two distinct cations, with A being bigger than B, while X is an anion that binds to both. 

For a perfect cubic structure, the B cation is 6-fold coordinated, surrounded by an octahedral 

of anions, while the A cation is 12-fold coordinated. Single-phase multiferroics may be 

subdivided based on their chemical formula or the origin of their ferroic properties. It has 

recently been of interest to study the magnetoelectric coupling between two types of dipoles in 

single-phase thin film multiferroic systems like perovskite-type BiFeO3 or BiMnO3, the 

boracite family, BaMF4 families where M is the divalent transition metal, and hexagonal 

RMnO3 where R is rare earth metals [31,38–40]. These materials exhibit two phase transitions: 

one from paraelectric to ferroelectric, and another from ferri/ferro/antiferromagnetic to 

paramagnetic. Magnetoelectric effect is seen by a family-specific mechanism in single phase 

materials. Charge ordering in doped perovskites [41], magnetoelastic lattice modulations in 

TbMnO3, and the stereochemical activity of Bi lone pairs in BiFeO3 are just a few examples. 

The magnetoelectric (ME) effect in single-phase magnetoelectric (ME) materials is quite weak. 

The downside of these materials is that they degrade in cyclic circumstances and can only be 

employed at extremely low temperatures and with costly materials and production techniques. 

This is due to the presence of two order factors, polarization and magnetization, in single-phase 

materials. Minor ME exchange occurs between the two subsystems because one of the order 

parameters is often big and the other is small. Some single-phase perovskite structures with 

strong magnetoelectric coupling are discussed below. 

1.4.1.1 BISMUTH FERRITE (BiFeO3 or BFO) 

Crystal Structure: BiFeO3 or BFO has a distorted rhombohedral perovskite crystal structure 

belonging to the R3c space group[42]. In this representation, shown in Fig. 1.6, the lattice cell 

parameters are given by, 𝑎𝑟ℎ𝑜𝑚𝑏𝑜ℎ𝑒𝑑𝑟𝑎𝑙 = 3.96 Å  and 𝛼 = 89.3° − 89.4° [43].  This 

rhombohedral structure are also defined in terms of the hexagonal unit cell as [001]ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 || 

[111]𝑝𝑠𝑒𝑢𝑑𝑜𝑐𝑢𝑏𝑖𝑐[44]. In the hexagonal representation, the lattice parameters are found to be, 
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𝑎ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 = 5.58 Å, 𝑐ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 = 13.89Å  [45]. In a true cubic structure, the oxygen 

octahedral rotation angle should be zero, whereas in BFO the oxygen octahedral rotation angle 

around the [111]𝑝𝑠𝑒𝑢𝑑𝑜𝑐𝑢𝑏𝑖𝑐  axis ranges between 11° and 14° [1,42,43]. This alteration in 

BFO’s rotation angle tilts the oxygen octahedra and modifies the angle of the Fe-O-Fe bond 

[43,46]. The Fe-O-Fe bond angle is crucial because it controls the magnetic exchange and 

overlap of Fe and O orbitals in BFO. It also influences the conductivity and magnetic ordering 

temperature [47].  

Magnetic Properties: Both short-range and long-range magnetic orderings exist concurrently 

in BFO. However, BFO’s short-range magnetic ordering is G-type antiferromagnetic [48]. 

Each Fe3+ spin is surrounded by six antiparallel spins of its closest neighbours, as shown in 

Fig. 1.7. Due to magnetoelectric interaction, the spins are not entirely antiparallel; they form 

an angle to produce a weak canting moment [47]. In the case of long-range antiferromagnetic 

Figure 1.7. Fe3+ spins create an incommensurate cycloid spin structure with a length period of 62-64 

nm along [110] direction. 

Figure 1.6. The rhombohedral structure of Bismuth Ferrite, BiFeO3. The ferroelectric 

polarization is located along the [111] direction of pseudocubic representation 
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ordering, however, the spin structure is not uniform consisting of an incommensurate cycloid 

spin structure with a fixed length period of 62 to 64 nm along the [110] direction [49], first 

suggested by Sosnowska in 1982 [48]. In 2000 and 2003, Zalesskii and his colleagues claimed 

that the cycloid spin structure is deformed at low temperatures owing to spin reorientation 

[50,51]. However, they were unaware of the phase transition temperature. The spin 

reorientation transition temperatures discovered separately by several research groups are 140 

K and 200 K [52,53]. At 140 K, magnon anomalies are seen, while phonon-magnon coupling 

occurs at 200 K [54]. The replacement of Fe ions by Nb, Sc, Mn, Zr, Ti, and Co ions improves 

magnetism as well [55–59]. Changes in the Fe–O–Fe bond angle and the Fe valance state owing 

to charge compensation enhance the spin in this instance. 

Ferroelectric Properties: 

Magnetoelectric material BFO has 

a high ferroelectric polarization 

with critical temperature ( 𝑇𝐶  = 

1103 K) [60]. For ferroelectric 

polarization, ferroelectric (FE) 

perovskite typically comprises 

transition metal (TM) ions with an 

empty d-orbital. In the case of 

BFO, however, substantial 

ferroelectric polarization results 

from the arrangement of the 6s2 

lone pairs situated in Bi3+ ions, 

identical to the d0 configuration. 

These 6s2 lone pair electrons violate the local inversion symmetry to generate the coordinate 

bond along [111] direction (Fig. 1.8). The FE polarization in bulk BFO is oriented along the 

[001]ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙/[111]𝑝𝑠𝑒𝑢𝑑𝑜𝑐𝑢𝑏𝑖𝑐 direction. The group of Ramesh revealed that a high-quality 

BFO thin film exhibits residual polarization as high as, 𝑃𝑟 ~ 55 𝜇𝐶/𝑐𝑚2 in the [001] direction 

[60]. According to studies [61,62], poor FE polarization in BFO is mostly caused by a high 

defect density and non-stoichiometry.  

1.4.1.2 GALLIUM FERRITE (Ga2-xFexO3) 

Crystal Structure: Recent neutron [63,64] and X-ray diffraction [65–67] studies on both 

powder and single crystals across a broad temperature range (4-700 K) have verified the first 

Figure 1.8. The 6 s2 lone pair in Bi3+ ion violate the local inversion 

symmetry generating a coordinate bond along [111] direction. 
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structural study that the structure of Ga2-xFexO3 is orthorhombic with Pc21n symmetry[68–70]. 

The room temperature lattice parameters are 𝑎 = 8.75 Å, 𝑏 = 9.39 Å, 𝑐 =

5.08 Å[64,66,71,72], and the orthorhombic unit cell consists of eight formula units. There are 

two types of Ga and Fe ions, namely Ga1, Ga2, Fe1, and Fe2 ions and six types of inequivalent 

O ions (O1, O2, O3, O4, O5, and O6) in the unit cell shown in Fig. 1.9. Oxygen coordinates 

octahedrally with the Ga2, Fe1, and Fe2 ions, but only tetrahedrally with the Ga1 ion[73].  

Magnetic Properties: The magnetic transition temperature of gallium ferrite (Ga2-xFexO3 or 

GFO) is near to room temperature, making it both a room temperature (RT) piezoelectric and 

a ferrimagnet. As previously discussed, the unit cell of GFO contains 4 types of Ga and Fe 

ions, namely Ga1, Ga2, Fe1, and 

Fe2, where Fe1 and Fe2 are 

antiferromagnetically coupled 

[66,74]. However, due to similar 

ionic size of Ga and Fe ions, there is 

a significant site-disorder. As a 

result, experimentally, Ga and Fe 

sites are only partially occupied by 

the corresponding ions. The 

observed ferrimagnetism in GFO is 

also thought to be due to this 

disorder at the cation sites. To 

control the transition temperature to 

values above RT, researchers have 

found that adjusting the Ga: Fe ratio in the single-phase region (0.7 ≤ 𝑥 ≤ 1.4 for Ga2-xFexO3) 

is crucial [73]. Increasing total iron concentrations compared to Ga is observed to linearly 

increase the Curie temperature (TC). So, compositionally controlled GFO is an interesting RT 

magnetoelectric material with a large magnetoelectric coupling in stoichiometric GFO (𝛼𝑏𝑐 ≈

1 × 10−11 𝑆.𝑚−1 at 77 K [71]) shown by Rado [69], especially when combined with its strong 

piezoelectric response [73].  

Piezoelectric Properties: Although not much is known about the structural distortion in GFO, 

its high piezoelectric coefficient—nearly twice as that of a quartz[73]—is assumed to be mainly 

due to the asymmetric Ga1-O tetrahedron. 

Figure 1.9. Orthorhombic unit cell of Gallium Ferrite having Ga1, 

Ga2, Fe1, Fe2 and 6 types of inequivalent oxygen ions (red ones) 

namely O1, O2, O3, O4, O5, and O6. 
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1.4.2 DOUBLE PEROVSKITE MATERIALS (A2BBʹO6) 

The double perovskite families of multiferroic materials with the formula, A2BBʹO6, are being 

investigated in recent years with the purpose of finding new kinds of multiferroic materials 

suitable for practical applications. In general, ABO3 is the chemical formula for single-phase 

multiferroic perovskite oxides. In double perovskites however, the transition metal ions here 

form a 6-coordinated octahedral, whereas the A cation has 12-coordination. There are two 

distinct cations, B and B', producing two different types of BO6 and B'O6 octahedra. As a result, 

the spatial distribution of B and B' cations determines several crucial features in this type of 

materials. As can be seen in Fig. 1.10, complex double perovskites may take on three distinct 

structures depending on the orientation of B and B' which are layered, columnar, and rocksalt. 

However, the majority of synthetic double perovskites have rocksalt-like structure of B and B' 

cations. In a small fraction of double perovskite multiferroics [75], B and B' cations are ordered 

in layers. The layered form is preferred mainly when the B and B' cations have differing 

numbers of valence electrons and is more stable than rocksalt ordering in the case when the 

BO6 and B'O6 octahedra have different geometry, such that the BO6 is Jahn-Teller deformed 

while B'O6 is not. There are very few double perovskite materials that have been studied, these 

are Bi2FeCrO6, Bi2NiMnO6, La2CuIrO6, Ca2CoWO6, La2CuMnO6, Sr2CoTeO6, Y2NiMnO6, 

Ca2CoTeO6, Tb2NiMnO6, Sr2CoWO6, Bi2CoMnO6, and La2NiMnO6 [76–80]. In certain 

multiferroic double perovskites, ferroelectricity and ferromagnetism arise from distinct sites. 

Among them, ferroelectric polarization is generated by exotic magnetic ordering in certain 

double perovskite multiferroics, such as ↑↑↓↓ spin structure induced type-II multiferroics. 

Super-exchange interaction between B2+ and B'4+ ions cause ferromagnetism in this form of 

multiferroic [81–83]. The magnetocapacitance and magnetoresistance effect [84] demonstrates 

the link between electronic, magnetic, and dielectric characteristics in single-phase La2NiMnO6 

Figure 1.10. Complex double perovskites take on three distinct structures depending on the 

orientation of B and B' which are layered, columnar, and rocksalt (from left to right) 
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(LCMO). In LCMO, the magnetic field is observed to have a dramatic effect on the dielectric 

and resistive characteristics at temperatures about 280 K indicating high coupling. Curie's 

temperature is close to the RT (around 280 K). Similar to LCMO, the magnetic and electric 

transition temperatures of other multiferroic double perovskites are rather high. The bilayer 

thin film Bi2FeCrO6/Nd0.1Bi0.9FeO3 has a transition temperature of around 440 K [85]. The 

Bi2FeCrO6 thin film produced on LaAlO3 substrate also exhibits a ferromagnetic transition 

temperature of 600–800 kelvins and a ferroelectric transition temperature of 900 kelvins. The 

double perovskite materials are therefore very promising for use in devices because of their 

high ferroelectric and ferromagnetic transition temperatures and required further study. 

1.4.3 MAGNETOELECTRIC COMPOSITES 

One very effective strategy for creating new kinds of magnetoelectric materials with strong 

magnetoelectric coefficient is via the use of composites. In composites, a non-magnetic 

ferroelectric (FE) material and a non-ferroelectric ferromagnetic (FM) material are mixed to 

make multiferroic composites. The piezoelectricity of ferroelectric materials causes structural 

or mechanical strain in response to an applied electric field. Because of the magnetostriction 

feature of the magnetic material of the composite, this strain alters the magnetic properties. 

Therefore, the magnetoelectric (ME) effect is denoted as the result of the piezoelectric effect 

from the ferroelectric phase and the magnetostriction from the magnetic phase in following 

way. 

𝑀𝐸 = 
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐
             (1.2) 

The two phases can be arranged in a number of different geometries, illustrated in Fig. 1.11, 

including (1) 0-3 particulate composite, where particles (0) of one phase are embedded in a 

matrix (3) of another phase, (2) 2-2 bi-layer composite, where one phase's layer is deposited 

on top of another phase's layer, and (3) 1-3 composite, where one phase's nanotube pillar is 

embedded in another phase's matrix. The best results, however, are shown in the 0-3 particle 

composite phase, whereas 2-2 is constrained by the clamping effect between layers, and 1-3 is 

constrained by the high conductivity brought on by the connected magnetic phase. 

Recently, atomic-scale observations of multiferroic superlattices have shown the layer-

by-layer growth of ferroelectric and anti-ferromagnetic LuFeO3 with ferromagnetic but non-

polar LuFe2O4. Vertically aligned nanocomposites (VAN) are especially fascinating to study 

because of the enhanced coupling that occurs from the higher interfacial contact between the 



  CHAPTER 1 

 

  

 PAGE 16 

 

two components. This suggests a 

considerable potential in the study of 

multiferroic materials, given the rich 

chemistry of composites. BaTiO3 - 

CoFe2O4 was successfully synthesized at 

the Philips Laboratory in 1972, after 

Suchtelen's first proposal of two-phase 

composite type materials [86]. For the 

composite material's preparation, they 

used the unidirectional solidification 

technique and the quinary Fe-Co-Ti-Ba-

O system. Compared to the single-phase 

multiferroic material, the resulting 

composite material displayed 

dramatically enhanced magnetoelectric 

coupling property. After 20 years, a 

simple, low-cost method of producing a 

composite material was developed 

[87,88]. Although traditional sintering 

was used to make particulate composite 

ceramics like PZT and BaTiO3 in the 

early 1990s, their ME coupling 

coefficient was relatively small [87–89]. 

The issue was resolved by strict 

regulation of the synthesis process [90]. 

Previous research by Ryu et al. [90–92] 

has looked into the sintered behaviour 

and ME characteristics of a specific PZT 

and Ni-based ferrite composite. Many 

additional composites with a high ME 

coefficient were subsequently 

discovered [91]. Recently, researchers have been concentrating on multiferroic nano-

composites thin film, in which a variety of techniques, including Pulsed Laser Deposition and 

Polymer-Assisted [93–97], are employed to deposit FE (such as BaTiO3, BiFeO3, PZT) and 

Figure 1.11. The two phases in a multiferroic composite can 

be arranged in a number of different geometries including (1) 

0-3 particulate composite, where particles (0) of one phase 

are embedded in a matrix (3) of another phase, (2) 2-2 bi-

layer composite, where one phase's layer is deposited on top 

of another phase's layer, and (3) 1-3 composite, where one 

phase's nanotube pillar is embedded in another phase's 

matrix. 
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FM (such as CoFe2O4, NiFe2O4) oxides such that the ME effect is improved by the nano-

structured thin film's increased lattice strain or interlayer contact. However, a mechanical 

barrier develops between the film and the base affecting the ME coupling interaction in the 

nano-structured two-phase thin films [96,98,99]. 

1.5 DIFFERENT MORPHOLOGIES 

The structure, size, and form of materials are intimately tied to their functioning. Quantum 

effects are related with the occurrence of strange events in this environment. Due to the 

predominance of anisotropy in magnetism when one or more dimensions are decreased [100–

103], the magnetic characteristics become particularly sensitive to the morphology. The 

appearance of a material's exposed surface and interface plays a crucial influence in 

determining its qualities. This specific component has remarkable magnetic characteristics at 

smaller scales. The exposed surface exhibits decreased metal coordination, resulting in the 

formation of a few voids. This decreases the electrons' ability to jump from site to site, hence 

enhancing their Coulomb interactions. This also increases the propensity for the production of 

surface magnetism, owing mostly to the existence of uncompensated spins resulting from 

quantum confinements [103–105]. In recent years, the combination of theoretical and 

experimental methodologies has enabled the creation of functional materials in which 

morphological modulation is regarded as a crucial tool for controlling multiple degrees of 

freedom involved in various physical and chemical processes. Various applications, including 

as catalysis, gas sensing, energy conversion and storage, and magnetoresistance, are dependent 

on the atomic surface organization [106–109]. The magnetic properties are also impacted by 

the sample's chemical composition, shape, and size, as well as the core and surface local 

characteristics. The presence of superparamagnetism, gigantic magnetic resistance, and 

enhanced multiferroic characteristics [110–114] is also reliant on interactions with the 

surrounding environment. 

1.5.1 BULK 

Bulk materials consist of particles with diameters greater than 100 nm, observable with the 

naked eye or a basic microscope. Low surface-to-volume ratio of materials in this morphology 

improves performance in applications such as catalysis, solar veils, and gas sensors. Due to the 

low concentration of atoms and molecules on the surface, their characteristics are determined 

more importantly by surface forces than bulk forces. Bulk metal has normal scattering 

characteristics. In the electronic band structure of bulk semiconductors, there may not be any 

restricted energy states. Adsorption and absorption of molecules (in gaseous or liquid phases) 
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in bulk morphologies is sluggish and weak. Examples of materials in bulk form include sand, 

cement, alumina, ore, salts, etc. 

1.5.2 NANOSTRUCTURE 

Nanomaterials (NMs) are chemical compounds or materials with dimensions between 1 and 

100 nm in at least one dimension, therefore invisible with a basic microscope or with the naked 

eye. The observation of these type of materials requires advanced microscopic methods. Large 

surface-to-volume ratios of nano-structural materials improve performance in applications 

such as catalysis, solar veils, and gas sensors. Nanoparticles have a very high aspect ratio, and 

hence a greater surface area making them highly effective in adhesion with the matrix or 

surface and enhancement of mechanical performance of the parent material. Surfaces having a 

high concentration of atoms or molecules have distinctive characteristics where surface forces 

are quite significant. Metal nanoparticles have unique scattering characteristics. Nanoparticles 

of semiconductors may show constrained energy states within the electronic band structure. 

Their unique chemical and physical features vary with their size and form. The characteristics 

of NM may be "tuned" by modifying the particle size (e.g., changing the fluorescence color so 

a particle can be identified). The rate of adsorption and absorption of molecules (in gaseous or 

liquid phases) is quite high. Examples include nanosilica, nanotitania, nanoalumina, etc. 

Compared to their counterparts at the microscale, nanoscale materials offer a range of 

enhanced features. This is due to the following factors: (i) having more surface atoms than 

inner atoms, (ii) having more free energy surface available (as a result of the increased surface 

area and surface atoms, the surface energy associated with the particles increases), (iii) 

increasing a substance's surface area enhances the rate of a chemical reaction, in general, (iv) 

low wavelength and high frequency and energy, (v) the blue shift of atoms for optical 

absorption spectra, (vi) super paramagnetism occurs when the nanoparticle is smaller than the 

magnetic domain in a material [115–117]. There are several types of nanomaterials, they 

are[118], 

➢ Type one, 0D: All three dimensions of 0-dimensional NMs are inside the nanoscale 

range. Examples include arrays of heterogeneous nanoparticles, arrays of uniform 

nanoparticles (quantum dots), hollow spheres, and nanolenses. 

➢ Type two, 1D: One-dimensional nanomaterials have one dimension within the 

nanoscale range. Nanotubes, nanowires, nanorods, nanobelts, nanoribbons and 

nanographene platelets are examples of 1D nanostructures. 
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➢ Type three, 2D: Two-dimensional nanomaterials have two dimensions at the nanoscale 

level. Thin films, nanoprisms, nanoplates, nanosheets, nanowalls, and nanodisks are 

examples of such nanostructures. 

➢ Type four, 3D: Multiple 0D, 1D, or 2D materials are arranged to produce the 3D 

structure. Nanoballs (dendritic structures), nanocoils, nanocones, nanopillers, 

nanoflowers, graphite, and multi-nanolayers are examples of nanostructures. 

Type three - 2D Thin Film: Thin films vary significantly from bulk ceramics in their 

morphology (physical structure) from the micrometer level (i.e., microstructure) to the 

nanoscale level (i.e., nanostructure). Many vapor-deposited films have columnar morphologies 

as a result of the low processing temperatures and the variations in nucleation and growth. 

Consequently, despite the fact that the top surface of certain films may have a ceramic-like 

microstructure in two dimensions, they may only be one grain thick. In addition, as explained 

below, the "grain boundaries" may have a different character than the "bulk" of the film due to 

differences in local density and stoichiometry, and may range from crystalline grain boundaries 

to density fluctuations, commonly known as voids, surrounding 1–10 nm-sized amorphous 

clusters or crystallites. Due to their very high surface-to-volume ratios, nanoscale crystallites 

often exhibit properties distinct from their counterparts in bulk. Therefore, it is essential to take 

into account the elements that impact the formation of film morphology in ceramic systems at 

all length scales. 

The 2D thin film structure is crucial for the practical uses of magnetoelectric materials. 

Nano-structured thin films provide for more degrees of freedom and enhance lattice strain or 

interlayer contact, hence boosting the magnetoelectric (ME) effect. Between the thin layer and 

the substrate, a mechanical limitation also develops. This mechanical limitation and the 

nanostructured two-phase thin films have a tremendous effect on the ME coupling interaction 

[119–121]. However, the controlled production of materials as thin films (the deposition 

process) is a critical step in several applications. A common example is the home mirror, which 

normally has a reflecting surface formed by a thin metal coating on the back of a sheet of glass. 

In the past, silvering was routinely employed to manufacture mirrors, but nowadays the metal 

layer is produced using methods such as sputtering. During the 20th century, advances in thin 

film deposition techniques enabled numerous technological advances in fields such as magnetic 

recording media, electronic semiconductor devices, integrated passive devices, LEDs, optical 

coatings (such as antireflective coatings), hard coatings on cutting tools, and energy generation 
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(such as thin-film solar cells) and storage (thin-film batteries). Through thin-film drug delivery, 

it is also used to medicines. A collection of thin films is known as a multilayer. 

1.6 APPLICATIONS 

1.6.1 Data Storage: The need for data storage and access that does not generate a great deal of 

data traffic or consume a great deal of energy has increased dramatically as a result of the 

current rapid growth of data each year. Due to their low energy consumption, multiferroic 

materials now have a wide range of potential applications in memory and data storage 

technology. To begin with, the memories where we can read, write, and modify the stored 

memories are called Random-Access Memory, or RAM. As a result, in order to create a RAM, 

it is crucial to be able to (a) read or retrieve data, (b) keep or store data, and (c) write data. 

Based on their operating principles, RAMs can be classified into various categories according 

to their power usage, logic density, speed, etc. These are the fundamental variables that must 

be investigated and improved in order to increase speed or storage capacity. Static RAM, or 

SRAM, is the most popular type of RAM utilized in computers' cache memory in high-speed 

CPUs like Intel 486 and Pentium. These are constructed using flip-flops and store the bits as 

voltages, requiring 6 transistors per cell. Because of this, this RAM has a very low logic density 

Figure 1.12. MERAMs that make use of exchange-bias coupling between a ferroelectric and 

antiferromagnetic multiferroic (FE-AFM, brown layer) and a thin ferromagnetic electrode (green layer). A 

tunnelling barrier layer provides the two resistive states (Rp and Rap) between the two ferromagnetic layers 

at the top. 
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yet a very high speed. Dynamic Random-Access Memory, or DRAM, is the name of the RAM 

that is currently utilized in smartphones and computers. In DRAM, the 1 and 0 bits are 

represented by distinct capacitors that are in the process of charging or discharging, 

respectively. Its logic density is higher since just one transistor and one capacitor are used per 

bit. But because even nonconducting transistors leak a tiny amount of charge, capacitors 

continue to discharge and are unable to store any information. Despite being slower than 

SRAM, it is frequently employed in current computers due to its inexpensive cost and 

straightforward design. For its non-volatility, unlike DRAM, ferroelectric RAM, or FERAM, 

uses a ferroelectric layer rather than a dielectric layer. The two bits of 1 and 0 are represented 

by the two ferroelectric polarisation states. When a magnetic field is applied, the various 

resistance states correspond to 1 and 0 bits in magneto-resistive RAM, or MRAM, which can 

be used to read or recover data. Information is stored or retained through magnetic anisotropy. 

However, the stored information can be changed from 1 to 0 or vice versa using a magnetic 

field. Hard Drives, which use magnetic memory to store gigabytes or terabytes of data, are an 

example. The magnetic materials are tailored using polyethylene terephthalate (PET) for 

magnetic tapes and alumina discs for drives (γ-Fe2O3 previously, currently Cobalt-based alloy). 

A flux is created when these discs are passed through an electromagnet, and this flux causes an 

electromagnetic flux (EMF) voltage to be induced. The signal is transformed into information 

by this EMF voltage. A magnetoelectric material is an exchange linked with another 

ferromagnetic material in magnetoelectric RAM, also known as MERAM[122]. While the 

ferromagnetic layer is utilized to store data similarly to MRAM, the ME layer functions as a 

drive[123,124]. An electric field is applied to the magnetoelectric layer in place of a magnetic 

field, changing or writing the ferromagnetic material's magnetic state as a result of ME coupling 

(Figure 1.12). And, unlike DRAM, the magnetic junction tunnel (MT) acts like a capacitor to 

store information. This RAM uses a lot less energy than other RAMs. 

1.6.2 Microwave Absorption: Its potential for successful application as a microwave absorber 

has been increased by the presence of both electric and magnetic characteristics. Crystal 

engineering has the ability to overcome the constraints of reducing the electromagnetic energy 

absorption of BFO by enhancing the magnetic loss or achieving a better balance between the 

dielectric loss and the magnetic loss. Examples include the capacity of Nd-doped BFO to 

generate ordered domains with modified electromagnetic and energy absorption 

properties[125]. The phase boundary can be adjusted with a Ca doping BFO to increase the 

microwave absorption bandwidth[126].  
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1.6.3 Actuators and Sensors: The coexistence of strain and ferroelectricity in the same 

materials enables these materials to be used as actuators ad sensors. 

1.6.4 Optoelectronic Devices: The utilization of multiferroic materials in optical and electrical 

device manufacturing is widespread[127–132]. The adequate band gaps and conductivities of 

these materials enhance their photo-ferroelectric properties. BiFeO3 is used to create antennas 

for terahertz spectroscopy that can detect terahertz frequency due to its ability to emit 

electromagnetic waves in the terahertz frequency range.  

1.7 MAGNETOELECTRIC PROPERTIES 

1.7.1 MAGNETOELECTRIC COUPLING 

The magnetoelectric effect defines the coupling of electric and magnetic fields in matter, i.e., 

the generation of polarization (𝑃) by a magnetic field (𝐻) or the induction of magnetization 

(𝑀) by an electric field (𝐸)[3]. In 1888, Rontgen noticed that a moving dielectric body placed 

in an electric field becomes magnetized. Later, he noticed the opposite effect: a moving 

dielectric generating polarisation in a magnetic field. But neither is an inherent property of the 

substance. Curie suggested the possibility of an intrinsic magnetoelectric effect in some crystals 

in 1894 when considering crystal symmetry. This type of effect is known as a "magnetoelectric 

effect" according to Debye. The magnetoelectric coupling coefficient was 4.13 ps.m-1 when 

the magnetoelectric phenomenon was first successfully observed in Cr2O3. More than 100 

different compounds have been found or created so far that shows the magnetoelectric effect. 

Using Landau’s theory[133] for free energy, we can write the free energy as, 

𝐹(𝐸, 𝐻) =  𝐹0 − 𝑃𝑖
𝑠𝐸𝑖 − 𝑀𝑖

𝑠𝐻𝑖 −
1

2
𝜀0𝜀𝑖𝑗𝐸𝑖𝐸𝑗 −

1

2
𝜇0𝜇𝑖𝑗𝐻𝑖𝐻𝑗 − 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 −

1

2
𝛽𝑖𝑗𝑘𝐸𝑖𝐻𝑗𝐻𝑘 −

1

2
𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗𝐸𝑘 − ⋯                 (1.3) 

Where, 𝐹0 is the ground state free energy, subscripts (i, j, k) refer to the three components of a 

variable in spatial coordinates, 𝐸𝑖 and 𝐻𝑖 the components of the electric field 𝐸 and magnetic 

field   𝐻 , respectively, 𝑃𝑖
𝑠  and 𝑀𝑖

𝑠  are the components of spontaneous polarization 𝑃𝑠 and 

magnetization 𝑀𝑠, 𝜀0 and 𝜇0 are the dielectric and magnetic susceptibilities of vacuum, 𝜀𝑖𝑗 and 

𝜇𝑖𝑗 are the second-order tensors of dielectric and magnetic susceptibilities, 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘 are the 

third-order tensor coefficients and, most importantly, 𝛼𝑖𝑗 is the components of tensor 𝛼  which 

is designated as the linear magnetoelectric effect and corresponds to the induction of 

polarization by a magnetic field or a magnetization by an electric field. The rest of the terms in 
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the preceding equations correspond to the high-order magnetoelectric effects parameterized by 

𝛼 and 𝛽 tensors. Then the polarization is, 

    𝑃𝑖(𝐸, 𝐻) = −
𝜕𝐹

𝜕𝐸𝑖
= 𝑃𝑖

𝑠 + 𝜀0𝜀𝑖𝑗𝐸𝑗 + 𝛼𝑖𝑗𝐻𝑗 +
1

2
𝛽𝑖𝑗𝑘𝐻𝑗𝐻𝑘 + 𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗 + ⋯,          (1.4) 

And the magnetization is, 

   𝑀𝑖(𝐸, 𝐻) = −
𝜕𝐹

𝜕𝐻𝑖
= 𝑀𝑖

𝑠 + 𝜇0𝜇𝑖𝑗𝐻𝑗 + 𝛼𝑖𝑗𝐸𝑗 + 𝛽𝑖𝑗𝑘𝐻𝑗𝐸𝑖 +
1

2
𝛾𝑖𝑗𝑘𝐸𝑗𝐸𝑘 + ⋯,          (1.5) 

The 𝛼𝑖𝑗 in above equations is known as the Magnetoelectric coupling coefficient.  

1.7.2 DIELECTRIC PROPERTIES 

To design high-frequency circuits, a thorough understanding of the electrical properties of 

materials, specifically the dielectric constant and loss tangent under operating conditions, is 

required. In general, materials can be categorized as conductors, semiconductors, or insulators 

based on their conductivity, and as dielectric, paraelectric, or ferroelectric based on their 

polarizability[134]. Typically, ferrites belong to the semiconductor and dielectric ranges. The 

measurement of complex dielectric properties of materials at radio frequency (RF) and 

microwave frequency is particularly important in the research fields of material science, 

communication, microwave circuit design, and biology[135]. Moreover, measurements in ac 

frequency provide insight into the microscopic nature of the ionic conducting process, whereas 

the technically more difficult dc measurements provide less information regarding the entire 

dynamic behaviour of the sample. Consequently, ac techniques are used to measure material 

properties including bulk conductivity, surface, grain boundary effect, ionic transport, and 

double layer formation at the electrode/sample interface, etc.[136]. Dielectric properties 

pertaining to polarization behaviour, conduction, and relaxation mechanisms of a material vary 

with both external and internal parameters such as frequency, temperature, and pressure, as 

well as sample orientation, composition, and molecular structure. In the section that follows, 

therefore, important topics pertaining to the dielectric properties of a material are discussed. 

1.7.2.1 IMPEDANCE SPECTROSCOPY 

It is common knowledge that impedance spectroscopy is a potent method for investigating the 

dielectric properties of materials, such as conductivity (), dielectric constant (ɛ), transport 

phenomena, interfacial capacitance, mobility of charges and their equilibrium concentration, 

etc. When an ac signal with electric field strength significantly less than breakdown voltage is 
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applied to a system, the impedance of the system follows Ohm's law, as the ratio of voltage (𝑉) 

to current (𝐼) in the time domain, 

𝑉(𝑡) = 𝑉0exp (𝑗𝜔𝑡)       (1.6) 

𝐼(𝑡) = 𝐼0exp (𝑗𝜔𝑡 − 𝜃)       (1.7) 

𝑍(𝜔) = |𝑍|𝑐𝑜𝑠𝜃 − 𝑗|𝑍|𝑠𝑖𝑛𝜃 = 𝑍′ − 𝑗𝑍′′ =
1

𝑗𝜔𝐶
    (1.8) 

Here, 𝑍′ and 𝑍′′ are the real and imaginary components of the complex impedance (𝑍), 𝜔 (=

2𝜋𝑓) or the angular frequency of the signal and 𝐶 is the complex capacitance of the dielectric 

sample. As the relative dielectric constant or, permittivity (𝜀) of the material is related to the 

capacitance in a way, 𝜀 = 𝐶 𝐶0⁄ , from the impedance it can be calculated using the following 

formula, 

𝜀 =
1

𝑗𝜔𝐶0𝑍
= 𝜀′ − 𝑗𝜀′′              (1.9) 

Where, capacitance of free space, 𝐶0 =
𝜀0𝐴

𝑑
, 𝜀0, 𝐴, and 𝑑 are free space permittivity (8.854×10-

12 F/m), area of the active region, and thickness of the sample respectively. Expanding Eq. 

(1.9), the real and imaginary parts of dielectric constant in terms of impedance can be given 

by, 

𝜀′ =
𝑍′′

𝜔𝐶0(𝑍′ 2+𝑍′′ 2)
             (1.10) 

𝜀′′ =
𝑍′

𝜔𝐶0(𝑍′ 2+𝑍′′ 2)
             (1.11) 

Moreover, real part of conductivity can be found using the formula 𝜎 = 𝜔𝜀0𝜀
′′. Permittivity 

values reveal how an external field interacts with the electric dipole moments of a sample. The 

𝜀′ represents the amount of dipole or charge alignment (both induced and permanent) due to 

polarization and 𝜀′′ measures the energy required to align the dipoles or move the ions. Loss 

tangent (𝑡𝑎𝑛𝛿𝜀 =
𝜀′′

𝜀′ ) is expressed as measure of energy loss from the material due to an 

external electric field. Generally, with rising temperatures, 𝜀 increases in dielectric material 

with an increase in participating dipoles or ions. Frequency dependence of 𝜀′ according to ideal 

Debye’s dispersion equation is, 

𝜀′ = 𝜀∞
′ +

(𝜀0
′−𝜀∞

′ )

1+(𝜔𝜏)2
             (1.12) 

   𝜀′′ =
(𝜀0

′−𝜀∞
′ )𝜔𝜏

1+(𝜔𝜏)2
                        (1.13) 
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Where, 𝜀∞
′  and 𝜀0

′  are the permittivity values at high and at low frequency respectively and τ is 

relaxation time constant. With increasing frequency 𝜀′  falls due to the lagging of dipoles 

behind the field whereas  𝜀′′ exhibits a maximum at 𝜔 = 1
𝜏⁄ , where the oscillating charges are 

coupled with the oscillating field and absorbs maximum electrical energy. Numerous materials 

exhibit a non-Debye dielectric behaviour that is characterized by a broader asymmetric loss 

peak where multiple ions are responsible for dielectric dispersion[137]. The non-Debye 

behaviour of a material could be described by the Cole-Cole, Davidson-Cole, and empirical 

expression proposed by Havriliak-Negami[138]. Electric modulus (M), which is defined as the 

inverse of relative permittivity, is used to analyse dielectric behaviour at relatively higher 

temperatures, where ε typically becomes extremely high due to electrode polarization and 

carrier transport. 

1.7.2.2 POLARIZATION 

The cations in ferrites are surrounded by densely packed oxygen anions and can be considered 

isolated. Consequently, the electrons or holes associated with a particular ion will remain 

localized, leading to the formation of a potential well. The transition to a neighbouring lattice 

site for a trapped carrier charge at a lattice site in such a deep well may be triggered by thermal 

activation or at a higher frequency. This trapped charge, known as a small polaron, is the result 

of a defect in the crystal lattice and, when an electric field is applied, causes polarization[139]. 

The placement of cations in A or B sites of ferrites greatly affects the migration of charge 

carriers as well as the dielectric properties' defining characteristics. In addition, the interaction 

of electron hopping between cations results in the formation of dipole pairs in ferrites, which 

contribute to dipolar polarization[135]: 

𝑇2+ + 𝐹𝑒3+ ↔ 𝑇3+ + 𝐹𝑒2+ + 𝐸𝑎           (1.14) 

Where 𝐸𝑎  is the activation energy, required for transfer of electron from 𝑇2+ to 𝐹𝑒3+ and vice 

versa. This polarization originates from a number of sources: 

Electronic Polarization: In the presence of an external field, the electron cloud moves relative 

to the nucleus. The required time for this type is the shortest (~ 10-15 s), and as a result, its 

negligible contribution is amplified at optical frequencies. Electronic polarisation rules at 

frequencies higher than 1012 Hz. 

Atomic Polarization: Atomic polarization occurs when positive and negative ions adjacent to 

one another "stretch" in response to an applied electric field. In addition to being a rapid process 

with a response time of 10-13 s and rules at frequencies between 109 Hz and 1012 Hz, this type 

of polarization is effective at THz and microwave frequencies. In addition to dielectric 
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relaxation, resonance-type dielectric response occurs in the dielectric system at high frequency. 

Inertial effects in charge movement or anomalous dispersion are also considered[140]. 

Dipolar Polarization: Dipolar or orientation polarization refers to the alignment of dipoles 

through orientation in an electric field. Typically, orientation polarization requires 10-9 s and 

dominates between 103 Hz - 109 Hz[141].  

Space Charge Polarization: Space charge accumulation at the structural interfaces of an 

inhomogeneous dielectric material causes interfacial polarization. The trapped charge carriers 

are involved in this process, and as the temperature rises, this type of polarization increases as 

thermal agitation activates more carriers. At room temperature, its operating frequency range 

is less than 107 Hz and falls between the microwave and radio-wave frequency ranges. 

As frequency increases, slower mechanisms are eliminated, leaving only faster 

mechanisms to contribute to values. In Figure 1.13, a schematic dielectric constant, ε, versus 

frequency curve illustrating various types of polarization is depicted. This dielectric relaxation 

can be characterized by the Maxwell-Wagner grain-grain boundary model for ferrites and 

represented by the Cole-Cole plot. 

1.7.2.3 MAXWELL-WAGNER MODEL AND COLE-COLE PLOT 

Koops[142] proposed a theory in which conducting grains and grain boundary layers of ferrite 

material can be understood as an inhomogeneous polycrystalline dielectric structure introduced 

by Maxwell and Wagner. Charge carriers migrate easily from the grain and accumulate (space 

charge) at the grain's resistive boundaries when an external electric field is applied. At low 

frequencies, this process can produce a large polarization and a high ε′. The presence of charge 

movement inertia would result in a relaxation of dipoles with respect to the polarizing field, 

resulting in a finite phase difference with the field. After a sufficiently high characteristic cut-

off frequency, the phase lag in the carriers becomes pronounced, causing ε′ to decrease. At 

these frequencies, conductive grains become more active and electron hopping occurs, 

increasing the material's conductivity. 

The Cole-Cole plot is essentially a simple real part of impedance (Z′) versus imaginary 

part of impedance (Z′′) plot that can represent the Maxwell-Wagner two-layer model and the 

electrical processes occurring within the system as well as the relaxation mechanism. A Debye 

type material exhibits a perfect semi-circular plot at a specific temperature, whereas a non-

Debye type material exhibits a distorted semi-circle and an electrode-sample interface exhibits 

an inclined line plot.  
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Figure 1.14 illustrates the equivalent circuit of a grain and grain boundary model of a 

material, using which the resistive and capacitive components of complex impedance (𝑍) of 

the material can be analysed. The grain and grain boundaries with resistances, 𝑅𝑔 and 𝑅𝑔𝑏 and 

capacitances, 𝐶𝑔 and 𝐶𝑔𝑏 are depicted in the equivalent circuit, respectively. The resistance and 

capacitance components are connected in parallel to each other, whereas the grain and grain 

boundaries are connected in series with each other. 

Therefore, the equivalent impedance is given by, 

𝑍 = 𝑍𝑔 + 𝑍𝑔𝑏              (1.15) 

Here, 𝑍𝑔is the complex impedance of the grain and 𝑍𝑔𝑏is the complex impedance of the grain 

boundary. 

Therefore, 

1

𝑍𝑔
=

1

𝑅𝑔
+ 𝑗𝜔𝐶𝑔            (1.16) 

𝑍𝑔 =
𝑅𝑔

1+𝑗𝜔𝐶𝑔𝑅𝑔
             (1.17) 

Figure 1.13. Dielectric response with varying frequency 
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And, 

1

𝑍𝑔𝑏
=

1

𝑅𝑔𝑏
+ 𝑗𝜔𝐶𝑔𝑏            (1.18) 

𝑍𝑔𝑏 =
𝑅𝑔𝑏

1+𝑗𝜔𝐶𝑔𝑏𝑅𝑔𝑏
            (1.19) 

Substituting these expressions in Eq. 1.15, we get, 

     𝑍 = 𝑍𝑔 + 𝑍𝑔𝑏 =
𝑅𝑔

1+𝑗𝜔𝐶𝑔𝑅𝑔
+

𝑅𝑔𝑏

1+𝑗𝜔𝐶𝑔𝑏𝑅𝑔𝑏
           (1.20) 

    𝑍′ − 𝑗𝑍′′ =
𝑅𝑔(1−𝑗𝜔𝐶𝑔𝑅𝑔)

1+𝜔2𝐶𝑔
2𝑅𝑔

2 +
𝑅𝑔𝑏(1−𝑗𝜔𝐶𝑔𝑏𝑅𝑔𝑏)

1+𝜔2𝐶𝑔𝑏
2 𝑅𝑔𝑏

2           (1.21) 

𝑍′ − 𝑗𝑍′′ = [
𝑅𝑔

1+𝜔2𝐶𝑔
2𝑅𝑔

2 +
𝑅𝑔𝑏

1+𝜔2𝐶𝑔𝑏
2 𝑅𝑔𝑏

2 ] − 𝑗𝜔 [
𝐶𝑔𝑅𝑔

2

1+𝜔2𝐶𝑔
2𝑅𝑔

2 +
𝐶𝑔𝑏𝑅𝑔𝑏

2

1+𝜔2𝐶𝑔𝑏
2 𝑅𝑔𝑏

2 ]         (1.22) 

Equating the real and imaginary parts from both sides of the above equation, 

𝑍′ = [
𝑅𝑔

1+𝜔2𝐶𝑔
2𝑅𝑔

2 +
𝑅𝑔𝑏

1+𝜔2𝐶𝑔𝑏
2 𝑅𝑔𝑏

2 ]           (1.23) 

𝑍′′ = [
𝜔𝐶𝑔𝑅𝑔

2

1+𝜔2𝐶𝑔
2𝑅𝑔

2 +
𝜔𝐶𝑔𝑏𝑅𝑔𝑏

2

1+𝜔2𝐶𝑔𝑏
2 𝑅𝑔𝑏

2 ]           (1.24) 

1.7.2.4 CONDUCTION  

As the frequency of the applied field increases in dielectric ferrites, the conductive grains 

become more active by encouraging the hopping of electrons and holes between Fe2+ and T3+ 

ions and vice versa, thereby accelerating the hopping rate. Consequently, a gradual increase in 

conductivity can be observed with an accompanying decrease in polarization as the frequency 

of the applied field increases. Jonscher's power law provides a straightforward expression for 

the frequency dependence of conductivity[143,144], 

        𝜎𝑎𝑐(𝜔, 𝑇) = 𝜎𝑑𝑐(𝜔, 𝑇) + 𝐴𝜔𝑆(𝑇)                    (1.25) 

Figure 1.14. Equivalent circuit of grain and grain boundary resistances and capacitances in a material 
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Here, 𝜎𝑑𝑐 is the dc conductivity of the material, A is material dependent constant and s is the 

temperature dependent parameter, varies within 0 < 𝑠 < 1 depending on the mechanism of 

conduction. Despite the fact that grain boundaries are resistive and may impede ionic transport, 

the presence of a high defect density in the interfacial region contributes to the high conduction 

path. Thermal excitation facilitates charge hopping by increasing the mobility and 

concentration of charge carriers. Activation energy (taking it also as thermally activated) for 

dc conduction (𝐸𝑑𝑐 ) is found by fitting Arrhenius equation of conductivity to ln (𝜎𝑎𝑐) vs. 

1 𝑘𝐵𝑇⁄  plot at low frequency. 

1.7.3 MICROWAVE PROPERTIES 

With the widespread evolution of technology, including wireless information transfer, global 

navigation, and radar (radio detection and ranging) communication, the demand for ferrites for 

high-frequency applications is expanding rapidly[145–147]. A recent survey reveals that 

approximately 23 percent of engineering research focuses on ferrites, which, as an effect on 

application, increases production while decreasing the price of microwave devices[148]. 

Ferrites are iron-based ferrimagnetic oxides that combine the characteristics of a magnetic 

material and an electrical insulator[149]. In contrast to highly conductive metals, they permit 

electromagnetic (EM) waves to penetrate the material and, due to their high resistivity, reduce 

eddy current loss, thereby expanding the range of applications for high-frequency devices. In 

non-reciprocal devices such as circulators, fast sensors ferrite characteristics including high 

anisotropy, low FMR (ferromagnetic resonance) bandwidth, and low loss are required[149–

151]. In contrast, for microwave absorbers, lossy material with broad resonance bandwidth and 

a proper matching of relative permittivity (𝜀 = 𝜀′ − 𝑗𝜀′′) and permeability (𝜇 = 𝜇′ − 𝑗𝜇′′) is 

essential. 

Electromagnetic Interference (EMI) has emerged as a significant problem in recent 

years as a result of the increased use of high-frequency devices[140]. Interference of 

electromagnetic waves from multiple sources causes misinterpretation of carried information, 

noise, and consequently a slowing of electronic devices. In addition, this undesirable wave 

pollution is detrimental to the environment and human health. Therefore, Electromagnetic 

absorbers (EMA) are crucial for suppressing and shielding unwanted electromagnetic 

waves[152,153]. As frequency-selective band pass filters, EMA materials can be used in the 

form of films in circuit components. In addition, since the 19th century, the military has made 

extensive use of EMA materials in 'stealth technology' to make aircrafts and ships invisible to 

radar[154,155]. Despite ferrite's predominance in high-frequency devices, their heaviness is 
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their primary drawback; for practical applications, thin, light, and inexpensive microwave 

absorbers are anticipated to be most effective[145,152,156]. Ferrite-based EMA materials 

prevent the reflection of EM waves and convert the majority of their energy into heat. In 

relation to this dissipation of heat and rise in temperature of the material, ferrites with their 

lower thermal coefficient and stability can perform adequately up to 200 °C due to their thermal 

resistance. Typically, ferrite fillers are dispersed and precisely shaped within a suitable polymer 

matrix for research and application purposes. Over time, numerous methods for measuring 

permeability and permittivity have been developed. These techniques include free-space 

methods, open-ended coaxial probe techniques, cavity resonators, full-body resonance 

techniques, and transmission-line techniques[157]. Each technique has its own scope of 

applicability and inherent limitations. For instance, cavity-based techniques are precise, but not 

broadband[157]. Transmission line techniques are the simplest and most accurate techniques 

for measuring the characteristic properties of materials. Transmission line technique and 

electromagnetic wave theory in relation to microwave absorption are described in detail in the 

following sections. 

1.7.3.1 RELATED ELECTROMAGNETIC THEORY 

Electric and magnetic phenomena and electromagnetic wave propagation at the macroscopic 

level are described by Maxwell's equations, published in 1873, laid the groundwork for the 

practical applications of guided waves and transmission lines. Following are the Maxwell's 

equations for a material: 

    ∇.⃗⃗⃗  𝐷⃗⃗ = 𝜌                                (1.26) 

    ∇.⃗⃗⃗  𝐵⃗ = 0                                (1.27) 

∇⃗⃗ × 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡
                     (1.28) 

∇ ×⃗⃗ ⃗⃗ ⃗⃗  𝐻⃗⃗ = 𝐽 +
𝜕𝐷⃗⃗ 

𝜕𝑡
            (1.29) 

Here, 𝐷⃗⃗ = 𝜀0𝐸⃗ + 𝑃⃗ = 𝜀𝐸⃗ , is electric displacement, 𝐵⃗ = 𝜇0(𝐻⃗⃗ + 𝑀⃗⃗ ), magnetic flux density, 𝜌, 

free charge density and 𝐽 = 𝜎𝐸⃗ , current density in the material. Orientation of the 𝐸⃗ , 𝐻⃗⃗ , and 

𝑘⃗ = 𝑘𝑛̂ vectors for a general plane wave is schematically represented in Figure 1.15. 𝐻⃗⃗  can be 

written in terms of 𝐸⃗  as, 

𝐻⃗⃗ = −
1

𝑗𝜔𝜇0
∇⃗⃗ × (𝐸⃗ 0𝑒

−𝑗𝑘⃗ .𝑟 )            (1.30) 
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    =
1

𝜔𝜇0
k⃗ × 𝐸⃗ 0𝑒

−𝑗𝑘⃗ .𝑟                        (1.31) 

    = √
𝜀0

𝜇0
(𝑛̂ × 𝐸⃗ )                        (1.32) 

Considering wave equation, 𝐸⃗ = 𝐸0cos (𝜔𝑡 + 𝜑)𝑥̂, Maxwell’s equations are in phasor form, 

   ∇.⃗⃗⃗  𝐷⃗⃗ = 𝜌             (1.33) 

   ∇.⃗⃗⃗  𝐵⃗ = 0             (1.34) 

        ∇ ×⃗⃗ ⃗⃗ ⃗⃗  𝐸⃗ = −𝑗𝜔𝐵⃗                         (1.35) 

      ∇ ×⃗⃗ ⃗⃗ ⃗⃗  𝐻⃗⃗ = 𝐽 + 𝑗𝜔𝐷⃗⃗             (1.36) 

Propagation of ac EM wave suggests permittivity of a material to be complex. In that case, Eq. 

1.36 takes the form below and dielectric loss tangent is defined as follows, 

∇⃗⃗ × 𝐻⃗⃗ = 𝑗𝜔(𝜀′ − 𝑗𝜀′′)𝐸⃗ + 𝜎𝐸⃗            (1.37) 

        𝑡𝑎𝑛𝛿𝜀 =
(𝜎+𝜔𝜀′′)

𝜀′
            (1.38) 

Solving for 𝐸⃗  or 𝐻⃗⃗  from 1.35 and 1.36 gives Helmholtz wave equations: 

          ∇⃗⃗ × ∇⃗⃗ × 𝐸⃗ = −𝑗𝜔𝜇∇⃗⃗ × 𝐻⃗⃗ = 𝜔2𝜇𝜀𝐸⃗              

       ∇2𝐸⃗ + 𝜔2𝜇𝜀𝐸⃗ = 0            (1.39) 

A constant 𝑘 = 𝜔√𝜇𝜀 is defined as the propagation constant (also known as the phase constant, 

or wave number) of the medium. The resulting wave equation for 𝐸⃗  for plane waves in a 

general lossy (with finite conductivity ) medium is: 

∇2𝐸⃗ + 𝜔2𝜇𝜀(1 − 𝑗
𝜎

𝜔𝜀
)𝐸⃗ = 0           (1.40) 

Then a complex propagation constant for the medium is defined as, 

𝛾 = 𝛼 + 𝑗𝛽 = 𝑗𝜔√𝜇𝜀√1 − 𝑗
𝜎

𝜔𝜀
           (1.41) 

where α is the attenuation constant and β is the phase constant.  

The expression of complex propagation constant, (), consists of real part, (a) , known 

as attenuation constant and imaginary part, (b) , known as phase constant. 

From Figure 1.15 and considering modified Helmholtz equation, relation between magnetic 

and electric field transforms to, 

𝐻⃗⃗ =
𝛾

𝑗𝜔𝜇
𝐸⃗              (1.42) 
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Here, 𝜂 =
𝑗𝜔𝜇

𝛾
 is the intrinsic impedance of the conducting medium. For highly conducting 

media like metal (high ), EM wave does not penetrate into material as the skin-depth, 𝛿 =

1
𝛼⁄ = √2

𝜔𝜇𝜎⁄  becomes much lower. The average power (𝑃𝑙) dissipated in the volume 𝑉 of 

a lossy medium due to conductivity, dielectric, and magnetic losses is, 

𝑃𝑙 =
𝜎

2
∫𝐸2𝑑𝑣 +

𝜔

2
∫(𝜀′′𝐸2 + 𝜇′′𝐻2)𝑑𝑣           (1.43) 

However, magnetic hysteresis and domain wall resonance become less significant at 

low fields and high frequencies ( 𝑓 > 100 MHz for ferrites), whereas characteristic FMR and 

eddy current loss become more prominent in the gigahertz region[158,159]. 

When an electromagnetic wave propagating in the z-direction strikes a media interface, 

some of it reflects and some of it passes through the material. Considering normal incidence 

(as shown in Figure 1.16), the expressions for incident waves (𝐸𝑖, 𝐻𝑖), reflected (𝐸𝑟, 𝐻𝑟) and 

transmitted (𝐸𝑡, 𝐻𝑡) will be,  

(at 𝑧 < 0) 

𝐸⃗ 𝑖 = 𝑥̂𝐸0𝑒
−𝑗𝑘0𝑧            (1.44) 

𝐻⃗⃗ 𝑖 = 𝑦̂
1

𝜂0
𝐸0𝑒

−𝑗𝑘0𝑧            (1.45) 

𝐸⃗ 𝑟 = 𝑥̂𝛤𝐸0𝑒
𝑗𝑘0𝑧            (1.46) 

Figure 1.15. Orientation of the 𝑬⃗⃗ , 𝑯⃗⃗⃗ , 𝒌⃗⃗ = 𝒌𝒏ෝ  vectors for a general plane wave 
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𝐻⃗⃗ 𝑖 = −𝑦̂
𝛤

𝜂0
𝐸0𝑒

𝑗𝑘0𝑧            (1.47) 

(at 𝑧 > 0) 

𝐸⃗ 𝑡 = 𝑥̂𝑇𝐸0𝑒
−𝛾𝑧            (1.48) 

𝐻⃗⃗ 𝑡 = 𝑦̂
𝑇

𝜂
𝐸0𝑒

−𝛾𝑧            (1.49) 

Here, Γ is the reflection coefficient, T, the transmission coefficient and 𝜂0, intrinsic impedance 

of free space (~ 377 Ω). Since the tangential field components must be continuous at 𝑧 = 0, 

applying boundary conditions, obtained equations are, 

1 + 𝛤 = 𝑇             (1.50) 

1 −
𝛤

𝜂0
=

𝑇

𝜂
             (1.51) 

Solving the equations, Γ and T can be expressed as,  

𝛤 =
𝜂−𝜂0

𝜂+𝜂0
             (1.52) 

      𝑇 =
2𝜂

𝜂+𝜂0
= 1 + 𝛤            (1.53) 

Reflection loss (RL) related to reflected power of EM wave from a material is defined from Γ 

value as, 𝑅𝐿 (in dB) = −20log |𝛤|. In this thesis, the sign for RL is taken negative (−) as per 

convention. 

When an EM wave is contained within a waveguide, optical fibre, or resonator, 

different transverse modes are associated with it based on the transmission line boundary 

conditions. The next section will continue the discussion. 

Figure 1.16. Plane wave reflection from an arbitrary medium: normal incidence 
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1.7.3.2 TRANSMISSION LINE ANALOGY 

Transmission lines typically comprise multiple conducting lines. The circuit elements 

associated with such conductors are series resistance (R) for their length, series inductance (L) 

from conductors, shunt capacitance (C) from parallelly placed conductors, and an additional 

shunt conductance (G) from added load[160]. Thus, a transmission line is a distributed 

parameter network in which the magnitude and phase of voltages and currents can vary 

significantly along its length. These transmission lines are small, inexpensive, and can be easily 

integrated with active circuit devices; therefore, they are of great importance in the analysis of 

microwave circuits and devices[161]. Multiple conductor transmission lines can only support 

transverse electromagnetic (TEM) waves, as longitudinal field components are absent. On the 

other hand, waveguides with a single conductor support transverse electric (TE) and/or 

transverse magnetic (TM) waves, which are characterized by the presence of longitudinal 

magnetic or electric field components, respectively. From Maxwell equations, fields with their 

transverse components are[162],  

𝐸⃗ (𝑥, 𝑦, 𝑧) = [𝐸0
⃗⃗⃗⃗ (𝑥, 𝑦) + 𝑧̂𝐸𝑧(𝑥, 𝑦)]𝑒−𝑗𝛽𝑧           (1.54) 

𝐻⃗⃗ (𝑥, 𝑦, 𝑧) = [𝐻0
⃗⃗ ⃗⃗  (𝑥, 𝑦) + 𝑧̂𝐻𝑧(𝑥, 𝑦)]𝑒−𝑗𝛽𝑧          (1.55) 

 

And,  

𝐻𝑥 =
𝑗

𝑘𝑐
2 (𝜔𝜀

𝜕𝐸𝑧

𝜕𝑦
− 𝛽

𝜕𝐻𝑧

𝜕𝑥
)            (1.56) 

Figure 1.17. Equivalent circuit for an incremental length of transmission line 
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𝐻𝑦 = −
𝑗

𝑘𝑐
2 (𝜔𝜀

𝜕𝐸𝑧

𝜕𝑥
+ 𝛽

𝜕𝐻𝑧

𝜕𝑦
)           (1.57) 

𝐸𝑥 = −
𝑗

𝑘𝑐
2 (𝛽

𝜕𝐸𝑧

𝜕𝑥
+ 𝜔𝜇

𝜕𝐻𝑧

𝜕𝑦
)           (1.58) 

𝐸𝑦 =
𝑗

𝑘𝑐
2 (−𝛽

𝜕𝐸𝑧

𝜕𝑦
+ 𝜔𝜇

𝜕𝐻𝑧

𝜕𝑥
)            (1.59) 

where 𝑘𝑐 = √𝑘2 − 𝛽2, is cut-off wave number. Solution for TE mode characterized by 𝐸𝑧 =

0 and 𝐻𝑧 ≠ 0, from 𝐻𝑧(𝑥, 𝑦, 𝑧) = ℎ𝑧(𝑥, 𝑦)𝑒−𝑗𝛽𝑧 and reduced Helmholtz wave equation, 

(
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
) ℎ𝑧 = 0            (1.60) 

For rectangular waveguide with breadth ‘a’ and width ‘b’, general solution of 1.60 gives, 

ℎ𝑧(𝑥, 𝑦) = 𝑋(𝑥)𝑌(𝑦) 

ℎ𝑧(𝑥, 𝑦) = (𝐴 𝑐𝑜𝑠𝑘𝑥𝑥 + 𝐵 𝑠𝑖𝑛𝑘𝑥𝑥)(𝐶 𝑐𝑜𝑠𝑘𝑦𝑦 + 𝐵 𝑠𝑖𝑛𝑘𝑦𝑦)         (1.61) 

Considering the following boundary conditions on the electric field components tangential to 

the waveguide walls, 

𝑒𝑥(𝑥, 𝑦) = 0 𝑎𝑡 𝑦 = 0, 𝑏 

𝑒𝑦(𝑥, 𝑦) = 0 𝑎𝑡 𝑥 = 0, 𝑎 

The final solution for 𝐻𝑧 is, 

𝐻𝑧(𝑥, 𝑦, 𝑧) = 𝐴𝑚𝑛𝑐𝑜𝑠
𝑚𝜋𝑥

𝑎
𝑐𝑜𝑠

𝑛𝜋𝑦

𝑏
𝑒−𝑗𝛽𝑧           (1.62) 

Where, the propagation constant for 𝑇𝐸𝑚𝑛  mode is 𝛽 = √𝑘2 − 𝜋2 [(
𝑚

𝑎
)
2

+ (
𝑛

𝑏
)
2

] . The 

associated cut-off frequency is given by 𝑓𝑐𝑚𝑛
=

1

2𝜋√𝜇𝜀
𝜋2 [(

𝑚

𝑎
)
2

+ (
𝑛

𝑏
)
2

]. The dominant mode 

is the mode with the lowest cut-off frequency, which is TE10 mode in this case. At a given 

operating frequency 𝑓 only those modes having 𝑓 > 𝑓𝑐 will propagate, modes with 𝑓 < 𝑓𝑐 will 

lead to an imaginary β (or real α), that means all field components will decay exponentially 

from the source of excitation. Such modes are referred to as evanescent modes, which can lead 

to overmodulation; as a result, signal noise can be generated. 

Transverse electromagnetic (TEM) waves are characterized by 𝐸𝑧 = 𝐻𝑧 = 0. Here, 

from Equations 1.56-1.59, both 𝑘  and β equals to 𝜔√𝜇𝜀 . The cut-off wave number, 𝑘𝑐 =

√𝑘2 − 𝛽2, is thus zero for TEM waves. When a gradient of a scalar potential, 𝜑(𝑥, 𝑦) arises 

between two conductors in a waveguide, TEM mode can propagate. Solving Laplace’s 

equation between the two conductors, 

∇𝑡
2ℎ(𝑥, 𝑦) = 0            (1.63) 

     𝐸⃗ (𝑥, 𝑦) = ∇𝑡
⃗⃗⃗⃗ 𝜑(𝑥, 𝑦)            (1.64) 
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With an understanding of wave mode propagation in transmission lines, the voltage (𝑣) and 

current (𝑖) definitions of a two-wire line are derived through circuit analysis. Figure 1.17 

depicts the schematic representation of a transmission line and its components. 

From the circuit diagram, Kirchhoff’s voltage and current laws can be applied to give, 

𝑣(𝑧, 𝑡) − 𝑅∆𝑧𝑖(𝑧, 𝑡) − 𝐿∆𝑧
𝜕𝑖(𝑧,𝑡)

𝜕𝑡
− 𝑣(𝑧 + ∆𝑧, 𝑡) = 0          (1.65) 

   𝑖(𝑧, 𝑡) − 𝐺∆𝑧𝑣(𝑧 + ∆𝑧, 𝑡) − 𝐶∆𝑧
𝜕𝑣(𝑧+∆𝑧,𝑡)

𝜕𝑡
− 𝑖(𝑧 + ∆𝑧, 𝑡) = 0         (1.66) 

For the steady-state condition, the above equations can be simplified into their phasor forms, 

𝑑𝑉(𝑧)

𝑑𝑧
+ (𝑅 + 𝑗𝜔𝐿)𝐼(𝑧) = 0            (1.67) 

𝑑𝐼(𝑧)

𝑑𝑧
+ (𝐺 + 𝑗𝜔𝐶)𝑉(𝑧) = 0           (1.68) 

Comparing these with wave equations for 𝑉(𝑧)  and 𝐼(𝑧) , with propagation constant, 𝛾 =

√(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶), 

𝑉(𝑧) =  𝑉0
+(𝑒−𝛾𝑧 + 𝛤𝑒𝛾𝑧)            (1.69) 

𝐼(𝑧) =  
𝑉0

+

𝑍0
(𝑒−𝛾𝑧 − 𝛤𝑒𝛾𝑧)            (1.70) 

where the 𝑒−𝛾𝑧 term represents wave propagation in the +𝑧 direction, and the 𝑒𝛾𝑧 term, wave 

propagation in the −𝑧 direction. Characteristic impedance (𝑍0) of the circuit is defined as, 

      𝑍0 =
𝑉0

+

𝐼0
+ = √

𝑅+𝑗𝜔𝐿

𝐺+𝑗𝜔𝐶
            (1.71) 

For a coaxial line with inner diameter (a) and outer diameter (b), geometry dependent 

characteristic impedance is related to intrinsic or wave impedance in the way, 

    𝑍0 =
𝐸𝜌ln (

𝑏

𝑎
)

2𝜋𝐻𝜑
= √

𝜇

𝜀

ln (
𝑏

𝑎
)

2𝜋
= 𝜂

ln (
𝑏

𝑎
)

2𝜋
            (1.72) 

When transmission line is terminated in an arbitrary load impedance 𝑍𝐿, at load point, 𝑍𝐿 =

𝑉

𝐼
=

𝑉0
++𝑉0

−

𝑉0
+−𝑉0

− 𝑍0. Therefore, solving for 𝑉0
− gives, 

𝑉0
−

𝑉0
+ =

𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
= 𝛤           (1.73) 

At a distance 𝑧 = −𝑙 from the load, the input impedance (𝑍𝑖𝑛) seen looking toward the load is 

(from equations 1.69, 1.70, and 1.73), 

𝑍𝑖𝑛 =
𝑉(−𝑙)

𝐼(−𝑙)
= 𝑍0

𝑍𝐿+𝑍0 tanh𝛾𝐿

𝑍0+𝑍𝐿 tanh𝛾𝐿
          (1.74) 

As a special case of this transmission line impedance equation, a line is terminated in a short 

circuit, i.e., 𝑍𝐿 = 0, input impedance takes the form, 
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𝑍𝑖𝑛 = 𝑍0 tanh 𝛾𝐿            (1.75) 

 

1.7.3.3 ATTENUATION CONSTANT 

The  can be expressed using the well-known formula[160]: 

   𝛾 = 𝑗𝜔√𝜇𝜀             (1.76) 

Where,  is the complex permeability and  is the complex permittivity. 

𝜇 = 𝜇0(𝜇
′ − 𝑖𝜇′′)            (1.77) 

𝜀 = 𝜀0(𝜀
′ − 𝑖𝜀′′)            (1.78) 

Where, 𝜀′, 𝜀′′ are the real and imaginary parts of complex permittivity, 𝜇′, 𝜇′′ are the real and 

imaginary parts of the complex permeability, 𝜀0 and 𝜇0 are the free space permittivity and 

permeability respectively. 

Putting these expressions of  and  in , 

𝛾 = 𝑗𝜔√𝜇0𝜀0[(𝜇
′ − 𝑖𝜇′′)(𝜀′ − 𝑖𝜀′′)]1/2 

𝛾 = 𝑗𝜔√𝜇0𝜀0[(𝜇
′𝜀′ − 𝜇′′𝜀′′) − 𝑖(𝜇′𝜀′′ + 𝜇′′𝜀′)]1/2 

   𝛾2 = −𝜔2𝜇0𝜀0[(𝜇
′𝜀′ − 𝜇′′𝜀′′) − 𝑖(𝜇′𝜀′′ + 𝜇′′𝜀′)]          (1.79) 

Replacing, 𝑐2 =
1

√𝜇0𝜀0
 in Eq. 1.79: 

𝛾2 =
𝜔2

𝑐2
[(𝜇′′𝜀′′ − 𝜇′𝜀′) + 𝑖(𝜇′𝜀′′ + 𝜇′′𝜀′)]          (1.80) 

Replacing, 𝛾 = 𝛼 + 𝑗𝛽 in Eq. 1.80: 

𝛼2 − 𝛽2 + 2𝑗𝛼𝛽 =
𝜔2

𝑐2
[(𝜇′′𝜀′′ − 𝜇′𝜀′) + 𝑖(𝜇′𝜀′′ + 𝜇′′𝜀′)]         (1.81) 

Equating, real and imaginary parts from both sides of Eq. 1.81: 

𝛼2 − 𝛽2 =
𝜔2

𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′)                    (1.82) 

        2𝛼𝛽 =
𝜔2

𝑐2
(𝜇′𝜀′′ + 𝜇′′𝜀′) 

Or, 

    𝛽 =
𝜔2

2𝛼𝑐2
(𝜇′𝜀′′ + 𝜇′′𝜀′)            (1.83) 

Replacing the expression of  in Eq. 1.82, 

𝛼2 −
𝜔4

4𝛼2𝑐4
(𝜇′𝜀′′ + 𝜇′′𝜀′)2 =

𝜔2

𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′) 

𝛼4 −
𝜔4

4𝑐4
(𝜇′𝜀′′ + 𝜇′′𝜀′)2 =

𝜔2

𝑐2
𝛼2(𝜇′′𝜀′′ − 𝜇′𝜀′) 
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𝛼4 −
𝜔2

𝑐2
𝛼2(𝜇′′𝜀′′ − 𝜇′𝜀′) =

𝜔4

4𝑐4
(𝜇′𝜀′′ + 𝜇′′𝜀′)2 

𝛼4 − 2. 𝛼2.
𝜔2

2𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′) =

𝜔4

4𝑐4
(𝜇′𝜀′′ + 𝜇′′𝜀′)2 

𝛼4 − 2. 𝛼2.
𝜔2

2𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′) +

𝜔4

4𝑐4
(𝜇′′𝜀′′ − 𝜇′𝜀′)2

=
𝜔4

4𝑐4
(𝜇′𝜀′′ + 𝜇′′𝜀′)2 +

𝜔4

4𝑐4
(𝜇′′𝜀′′ − 𝜇′𝜀′)2 

[𝛼2 −
𝜔2

2𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′)]2 =

𝜔4

4𝑐4
[(𝜇′𝜀′′ + 𝜇′′𝜀′)2 + (𝜇′′𝜀′′ − 𝜇′𝜀′)2] 

𝛼2 −
𝜔2

2𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′) =

𝜔2

2𝑐2
[(𝜇′𝜀′′ + 𝜇′′𝜀′)2 + (𝜇′′𝜀′′ − 𝜇′𝜀′)2]1/2 

𝛼2 =
𝜔2

2𝑐2
(𝜇′′𝜀′′ − 𝜇′𝜀′) +

𝜔2

2𝑐2
[(𝜇′𝜀′′ + 𝜇′′𝜀′)2 + (𝜇′′𝜀′′ − 𝜇′𝜀′)2]1/2 

      𝛼 =
𝜔

√2𝑐
√(𝜇′′𝜀′′ − 𝜇′𝜀′) + √(𝜇′𝜀′′ + 𝜇′′𝜀′)2 + (𝜇′′𝜀′′ − 𝜇′𝜀′)2         (1.84) 

Replacing, 𝜔 = 2𝜋𝑓 

     𝛼 =
√2𝜋𝑓

𝑐
√(𝜇′′𝜀′′ − 𝜇′𝜀′) + √(𝜇′𝜀′′ + 𝜇′′𝜀′)2 + (𝜇′′𝜀′′ − 𝜇′𝜀′)2         (1.85) 

 

1.7.3.4 EXPRESSION OF MAGNETIC TANGENT LOSS 

The permeability , of a material, is defined as, 

   𝐵⃗ = 𝜇𝐻⃗⃗              (1.86) 

where 𝐵⃗  is the flux density (T), 𝐻⃗⃗  is the magnetic field intensity (A/m), and 0 is the 

permeability of free space (4 x 10-7 H/m).  

In an analogous way to the electric losses, the losses that occur due to a time-varying magnetic 

field can be described by a complex relative permeability 

   𝜇 = 𝜇′ − 𝑖𝜇′′             (1.87) 

where 𝜇′is the permeability and 𝜇′′ describes all the magnetic losses. An analogous magnetic 

loss tangent, 𝑡𝑎𝑛𝛿𝜇 can also be defined, 

tan𝛿𝜇 =
𝜇′′

𝜇′
             (1.88) 

On the other hand, the power P, absorbed per unit volume (W/m3) of the sample at a given 

instant in time can be given by[163], 

𝑃 = 2𝜋𝑓𝜇0𝜇
′′|𝐻⃗⃗ |

2
= 2𝜋𝑓𝜇0𝜇

′tan𝛿𝜇|𝐻⃗⃗ |
2
          (1.89) 
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It can be seen that the power absorbed varies linearly with frequency, permeability, and the 

loss tangent and with the square of the magnetic field. 

The energy dissipation (𝑊) due to eddy current varies for different sample shapes but 

in all cases, it increases with the square of the frequency (𝑓), magnetic field (𝐵⃗ ) and sample 

dimension (d) and increases linearly with conductivity ()[163–165].  

Thus, 

𝑊 ∝ 𝜎𝑓2|𝐵⃗ |
2
𝑑2 = 𝑘𝜎𝑓2|𝐵⃗ |

2
𝑑2           (1.90) 

Where, k = proportionality constant. 

If the total magnetic loss is only due to Eddy current loss, then, 

Total loss (P) ~ 𝑘𝜎𝑓2𝐵⃗ 2𝑑2            (1.91) 

Substituting the expression of total loss from Eq. (1.89) in Eq. (1.91), we obtain, 

2𝜋𝑓𝜇0𝜇
′tan𝛿𝜇|𝐻⃗⃗ |

2
~ 𝑘𝜎𝑓2|𝐵⃗ |

2
𝑑2 

2𝜋𝑓𝜇0𝜇
′tan𝛿𝜇|𝐻⃗⃗ |

2
~ 𝑘𝜎𝑓2𝜇0

2𝜇′2|𝐻⃗⃗ |
2
𝑑2 

tan𝛿𝜇~ 
𝑘

2𝜋
𝜎𝑓𝜇0𝜇

′𝑑2 

   
𝜇′′

𝜇′ ~ (
𝑘

2𝜋
) 𝜇0𝜇

′(𝑑2𝜎)𝑓            (1.92) 

The formula derived above is the approximate expression of magnetic tangent loss when the 

loss generates only due to eddy current. 

1.7.3.5 SCATTERING PARAMETERS 

Interconnecting EM field theory and circuit analysis, microwave network analysis is a more 

practical and straightforward procedure. Due to the difficulty in measuring voltage or current 

at microwave frequencies, a terminal pair must be clearly defined. Typically, impedance, 

admittance, and scattering matrices from circuit theory serve as these terminal or port 

quantities. This type of representation results in the development of equivalent circuits of 

arbitrary networks, which will be of great assistance in the design of passive components such 

as couplers and filters. The impedance, admittance, and scattering parameters in matrix form 

for a network with multiple ports are as follows:  

[𝑉] = [𝑍][𝐼] 

[𝐼] = [𝑌][𝑉] 

[𝑉−] = [𝑆][𝑉+] 

At high RF and microwave frequencies, it is difficult to measure Y or Z parameters directly for 

transmission lines due to the lack of equipment to measure port current and voltage directly 
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and the difficulty of obtaining perfect opens/shorts. The scattering matrix provides direct 

measurements for incident, reflected, and transmitted waves under these conditions. A 

particular component of the scattering matrix can be identified as, 

     𝑆𝑖𝑗 =
𝑉𝑖

−

𝑉𝑗
+ |𝑉𝑘

+=0,   𝑘≠𝑗            (1.93) 

In words, Eq. 1.93 says that Sij is the ratio of the reflected or transmitted wave amplitude 𝑉𝑖
− 

coming out of port i while the incident wave at port j is voltage 𝑉𝑗
+. The four S-parameters for 

a two-port device are S11, S21, S12, and S22. Figure 1.18 depicts a schematic representation of a 

2-port network's S-parameters. Here, S11 and S22 represent the forward and reverse reflection 

coefficients, while S21 and S12 represent the forward and reverse gains. 

The expression for 2-port S-parameters is shown below, 

   [
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
]            (1.94) 

 

1.7.3.6 NICHOLSON-ROSS-WEIR ALGORITHM 

In cases where a material under test (MUT) is contained within a wave guide or coaxial cable, 

Figure 1.19 depicts the reflection and transmission of incident waves. Placing a sample in a 

section of waveguide or coaxial line and measuring the two-port complex scattering parameters 

with a vector network analyser (VNA) are required for Transmission/Reflection line 

measurements. Using various algorithms, the conversion of S-parameters to complex 

permittivity and permeability is computed by solving equations. Nicholson-Ross-Weir (NRW) 

is the most common method for measuring the values of ferrite and other magnetic 

materials[166]. and values are typically determined by solving a transcendental equation 

Figure 1.18. Schematic representation of a 2-port network 
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involving the sample length, sample position, and reflection coefficient. The detailed steps of 

the NRW method are outlined below.  

The first step will be to obtain relations of μ and ε values with Γ. Some parameter 

expressions such as γ, 𝑘𝑐, η are recalled, 𝛾2 = 𝑘𝑐
2 − 𝑘2, 𝑘𝑐 = 2𝜋

𝜆𝑐
⁄  (𝜆𝑐 = cut-off wavelength), 

𝑘 = 𝜔√𝜀𝜇 and 𝜂 =
𝑗𝜔𝜇

𝛾⁄ . Reflection co-efficient Γ is written as, 

     𝛤 =
𝜂−𝜂0

𝜂+𝜂0
=

𝛾0
𝛾

𝜇−1

𝛾0
𝛾

𝜇+1
            (1.95) 

Where, 𝛾0 is the complex propagation constant in the air. Solving for μ, 

𝜇 = (
1 + 𝛤

1 − 𝛤
)

𝛾

𝛾0

 

𝛾

𝛾0
=

√
𝜔2𝜀𝜇

𝑐2
−(

2𝜋

𝜆𝑐
)2

𝑗√(
𝜔

𝑐
)2−(

2𝜋

𝜆𝑐
)2

=
𝛾

𝑗2𝜋√
1

𝜆0
2−

1

𝜆𝑐
2

                    (1.96) 

Defining 
1

𝛬
=

𝛾

𝑗2𝜋
 and from 1.95 and 1.96, 

     𝜇 = (
1+𝛤

1−𝛤
)

1

𝛬√
1

𝜆0
2−

1

𝜆𝑐
2

            (1.97) 

From, 𝛾2 = (2𝜋)2 [
1

𝜆0
2 −

𝜇𝜀

𝜆𝑐
2], solving for ε gives, 

𝜀 =
𝜆0
2[

1

𝜆𝑐
2−(

𝛾

2𝜋
)
2
]

𝜇
=

𝜆0
2

𝜇
[

1

𝜆𝑐
2 +

1

𝛬2
]           (1.98) 

Figure 1.19. Electromagnetic waves transmitting and reflecting from a sample in a transmission line 
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The next step aims at clarifying the relationship between Γ, γ and the scattering matrix, which 

carries the information of the incident, reflected and transmitted waves as shown in Figure 

1.20. Assuming normal incidence in an isotropic material (S12 = S21), the sum of reflected fields 

at the interface with the sample (Γin) is given by, 

𝛤𝑖𝑛 = 𝛤12 + 𝑇12𝛤𝑖𝑛𝑇21𝑒
−2𝛾𝐿 + 𝑇12𝛤21𝛤23

2 𝑇21𝑒
−4𝛾𝐿 + ⋯ 

𝛤𝑖𝑛 = 𝛤12 +
𝑇12𝑇21𝛤23𝑒−2𝛾𝐿

1−𝛤21𝛤23𝑒
−2𝛾𝐿

            (1.99) 

Here 𝛤𝑖𝑗  and 𝑇𝑖𝑗  are the reflection coefficient and transmission coefficient of the wave 

respectively that propagates from material ‘i’ to material ‘j’. At the traditional setup, material 

1 and material 3 are air. Based on 1.93 and 1.94, we can conclude that, 

    𝛤12 = −𝛤21 = −𝛤23                   (1.100) 

Further, applying the boundary condition of continuality for tangential component of electric 

fields across the interface, 

𝑇12 = 1 + 𝛤21                     (1.101) 

Defining 𝑧 = 𝑒−𝛾𝐿 and 𝛤 = 𝛤12, we obtain from 1.99, 

∑𝐸𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
= 𝑆11 =

𝛤(1−𝑧2)

1−𝛤2𝑧2
                     (1.102) 

In a similar manner, the transmission co-efficient results in, 

∑𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
=

𝑇32𝑇21𝑒−𝛾𝐿

1−𝛤21𝛤23𝑒−2𝛾𝐿
=

(1−𝛤2)𝑧

1−𝛤2𝑧2
= 𝑆21                   (1.103) 

To obtain expression of Γ and 𝑧 in terms of S11 and S21, 

Figure 1.20. Multiple reflection at three materials interfaces 
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𝐾 =
𝑆11 − 𝑆21 + 1

2𝑆11

 

𝛤2 − 2𝛤𝐾 + 1 = 0 

      𝛤 = 𝐾 ± √𝐾2 − 1                     (1.104) 

The quadratic equation of Γ has two solutions. To determine the correct solution for a passive 

medium, the physical restriction 𝛤 < 1 is used. From 1.101, 1.102, and 1.104, 

𝑍 =
𝑆11+𝑆21−𝛤

1−(𝑆21+𝑆11)𝛤
= 𝑒−𝛾𝐿                     (1.105) 

1.8 MOTIVE OF THE THESIS 

There are a very few materials in nature that exhibit two or more ferroic orders in the same 

phase at room temperature. Having a good coupling is essentially impossible due to the 

complexity of the coupling mechanism. Many materials have good coupling; however, this 

typically occurs at very low temperatures, making commercial use impractical. Therefore, a 

material having strong magnetoelectric coupling at room temperature is still not achieved and 

need further research. 

Bismuth Ferrite (BFO) belongs to the category of "lone pair” ferroelectricity and d-

electron magnetism. With an antiferromagnetic Neel temperature of 643 K and a ferroelectric 

Curie temperature of 1103 K, it is an antiferromagnetic, ferroelectric multiferroic. Weak 

ferromagnetism in BiFeO3 is generated by spin canting in the antiferromagnetic sublattices. 

However, the cycloidal spin structure of period 62 nm eliminates the macroscopic 

magnetization. To reduce this spiral structure and improve the magnetoelectric characteristics 

of BiFeO3, it has been seen to be very successful to dope with promising elements at the Bi-

site or Fe-site. For instance, Ba-doped single-phase BFO ceramics have been found to have 

enhanced magnetic properties. The production of secondary phase and leakage current, on the 

other hand, is reduced by doping the Bi-site with Yttrium (Y). We have studied the effect of 

Barium and Yttrium co-doping on structural, electric, magnetic and magnetodielectric 

properties of Bismuth Ferrite with a changing morphology from bulk, nanoparticle, to thin film. 

Magnetoelectric (ME) gallium ferrite (Ga2-xFexO3 or GFO) is another fascinating 

magnetoelectric material with stronger magnetoelectric (ME) coupling than Bismuth Ferrite. It 

is low temperature ferrimagnet and an RT piezoelectric with a large ME coupling (10-11 s/m at 

4.2 K). GFO is stable throughout a broad composition range (0.8 ≤ 𝑥 ≤ 1.3) and the ferri (fM) 

to paramagnetic (PM) transition temperature (TC) is a function of composition and tuneable 

beyond room temperature (300 K). However, high leakage and a low magnetic transition 
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temperature prevent this material from being used in practical applications. On the other hand, 

Bismuth Sodium Titanate–Strontium Titanate (Sr0.5Bi0.25Na0.25TiO3, SNBT50) solid solution 

is a strong ferroelectric and diamagnetic at room temperature with high dielectric constant. Our 

objective is to create composites of GFO and SNBT50 with Gadolinium Gallium Garnet 

(GGG) and Yttrium Iron Garnet (YIG), materials chosen for their high density and resistivity. 

Formation of GFO-GGG composites is observed to reduce the leakage current of the material 

by five orders of magnitude, whereas GFO-YIG composites increased the magnetic Curie 

temperature of GFO beyond room temperature. The SNBT50-YIG composite exhibits 

magnetic properties in addition to vastly improved ferroelectric and magnetodielectric 

properties. Multiferroic ferrites with magnetoelectric (ME) coupling and magnetic and electric 

properties, such as BFO, are advantageous for shielding microwave-frequency electromagnetic 

radiation. In contrast to Bismuth Ferrite, which has been the subject of numerous experiments 

aimed at enhancing its microwave capabilities, Gallium Ferrite, another promising 

magnetoelectric material, has not been subjected to such treatment. As a result, the microwave 

absorption properties of gallium ferrite are investigated in depth, revealing notably high 

microwave absorption. The microwave properties of Barium- and Yttrium-doped Bismuth 

ferrite are also studied in depth, revealing an increase in absorption along with a broadening of 

the material's bandwidth. Due to the high likelihood of employing YIG in the high-frequency 

range, the microwave properties of SNBT50-YIG are also investigated for their potential use 

as microwave absorption materials (MAMs). 

In conclusion, extensive research has focused on the synthesis of single-phase and 

composite magnetoelectric materials with varying morphology and synthesis conditions for 

cutting-edge technological applications. Additionally, the applicability of the synthesized 

materials as microwave absorbers has also been investigated in depth. 

1.9 THESIS ORGANIZATION 

The entire thesis has been separated into six chapters. The following is a brief summary of each 

chapter. 

Chapter 1: The first chapter provides an overview of multiferroic properties, their origin, and 

various multiferroic materials. Different methods and characteristic of multiferroic materials 

are discussed in detail. Also included are the motivation for the thesis and an outline of the 

completed work. 
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Chapter 2: The second chapter focuses on synthesis procedures, characterization techniques, 

and measurements. 

Chapter 3: The third chapter describes the effect of co-doping of barium and yttrium at the 

bismuth site of bismuth ferrite. Electric and magnetic properties are investigated and reported. 

A nanostructured form of the same composition that exhibits excellent ferroelectric, magnetic, 

and magnetodielectric properties is developed.  

Chapter 4: The fourth chapter describes all the composite systems investigated in this thesis to 

improve magnetoelectric properties. The composite formation of Gallium Ferrite with 

Gadolinium Gallium garnet and Yttrium Iron Garnet is studied, revealing promising 

enhancements in electric, magnetic, and magnetodielectric properties. This chapter also 

examines the composite of Sodium Bismuth Titanate–Strontium Titanate solid solution and 

Yttrium Iron Garnet. 

Chapter 5: The fifth chapter discusses the use of gallium ferrite as a microwave absorption 

material. The enhancement of Bismuth Ferrite's bandwidth, microwave absorption, and 

impedance matching as a result of co-doping with Barium and Yttrium is also investigated. 

The microwave properties of Sodium Bismuth Titanate–Strontium Titanate solid solution and 

Yttrium Iron Garnet composite is also discussed in detail. 

Chapter 6: The sixth chapter draws conclusions and discusses the scope of future work. 
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2.1 PREAMBLE 

Various techniques for producing nanoparticles and composites, as well as a number of 

techniques for analysing the properties of the produced materials, have been discussed in 

depth in this chapter. 

The Rietveld Refinement Analysis and Field Emission Scanning Electron Microscopy 

(FESEM) and Energy Dispersive X-Ray Analysis (EDAX) using FEG source 200V-30kV, 

Transmission Electron Microscopy (TEM), High Resolution Transmission Electron 

Microscopy (HRTEM), Selected Area Diffractometer, and X-Ray Diffraction Method (XRD) 

are used to conduct the structural and morphological investigations (AFM). The ferroelectric 

polarisation hysteresis loop tracer (TREK Model 609B) and piezoelectric field microscope 

from Radiant Technologies Incorporated have been used to study the ferroelectric 

characteristics (PFM). Vibrating Sample Magnetometer (VSM) with Lakeshore VSM, 

Physical Property Measurement System (PPMS) with Quantum Design, DYNACOOL, and 

Magnetic Field Microscopy have all been used to study the magnetic characteristics (MFM). 

LCR metres are used to measure the dielectric characteristics (ZM2376). Electromagnets are 

used to measure the magnetodielectric characteristics. 

2.2 SYNTHESIS TECHNIQUES 

2.2.1 SOL-GEL SYNTHESIS METHOD 

Utilizing precursors in liquid-based chemical reactions under controlled experimental 

conditions. There is no universal guideline for wet chemical synthesis because each synthesis 

process is unique. At lower temperatures, it can produce significantly smaller grains and 

particles, and it can form the desired phase more quickly than the conventional solid-state 

method. The desired material is synthesized from the bottom up. This research involved the 

wet chemical synthesis of gallium ferrite composites on a basis of double-distilled water. 

Figure 2.1  Preparation of Bismuth Ferrite nanoparticles using tartaric acid assisted sol-gel method 
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Figure 2.1 depicts the sol-gel method of barium and yttrium co-doped bismuth ferrite using 

tartaric acid as a chelating agent and the nitrate salts in nitric acid mixed with double-distilled 

water. 

2.2.2 SOLID STATE REACTION METHOD 

The standard solid state reaction approach for the production of multiferroics involves 

calcining the mixture at a very high temperature to allow cations to diffuse between one 

another in order to mix the proper metallic oxides and carbonates over hours. The extremely 

sluggish chemical reaction is carried out by ion diffusions in solid states using this technique. 

The reaction in this approach begins when the chemicals come into touch with one another, 

making an equivalent distribution of the components and adequate mixing crucial in this 

synthesis method. Short diffusion paths cause the reactions to begin quickly at first, but as 

they progress, they gradually slow down. This approach may experience irregular particle 

shape and size, loss of stoichiometry, creation of undesired phases, etc. as a result of the 

mixture's inhomogeneity. In this thesis, the traditional solid state reaction technique is used to 

synthesise Sodium Bismuth Titanate-Strontium Titanate Solid Solution and Yttrium Iron 

Garnet Composites. 

2.2.3 PULSED LASER DEPOSITION 

Pulsed Laser Deposition (PLD) is a well-known method for synthesizing high-quality thin 

film samples with the required patterns for particular applications[1,2]. Concentrating a 

powerful laser beam in a vacuum chamber in order to deposit a thin film on a target material. 

As a plasma plume, the substance is vaporized and deposited on a substrate. In the presence 

of a background gas or a very high vacuum, this procedure is carried out. 

The detail mechanism of a PLD is very complex and divided into four stages:  

Plasma generation and laser ablation of the target material:  

A laser beam strikes the surface of the bulk material and penetrates it to the penetration depth 

in this instance. A strong electric field generated by the laser beam is enough to remove an 

electron from the bulk material of the volume-penetrating material. This procedure occurs in 

a very brief period of time (ps). These electrons oscillate within the permeable volume and 

collide with the atoms of the bulk material. During collision, electrons transfer energy to the 
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surface lattice of the target material. This energy heated the substance's surface, causing it to 

evaporate. 

Dynamic of the plasma:  

The vaporized plasma plume is directed towards the substrate in a direction parallel to the 

normal vector of the target surface due to columbic repulsion. The distribution of the plasma 

plume depends on the chamber's background pressure and is characterized by a 𝑐𝑜𝑠𝑛(𝑥) law 

with a Gaussian-like curve shape. 

Depositing the ablation material onto the substrate :  

Typically, the third stage determines the film's quality. In this instance, plasma plumes of 

high energy bombard the surface of the substrate, causing atoms to sputter from the surface. 

The collision region formed by atoms and plasma particles sputtered from the target material 

functions as a particle condensation. When the condensation rate is high, thermal energy is 

quickly attained and the surface film grows at a constant rate. 

Film nucleation and growth on the surface of the substrate :  

The nucleation and growth kinetics of the film depends on several parameters such as, 

Figure 2.2 Schematic diagram of PLD set up. 
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Laser parameter: Film quality, stoichiometry, and deposition flux are influenced by laser 

intensity (Joule/cm2), laser energy, and ionization degree of the ablated material. 

Surface temperature: The nucleation density is significantly affected by the surface 

temperature. Generally, the nucleation density decreases as the temperature rises. 

Substrate surface: The nucleation and growth of the film are also affected by the substrate's 

surface roughness and the target material's and substrate's mismatched lattices. 

Background pressure: The ambient pressure is essential for the stoichiometric transfer from 

target to substrate. At low oxygen background pressure, for instance, non-stoichiometric film 

will grow, affecting nucleation density and film quality. The schematic diagram of a PLD 

setup is depicted in Figure 2.2. Bismuth Ferrite thin films reported in this thesis are deposited 

on SrTiO3 (111) substrates using the PLD technique. 

2.3 MEASUREMENT TECHNIQUES 

2.3.1 STRUCTURE AND MORPHOLOGY 

2.3.1.1 X-RAY DIFFRACTION (XRD) 

When a monochromatic X-Ray is incident upon a material it scatters from the atoms situated 

in the material [Figure 2.2] due to the comparable wavelength of X-Rays with the atomic 

size[3]. These scattered waves produce constructive and destructive interferences when it 

satisfies the Bragg's law, 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆     (2.1) 

 

Where 𝑑ℎ𝑘𝑙 is the spacing between two planes,  is the incident angle of X-Rays, 𝑛 is any 

integer number, and λ is the wavelength of the X-Rays. The Bragg’s law is portrayed in 

Figure 2.3. 

X-Ray powder diffraction (XRD) is a useful analytical technique which is widely used for 

phase identification of crystalline materials. It can provide with following information about 

a material under investigation, 

1. Phase composition, 

2. Crystallite size,  

3. Quantitative phase analysis, 

4. Unit cell lattice parameters, 
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5. Micro-strain, etc.  

On the other hand, keeping the incident angle of source X - Ray at a very low angle (𝜔 < 5°) 

such that the ray is entirely focused on the material situated at the top-most surface of a 

sample, is able to the determine the phase of the material. This technique is widely used to 

provide following information about thin films and known as Grazing Index XRD (GIXRD), 

Orientation of thin film with respect to the substrate, 

1. Lattice mismatch between the thin film and the substrate,  

2. Epitaxy or texture, 

3. Macro and micro strains, 

The phase and structure of the all samples reported in this thesis are investigated by X-ray 

diffraction (XRD) recorded at room temperature with Panalytical X’Pert Pro diffractometer 

using the Cu Kα line (λ = 1.54 Å) at the scanning rate of 0.6° per minute and Rigaku 

SmartLab automated multipurpose X-ray Diffractometer.  

2.3.1.2 RIETVELD REFINEMENT 

Rietveld refinement is a fitting technique first described by Hugo Rietveld, used to 

characterise the crystalline materials[4,5]. In this method, X-Ray powder diffraction data or 

neutron diffraction data are fitted using non-linear least square method in order to achieve 

Figure 2.3 Schematic diagram of diffraction of X-rays by a crystal 
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crystalline information such as lattice parameters, peak shifts, positions of atoms in the unit 

cell, occupancy of atoms etc. Defined by Rietveld, a function M, defined below, is minimized 

to achieve best fitting of profiles. 

𝑀 = ∑ 𝑊𝑖 {𝑦𝑖
𝑜𝑏𝑠 −

1

𝑐
𝑦𝑖

𝑐𝑎𝑙𝑐}
2

𝑖     (2.2) 

Where Wi is the statistical weight and c is an overall scaling factor such that 𝑦𝑐𝑎𝑙𝑐 = 𝑐𝑦𝑜𝑏𝑠. 

And the background is calculated using Chebyshev polynomial. In this thesis, FullProf Suite 

(Figure 2.4) and MAUD software are used to perform Rietveld refinement of the measured 

XRD data.  

2.3.1.3 RAMAN SPECTROSCOPY  

Raman spectroscopy is non-destructive chemical analysis technique where scattered light is 

used to measure the vibrational energy modes of a sample[6]. Raman spectroscopy probes the 

chemical structure of a material and provides information about, 

Figure 2.4 FullProf Suite software for performing Rietveld refinement analysis 
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1. Chemical structure and identity, 

2. Phase and polymorphism, 

3. Intrinsic stress or strain, 

4. Contamination and impurity, 

A Raman spectrum can be like a “Fingerprint” for a particular molecule or material, a unique 

identity of a material.  

Raman analysis using a microscopic laser spot and high magnification sample 

visualisation are both made possible by a Raman microscope, which joins a Raman 

spectrometer to a conventional optical microscope [Figure 2.5]. When a molecule scatters 

light, the photon's fluctuating electromagnetic field polarises the cloud of molecular 

electrons, elevating the molecule to a higher energy state. This unstable and high-energy 

state, also known as the virtual state, is transient. It quickly emits the energy that the photon 

imparted to it as a result. 

After a molecule interacts with a photon, its energy typically remains constant, and 

the light that is released has the same wavelength as the wave that was first incident[7,8]. 

This is the main process and is referred to as Rayleigh Scattering. It is known as Raman 

Scattering when, in incredibly rare instances (1 in 10 million photons), light is released that is 

of a 

Figure 2.5 Schematic of Raman spectroscopic system 
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different wavelength from that which was incident. The phenomenon known as Stokes 

Raman Scattering occurs when a molecule absorbs energy to excite it to a higher vibrational 

state while emitting less energy. However, if the molecule loses energy lowering to lower 

vibrational level, then the emitted wavelength will have higher energy and lower wavelength 

than the incident wave, known as Anti-Stokes Raman Scattering.  

In this thesis, Micro-Raman Spectrometer from LabRam HR Evolution; HORIBA France 

SAS is used for all the studies.  

2.3.1.4 FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM) 

The Field Emission Scanning Electron Microscope (FESEM) is a microscope that uses a 

focussed electron beam to take topographical pictures of things[9,10].  

In FESEM, a strong electrical field gradient is utilised to focus and accelerate an electron 

beam. Secondary electrons are released from the target area on the item as the beam 

bombards it. The surface structure of the item is associated with the secondary electron 

emission angle and velocity. The secondary electrons that are released are detected, and the 

data is then further processed to provide a digital image. 

An FESEM mainly consists of parts discussed below [Figure 2.6], 

Figure 2.6 Schematic diagram of Field Electron Scanning Electron Microscope 
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Electron Gun: In a standard electron microscopes electrons are mainly generated by heating a 

tungsten filament by means of a current to a temperature of about 2800 °C. In a field 

emission (FE) scanning electron microscope no heating is involved for the emission of 

electrons beam. Instead, an extremely thin and sharp tungsten needle (tip diameter 10–7 –10-8 

m) functioning as a cathode, is placed in front of a primary anode to generate a voltage in the 

order of magnitude of 0.5 to 30 kV. The electron beam produced by the FE source being 

1000 times smaller than standard microscope, the image quality is remarkedly better. 

Condenser lens: The main function of the condenser lenses is to modify the beam diameter. 

Low current produces small diameter but lacks in good signal to noise ratio or resolution 

whereas high current reverses the situation.  

Scan coils: The scan coils guide the deflection of the electron beam towards the object 

according to a zig-zag pattern. The scan movement and velocity determine the clarity and the 

refreshing rate of the image on the screen.  

The objective lens: The objective lens focusses the electron beam on the object. For an object 

placed close to the objective lens, it needs to apply larger force to deflect the electron beam. 

However, short working distance produces best resolution due to smallest beam diameter. 

Detector: The secondary electrons emitted after the primary probe bombards the object 

possess different velocity depending on the levels and angle of the surface of the object from 

where it is emitted.  The scintillators illuminate as the emitted secondary electrons hits it. The 

illumination and the location of the illumination varies depending on the properties of the 

secondary electrons. The signal is amplified and transduced to a video signal to get the digital 

image. 

When electron beam falls on the material, electrons ejected from the atoms including the 

surface. At this point, an electron from higher energy shells fills the electron vacancy and 

emits X-Ray, which is characteristic X-Ray and holds information about the elements in the 

material. This process is called Energy dispersive analysis of X-Ray or EDAX. EDAX is 

used to understand the chemical elements present on the sample surface.  

2.3.1.5 TRANSMISSION ELECTRON MICROSCOPE (TEM) 

A very thin material is passed through by a high energy electron beam in a transmission 

electron microscope (TEM) to create a image[11,12]. Then, properties like particle size, 
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crystal structure, and chemical analysis are seen using the interactions between the electrons 

and the atoms. When an electron beam contacts a specimen, transmission and scattering are 

the two main types of interactions that take place.  

Imaging: To get image, the electron beam emitting from the electron gun is passed through 

the condenser lens which focuses the beam into small, thin, coherent beam, as shown in 

Figure 2.7. Then the beam falls on the specimen where parts of it transmits through the 

sample. The transmitted beam is passed through Objective aperture lens in order to enhance 

the contrast by blocking out high angle diffracted electrons. The beam is then passed through 

intermediate lens and projector lens to enlarge it. As the image strikes the fluorescent screen, 

user is able to see the image. The darker areas of the image represent those areas of the 

sample through which fewer electrons are able to pass through.  

2.3.1.6 ATOMIC FORCE MICROSCOPY (AFM) 

Atomic force microscopy (AFM) is used to capture very high-resolution (in the order of Å) 

images of sample surface at nanometre range[13,14]. In this method, a mechanical probe is 

used to get the morphology of the sample surface. The probe is chosen such that the end is 

Figure 2.7 Schematic diagram of transmission electron microscope system 
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very thin and sharp with a tip radium in 5 – 20 nm range. The cantilever probe mainly works 

in two basic ways, contact mode and non-contact mode. In contact mode, the probe is 

connected to the sample surface and it interacts to the sample following Van der Waal’s 

force. The non-contact mode, a piezoelectric crystal driven by an applied electric field of 

frequency in the range between 10 kHz to 1 MHz. This crystal mechanically oscillates the 

cantilever probe near tis resonance frequency close to the sample surface. The oscillation 

frequency varies based on the probe's contact with the sample surface. As seen in Figure 2.9, 

the movement of the cantilever is monitored using a laser light. The laser light incident on the 

cantilever moves depending on the movement of the cantilever. This is detected using 

photodetector to map the movement of the cantilever and determine the surface image.  

2.3.2 ELECTRICAL PROPERTIES MEASUREMENT TECHNIQUES 

2.3.2.1 DIELECTRIC MEASUREMENT 

An Impedance analyser or an LCR meter (Inductance (L), Capacitance (C), and Resistance 

(R)) is very widely used equipment needed to measure the capacitance, inductance and 

resistance of a sample. In this method, the inductance and capacitance of the material is not 

measured directly, instead the impedance is measured and converted into corresponding 

inductance and capacitance values.  LCR meter is used measure impedance parameters at 

Figure 2.8 Schematic diagram of an Atomic Force Microscope system 
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wide range of frequencies along with the equivalent series resistance, capacitance etc. and the 

Q factor of inductive sample.  

The dielectric constant (ɛ) of a sample is calculated assuming a parallel plate capacitor setup, 

using the formula, 

𝜀 =
𝐶𝑑

𝐴𝜀0
      (2.3) 

Where 𝐶 is the capacitance of the sample in Farad (F),  𝑑 is the thickness of the sample in 

meter (m), 𝐴 is the area of the electrode in square meter (m2), 𝜀0 is the free space permittivity 

(8.854  10-12 F/m), and ɛ is the dielectric constant or relative permittivity of the sample. 

As shown in Figure 2.9, the sample or the device under test (DUT) is subjected to an 

ac voltage using the function generator. The analyser then measures the voltage across the 

DUT and the current through the DUT. The impedance is measured from the ratio of the 

measured voltage and current. The phase angle of voltage and current is calculated from the 

equivalent inductance or capacitance and the resistance of the sample.  

2.3.2.2 FERROELECTRIC HYSTERESIS LOOP TRACER 

Figure 2.9 Schematic diagram of an LCR meter used to measure dielectric properties 
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The Polarization (P) vs. Electric Field (E) hysteresis loop is measured based on Sawyer-

Tower circuit as shown in Figure 2.10[15]. In this method, a voltage is applied across the 

sample with capacitance, and the voltage is measured across a reference capacitor. If the 

capacitance across the reference is much larger than that of the sample, then the voltage drop 

across the sample is very small such that the input and output voltage is similar. The electric 

field is calculated using this input voltage according to the following formula,  

𝐸 =  
𝑉𝑖𝑛

𝑡
      (2.4) 

Where,  𝐸 is the electric field, 𝑡 is the sample thickness and 𝑉𝑖𝑛 is the input voltage generated 

from the function generator. 

To construct the ferroelectric P-E hysteresis loop, the voltage across the reference 

capacitor is measured (𝑉𝑜𝑢𝑡) and polarization is measured using following formula, 

𝑄 =
𝑉𝑜𝑢𝑡

𝐶𝑟𝑒𝑓
      (2.5) 

𝑃 =
𝑄

𝐴
       (2.6) 

Figure 2.10 Schematic diagram of a Ferroelectric Measurement System 
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Where, 𝑄 is the charge, 𝐴 is the area of the electrode, and 𝑃 is the electric polarization.  

For an ideal resistor, the current and the voltage are in same phase, which gives a circular PE 

loop. On the other hand, the P-E loop of a capacitor is a straight line as the current and 

voltage are in out-of-phase condition.  

2.3.2.3 PIEZORESPONSE FORCE MICROSCOPY (PFM) 

Piezoresponse force microscope (PFM) is used to understand the topography and 

piezoelectric/ferroelectric domain structure at nanoscale[16–18]. In this method, the 

cantilever tip is coated with highly conducting material such as platinum, gold, tungsten etc. 

is brought in contact to the surface of a ferroelectric or piezoelectric material. As ac bias is 

applied to the tip, deformation is generated in the material through converse piezoelectric 

effect (CPE). As a result, the cantilever deflects which is recorded through standard 

photodiode detector. The schematic diagram of a PFM set up is shown in Figure 2.11.  

2.3.3 MAGNETIC MEASUREMENT TECHNIQUES 

2.3.3.1 VIBRATING SAMPLE MAGNETOMETER (VSM) 

Vibrating sample magnetometer (VSM) is widely used to measure magnetic properties of 

materials[19,20].  It can measure incredibly small magnetic moment up to an order of 10-5 

Figure 2.11 Schematic diagram of a piezo response force microscope 



  CHAPTER 2 

 

  

 PAGE 72 

 

emu. First, the sample is placed in a constant magnetic field (𝐻). Next the sample is vibrated 

sinusoidally such that the resulting variation of magnetic flux induces the pickup coils. 

Following Faraday’s law of induction, an electromotive force (EMF) is generated across the 

pickup coils having 𝑁 identical loops and a cross-sectional area of 𝐴. The EMF is given by, 

𝑉 =  −𝑁𝐴
𝑑𝐵

𝑑𝑡
          (2.7) 

If the coil is placed in a constant magnetic field (𝐻), the magnetic flux (𝐵) is given by, 

𝐵 = 𝜇0𝐻       (2.8) 

Where µ0 is the free space permeability.  

If the sample possess a magnetization of 𝑀, then the magnetic flux around the vibrating 

sample is, 

𝐵 = 𝜇0(𝐻 + 𝑀)           (2.9) 

Therefore, the change in magnetic flux due to the presence of the sample is, 

Figure 2.12 Schematic diagram of a vibrating sample magnetometer unit 
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∆𝐵 = 𝜇0𝑀      (2.10) 

The induced force on the pick-up coil is therefore given by, 

𝑉𝑑𝑡 =  −𝜇0𝑁𝐴𝑀          (2.11) 

This output signal is recorded and used to calculate the magnetic moment of the sample. 

The schematic diagram of a VSM unit is shown in Figure 2.12. The parts that are used in 

VSM are, 

Water cooled electromagnet and power supply: The water-cooled electromagnet, along with 

the power supply, are used to generate the constant magnetic field to magnetize the sample. 

Vibration unit and sample holder: The sample holder rod is attached to the vibration exciter, 

and the end of it is placed at the central region between the electromagnets. The vibration unit 

moves the sample up and down at a particular frequency.  

Pick-up coils: The EMF force produced by the vibrating sample generates an alternating 

current in the pick-up coils at the same frequency as the vibrating frequency of the sample. 

The signal generated contains the information about the magnetization of the sample. 

A part of the magnetic readings provided in this dissertation are investigated with the use of a 

vibrating sample magnetometer (VSM, Lakeshore, model 7144). The model generates a 

maximum of 1.6 T magnetic field. The low temperature measurement (moment versus 

temperature and isothermal hysteresis loops) can be performed within the temperature range 

from 80 K to 400 K using a cryogenic system (Liquid N2) and the high temperature 

measurement can be performed within the temperature range of 300 K to 1173 K with a 

temperature stability of ± 0.2 K and temperature resolution of 0.001 K. In needs, a Physical 

Property Measurement System (PPMS) from Quantum Design, model – DYNACOOL is 

used. In this system, the magnetic field can be extended up to 14 T. The low temperature 

measurement can be performed for a temperature range of 1.8 K to 400 K whereas the high 

temperature measurement can be done for a temperature range of 300 K to 1000 K. 

2.3.3.2 MAGNETIC FORCE MICROSCOPY (MFM) 

Magnetic force microscope is an essential tool to know the magnetic domain structure of a 

sample. In this method, a cantilever coated with small coercive magnetic material such as Ni, 

Co etc., is used to probe the sample surface[21]. The schematic diagram of a MFM system is 

shown in Figure 2.13. 
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Here the coercivity of the magnetic material is chosen to be very low as the tip is magnetised 

and the does not change throughout the measurement. The magnetic tip only interacts with 

the out-of-plane component of the magnetic domains. In this method, the 1-dimensional 

scanning of the cantilever is recorded twice. At first step the topographical image is recorded 

using the AFM tapping mode and at second step, this information of at what distance the 

cantilever should be kept is used to keep the cantilever at certain distance during MFM image 

capture. The distance of the cantilever is known as “Lift Height” and can be modified if 

needed. Typical resolution can be achieved when Lift Height is about 30 nm, although 

resolutions as low as 10 to 20 nm are attainable. During scanning the magnetic tip is 

deflected according to the direction of stray field of the material creating the dark and bright 

spots.  

2.3.4 MICROWAVE MEASUREMENT TECHNIQUE - VECTOR NETWORK 

ANALYZER 

In the context of measuring the parameters of electrical networks, the vector network analyser 

(VNA) is indispensable because it measures both amplitude and phase properties. Reflection 

Figure 2.13 Schematic diagram of magnetic force microscope 
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and transmission of electrical networks are simple and accurate to measure at high 

frequencies, so S-parameters are typically measured by network analysers. VNAs can be used 

on networks with any number of ports, but this article will only discuss a two-port network 

system[22]. The VNA, which is an automatic network analyser, is widely utilized for radio 

frequency (RF) and microwave design applications and characterizations for both passive and 

active networks in terms of network scattering parameters, i.e., S parameters. 

A simplified block diagram of a vector network analyser is shown in the 

accompanying figure, Figure 2.14. This diagram illustrates the fundamental components of a 

typical 2-port VNA. Port 1 (P1) and port 2 (P2) represent the two ports of the device under 

test (DUT). PC1 and PC2 are the precision cables which are connected to the P1 and P2 ports 

of the VNA, respectively. The RF test frequency is generated by a variable-frequency source, 

and its power level is controlled by a variable attenuator. The orientation of the switch SW1 

determines the path of the test signal through the DUT. Consider initially that SW1 is in 

position 1, so that the test signal is incident at P1 on the DUT, which is suitable for measuring 

S11 and S21. The test signal is connected to the common port of splitter 1, with the reference 

Figure 2.14 Simplified schematic presentation of a vector network analyzer 
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channel feeding a reference receiver for P1 (REF1) and the test channel connecting to P1 via 

directional coupler DC1 and cable PC1. The third port of DC1 couples the power reflected 

from P1 via PC1 to the test receiver 1 (TEST1). Likewise, signals leaving P2 are routed via 

PC2 and DC2 before reaching TEST2. REF1, TEST1, REF2, and TEST2 are referred to as 

coherent receivers because they share the same reference oscillator and can measure the 

amplitude and phase of a test signal at a specific frequency. All complex receiver output 

signals are fed to a processor, which performs the necessary mathematical operations and 

displays the selected parameters and format. Despite the fact that the instantaneous value of 

phase includes both temporal and spatial com ponents, the former is eliminated by using two 

test channels, one as a reference and the other for measurement. This instrument can readily 

determine quantities such as standing wave ratio (SWR), return loss, group delay, impedance, 

etc., and it can also determine the time-domain response of the network. Figure 2.15 depicts 

the setup for measuring microwave properties in our lab, including all of the necessary 

equipment. A calibration procedure corrects errors caused by mismatched directional 

couplers, imperfect directivity, cable loss, and variations in the frequency response of the 

Figure 2.15 Microwave properties measurement set-up in our laboratory 
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analyser system. The simplest for this purpose is SOLT, which stands for Short, Open, Load, 

and Through. Modern network analysers store device-related information in a calibration kit.  
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CHAPTER 3 

EFFECT OF BARIUM AND YTTRIUM CO-DOPING 

AT BISMUTH SITE OF BISMUTH FERRITE 
 

 This chapter discusses the effect of Barium and Yttrium co-doping at the Bismuth 

site of single-phase Bismuth Ferrite on electric and magnetic properties. The effect of the 

same on different morphologies such as bulk, nanoparticle, and thin film are also explored 

and discussed in this chapter. 
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3.1 PREAMBLE 

Bismuth Ferrite or BiFeO3 (BFO) exhibits magnetoelectric coupling at room temperature and 

has a high degree of ferroelectric polarisation, both of which are crucial for its practical use. 

However, the material's large conductivity and weak magnetism prohibit it from being used 

for its wide range of applications. A variety of treatments, including changing the synthesis 

temperature and time, the atmospheric conditions during synthesis, the morphology, etc., 

have been investigated in an effort to address the shortcomings[1–12]. It has been observed 

that doping BiFeO3 with the appropriate elements at either the Bi- or Fe-site increases the 

ferroelectricity and ferromagnetism while decreasing leakage current and conductivity[13–

28]. Doping with aliovalent and isovalent elements also offers a lot of information about the 

carriers in charge of the material's low dc resistivity. Understanding the governing carriers 

makes it easier to manipulate them and increase BFO's dc resistivity, which in turn improves 

its ferroelectric behaviour. 

The possible mechanisms of conduction that has been proposed over the years, mainly 

are, 

𝑂𝑂
𝑋 →

1

2
𝑂2 + 𝑉𝑂

∎∎ + 2𝑒′    (3.1) 

𝐵𝑖𝐵𝑖
𝑋 + 3𝑒′ → 𝐵𝑖(𝑔) + 𝑉𝐵𝑖

′′′    (3.2) 

𝐹𝑒𝐹𝑒
𝑋 + 𝑒′ → 𝐹𝑒𝐹𝑒

′      (3.3) 

For instance, Qi et al.[29] discovered that partial substitution of Fe3+ ions with Ti4+ ions 

increased the material's dc resistivity while partial substitution with Ni2+ did the opposite, 

leading them to the conclusion that oxygen vacancies, as per Eq. 3.1, were the governing 

charge carriers. Formation of bismuth vacancies are one very common phenomenon during 

the synthesis of BFO due to volatile nature of bismuth according to the mechanism shown in 

Eq. 3.2[30,31]. In contrast, Dai et al.[32] investigated the formation of BFO under various 

sintering atmospheres and found that the sample with the highest oxygen vacancies but the 

lowest Fe2+ concentration exhibited the highest resistivity, drawing the conclusion that 

electrons, not holes, were the primary charge carriers controlling the material's overall 

conductivity (Eq. 3.3). 

It is discovered that isovalent substitution at the Bi-site of BFO is able to lower the 

non-stoichiometry by the reduction of the concentration of volatile Bi3+ ions, despite the fact 

that aliovalent substitution is observed to increase the resistivity[20,23,29,30,33–36]. As a 
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result, secondary phase production is decreased, dc resistivity is increased, and the material's 

ferroelectric behaviour is subsequently improved. Because non-volatile Y3+ ions replace 

volatile Bi3+ ions at the Bi-site of the BFO, it is seen that resistivity steadily rises while 

secondary phase formation decreases. The material's conduction mechanism can be changed 

from oxygen vacancies to an electron-dominant one by yttrium doping. Due to structural 

deformation and a change in the Fe-O-Fe bond angles brought on by the size differences 

between the Bi3+ and Y3+ ions, it has been shown that both polarisation and magnetization 

have increased[30]. In contrast, the neighbouring Fe3+ ions in a BFO with a G-type 

antiferromagnetic structure should align antiparallel to each other. However, in BFO, these 

spins are not perfectly antiparallel to one another and are slightly canted in the direction of 

one another, which results in a weak ferromagnetism[37]. The macroscopic magnetism in the 

bulk form is nevertheless cancelled out by the presence of another long-range spiral structure 

with a period of 62 nm, which is created as a result of the Dzyaloshinkii-Moriya (DM) 

interaction. To suppress this spiral structure and improve the magnetoelectric characteristics 

of BFO, doping with promising elements at the Bi-site or Fe-site is discovered to be very 

successful. For instance, it has been demonstrated that doping BFO ceramics with alkali and 

rare-earth elements enhances their ferroelectric and ferromagnetic characteristics[15,38,39]. 

It has been observed that Fe-site doping with Cr, Mn, Ti, and Co increases the magnetization 

by suppressing the spin spiral structure. Single-phase Ba-doped BFO ceramics have been 

found to have enhanced magnetic properties[40–42]. 

As a result of charge compensation, according to Eq. 3.5, optimum doping of BFO 

with Ba2+ causes the creation of Fe4+ ions inducing ferrimagnetic nature in the 

material[15,43–46], 

1

2
(1 − 𝑥)𝐵𝑖2𝑂3 + 𝑥𝐴𝑂 +

1

2
𝐹𝑒2𝑂3 → 𝐵𝑖1−𝑥

3+ 𝐴𝑥
2+𝐹𝑒3+𝑂

3−
𝑥

2

2−         (3.4) 

1

2
(1 − 𝑥)𝐵𝑖2𝑂3 + 𝑥𝐴𝑂 +

1

2
𝐹𝑒2𝑂3 → 𝐵𝑖1−𝑥

3+ 𝐴𝑥
2+𝐹𝑒1−𝑥

3+ 𝐹𝑒𝑥
4+𝑂3

2−           (3.5) 

In order to create a single-phase material with high resistivity, high polarisation, and high 

magnetization, yttrium and barium are co-doped at the Bi-site of BFO. Initially, the effect of 

yttrium and barium co-doping on the electric and magnetic properties of bulk form of 

bismuth ferrite (Ba0.1Bi0.9-xYxFeO3) at yttrium doping concentrations of x = 0.1 and 0.2 is 

investigated. Nonetheless, both co-doped samples exhibit first order field-induced 

metamagnetic transition near a 0.73 T critical field, which is a fundamental flaw of these 
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samples. As previously established, the antiferromagnetic to ferromagnetic phase change, 

known as the metamagnetic transition, is caused by ferromagnetic (FM) pinning in the 

antiferromagnetic (AFM) superlattice. At and above critical pinning fields, the pinned 

ferromagnetic sublattice in the antiferromagnetic matrix of the particles begins to align and 

grow rapidly, resulting in metamagnetic transition[47]. The antiferromagnetic interaction, 

however, is seen to decrease as particle size decreases, and weak ferromagnetism is 

introduced while decreasing AFM-FM competition and consequently metamagnetic 

transition. Similar observation is found in size-dependent study of metamagnetic transition in 

Ba doped BFO nanoparticles[6]. Henceforth, in order to eliminate the observed metamagnetic 

transition, the same co-doped samples are prepared in nano-structural forms. It is observed 

that the magnetic characteristics obtained for the corresponding nanoparticles do not display 

any metamagnetic transition, in contrast to their bulk counterpart, which does. In contrast to 

their bulk counterparts, the barium and yttrium co-doped BiFeO3 nanoparticles exhibit 

stronger ferromagnetism at the nanoscale due to uncompensated spins at the surface and a 

significant surface to volume ratio, which disrupts long-range anti-ferromagnetic order at 

surfaces. As a result, the residual magnetization of these nanoparticles is considerably greater 

than that of their bulk counterparts. However, a structural phase transition is observed from 

rhombohedral to orthorhombic structure for 10 at. wt.% yttrium doping (Ba0.1Bi0.8Y0.1FeO3) 

in nano-structural form unlike their bulk counterpart and is attributed to the changing phase 

stabilities due to large surface to volume ratio in nano-structural form. Therefore, the doping 

concentration of yttrium is decreased from x = 0.1 to x = 0.03 and 0.05 in Ba0.1Bi0.9-xYxFeO3 

nanoparticles. The magnetic, ferroelectric, and magnetodielectric properties of these co-

doped nanoparticles are examined in detail in order to obtain a single-phase material in 

rhombohedral structure. As discussed in section 1.5.2 of chapter 1 in this thesis, 2D thin film 

structure is crucial for the practical applications of magnetoelectric materials, as nano-

structured thin films allow for additional degrees of freedom and an increase lattice strain, 

thereby enhancing the magnetoelectric (ME) effect. To examine this, the 5 at. wt.% yttrium 

doped sample, Ba0.1Bi0.85Y0.05FeO3, which is observed to possess highest dielectric constant, 

remnant polarization, and magnetodielectric factor with stronger ferroelectric domain 

switching is taken to fabricate thin film deposited on SrTiO3 (111) substrate using Pulsed 

Laser Deposition method in order to enhance its magnetoelectric properties.  
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3.2 EXPERIMENTAL DETAILS 

3.2.1 SYNTHESIS 

3.2.1.1 BULK 

The tartaric acid-assisted sol-gel process is used to synthesize the BayBi1-x-yYxFeO3 ceramics 

for x = 0.0 (BaBYFO-0-Bulk), 0.1 (BaBYFO-10-Bulk), and 0.2 (BaBYFO-20-Bulk) at y = 

0.1. In the presence of nitric acid, high purity (more than 99.9%) Bi(NO3)3.5H2O, 

Fe(NO3)3.9H2O, Ba(NO3)2.H2O, and Y(NO3)3.6H2O is dissolved in double distilled water in 

the appropriate stoichiometric ratios. As a chelating agent, tartaric acid (C6H6O7) is added to 

the nitrates to finish their combustion. The 3 hour-long vigorous stirring of the yellow, 

transparent solution is followed by keeping it at 80 °C until it is completely dried. After that, 

the fluffy dried powder is gathered and grinded in an agate mortar. To produce the required 

phase, the powders are calcined at 600 °C for two hours. The resultant material is then 

compressed into pellets with dimensions of 5 mm in diameter and 0.7 mm in thickness. These 

pellets are then further annealed for 30 minutes at a temperature of 700 °C to produce the 

bulk form. Using these pellets, all of the typical measurements have been performed. 

3.2.1.2 NANOPARTICLE 

By modifying the sol gel process with tartaric acid and utilising analytical-grade chemical 

reagents (Sigma-Aldrich, > 99.9%), Ba and Y co-doped BiFeO3 nanoparticles are 

synthesized. In water, all the nitrates are dissolved in their respective stoichiometric ratios 

with the help of dilute HNO3, while being constantly stirred. The tartaric acid (C6H6O7) is 

then added as a chelating agent to ensure complete combustion of the nitrates. Over a hot 

plate maintained at 80 ºC, the yellow translucent solution is vigorously agitated at 500 rpm 

for 24 hours. The fluffy dried powder is then grinded and sintered for 30 minutes at 700 ºC in 

air. Ba0.1Bi0.9-xYxFeO3 nanoparticles for x = 0.0 (BaBYFO-0), 0.03 (BaBYFO-3), 0.05 

(BaBYFO-5), and 0.1 (BaBYFO-10) are synthesized under the same experimental 

circumstances by adding various amounts of Y(NO3)3.6H2O. 

3.2.1.3 THIN FILM 

Using the pulsed laser deposition (PLD) approach in oxygen atmospheres with the KrF 

excimer laser, BiFeO3 (BFO) and Ba0.1Bi0.85Y0.05FeO3 (BaBYFO) thin films are formed on 

Nb doped SrTiO3 (111) substrates at 700 ºC. With a fluence of 2 J.cm-2 and oxygen pressures 

of 0.06 mbar, the thin films are formed at a repetition rate of 5 Hz. The polycrystalline 

BiFeO3 and Ba0.1Bi0.85Y0.05FeO3 powders, which is produced via the sol-gel process, is used 
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to prepare the PLD targets. In a nutshell, the initial reagents are Bi(NO3)3.5H2O, 

Fe(NO3)3.9H2O, Ba(NO3)2.H2O, and Y(NO3)3.6H2O which are then successively dissolved in 

double distilled water with their stoichiometric ratios in presence of Nitric acid (HNO3). The 

solution is stirred while a suitable amount of tartaric acid is added, and the molar ratio of 

citric acid to the metal components in the solution is 1:1. The mixture is stirred for 30 

minutes to achieve homogeneity and then heated at temperature of 80 ºC until completely 

dried. The dried powder is grinded, and calcined several times at different temperatures (600 

ºC – 1000 ºC) for 12 hours each. To utilise as the PLD target, the powders are transformed 

into pellets, and the final calcination is performed at 1000 ºC for 12 hours.  

3.2.2 CHARACTERIZATION 

By recording X-ray diffraction (XRD) at room temperature using a Panalytical X'Pert Pro 

diffractometer and utilising the Cu-Kα radiation (λ = 1.54 Å) at a scanning rate of 0.6° per 

minute in the 2 range of 20° - 90°, the phase and structure of the bulk and nanoparticles are 

examined. The FullProf Rietveld refinement software is used to analyse the XRD data, and 

VESTA (Visualisation for Electronic Structural Analysis) is used to visualise the refined 

data. High-resolution transmission electron microscopy (HRTEM) using a FEG HRTEM (80-

200 kV) and an FEI QUANTA FEG250 scanning electron microscope (SEM) with an 

AMETEK EDAX QUANTA 200 and Element attachment are used to study the size of the 

nanoparticles and elemental analysis. A spectrometer from LabRam HR Evolution; HORIBA 

France SAS-532 nm laser is used to capture Raman spectra of the nanoparticles. The 

Precision Premier II, Precision Materials Analyzer is used to perform the room temperature 

ferroelectric measurements (Radiant Technologies Inc.) for both bulk and nanoparticles. 

Using a vibrating sample magnetometer, the field-dependent magnetization at room 

temperature is investigated (Lakeshore VSM) for all samples including the thin film. The 

temperature and frequency dependency of the dielectric characteristics of these samples are 

measured for a frequency range of 500 Hz to 1 MHz and a temperature range of 25 °C to 300 

°C using an LCR meter (NF Corporation LCR Meter ZM2376) for the bulk and nanoparticle 

samples. Atomic force microscopy (AFM), manufactured by Innova, Bruker is used to 

examine the surface morphology of the thin films. Magnetic force microscopy (MFM) has 

also been performed to understand the magnetic characteristics of the thin films. Using 

NanoDrive v8 real-time control & NanoScope Analysis, the piezo-response force microscopy 

(PFM) data are acquired for the thin films to investigate the ferroelectric properties.  
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3.3 RESUTLS AND DISCUSSION 

3.3.1 STRUCTURE AND MORPHOLOGY 

3.3.1.1 BULK  

Figure 3.1. XRD data for (a) BaBYFO-0-Bulk, (b) BaBYFO-10-Bulk, and (c) BaBYFO-20-Bulk. (d) 

W-H plot of all samples 

Figure 3.2. XRD plots along with Rietveld refinement result of (a) BaBYFO-0, (b) BaBYFO-3, (c) 

BaBYFO-5 and (d) BaBYFO-10. Inset of (d) depicts the merging of peaks around 32°, 52° and 57°. All 

insets indicate the Williamson-Hall plot for the corresponding sample. 
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Figure 3.1 shows the Rietveld refinement analysis of the X-Ray diffraction (XRD) data for all 

bulk samples. As demonstrated in Table 3.1, due to the reduced radius of Y3+ ions (0.9 Å) 

compared to Bi3+ ions (1.03 Å), the c/a ratio and cell volumes drop with increasing Y3+ 

doping concentration. The volume of the unit cell is shown to steadily shrink while the 

density rises for the same reason. Using the refined unit cell characteristics, the bond length 

and bond angles are calculated from the visualisation of the refined structure. When Bi ions 

are replaced with Y ions, it is seen that the distance between Bi and Fe along the [111]C axis 

decreases, indicating a compression along the axis, which is also suggested by the shorter 

length of c. The progressive increase in the Fe-O1-Fe bond angle corresponds to a gradual 

rise in the antiferromagnetic superexchange interaction between nearby Fe ions. The growing 

bond length between Bi and O1 ions imply weekend bonding between Bi and Y ions as a 

result of the absence of lone pairs in Y ions. The buckling of Bi-O1-Fe bond angle along with 

shortening of Bi-Fe bond-length imply a compression along [111]C axis, implying a reduction 

in non-centrosymmetric distortion. Stronger bonds between Fe and O ions are indicated by 

decreased Fe-O1 bond lengths and Bi-O1-Fe bond angles. 

 

Table 3.1 - Cell parameters obtained from Rietveld refinement of XRD data of all samples 

Sample Name Cell (Å), 
Volume (Å3), 

And Density (gm/cm3) 

Bond 

Angle (°) 
 Bond Length 

(Å) 
 R factors 

 
BaBYFO-0-
Bulk 

a = 5.5963±0.0007 

c = 13.7350±0.0019 

V = 375.892±0.083 
d = 36.47 

e = -3.65x10-4 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

123.00 

72.55 

104.00 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

2.70 

1.78 

2.20 

2.60 

4.00 

 

RF = 0.766 
RB = 0.909 
χ2 = 1.41 

 
BaBYFO-10-
Bulk 

 

a = 5.6560±0.0010 

c = 13.7199±0.0036 

V = 367.978±0.130 
d = 30.39 

e = -5.1x10-4 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

135.40 

69.30 

102.70 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

2.44 

1.81 

2.20 

2.70 

3.63 

 

RF = 0.413 
RB = 0.454 
χ2 = 1.66 

 
BaBYFO-20-
Bulk 

 

a = 5.5582±0.0007 

c = 13.5132±0.0127 

V = 361.5475±0.0790 
d = 47.46 

e = -5.83x10-4 

 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

160.11 

67.24 

87.22 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

2.07 

1.91 

2.59 

2.46 

3.23 

 

RF = 0.773 
RB = 0.998 
χ2 = 2.84 
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3.3.1.2 NANOPARTICLE 

R3c rhombohedral crystal structure is confirmed by the X-ray diffractogram shown in Figure 

3.2. However, at a higher doping concentration, observable changes in the crystal structure 

are seen. As shown in the inset of Figure 3.2(b), the peaks near 32° (corresponding to the 

(104) and (110) planes), 52° (corresponding to the (116) and (122) planes), and 57° 

(corresponding to the (018) and (214) planes) are seen to gradually merge with one another, 

indicating an increase in internal strain and decrease in crystallite size, as shown in Table 3.2.  

 

Table 3.2 - Cell parameters value obtained from Rietveld refinement and WH analysis of XRD data 

Sample Name Cell Parameters Bond Angle (°) Bond Length (Å) R factors 

BaBYFO-0 R3c 

a = 5.5901 Å 

c = 13.835 Å 

V = 374.411 

d = 33.16 nm 

e = -3.35x10-4 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

152.62 

73.64 

86.79 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

2.125 

1.958 

2.332 

2.447 

3.058,3.852 

 

RP = 6.13 

Rwp = 7.23 

Re = 3.08 

RF = 0.415 

RB = 0.921 

χ2 = 5.498 

BaBYFO-3 R3c 

a = 5.599 Å 

c = 13.726 Å 

V = 372.659 

d = 27.83 nm 

e = -2.06x10-4 

 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

150.63 

66.67 

89.25 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

1.945 

2.148 

2.395 

2.355 

3.068,3.796 

 

RP = 5.83 

Rwp = 6.66 

Re = 3.36 

RF = 0.234 

RB = 0.581 

χ2 = 3.935 

BaBYFO-5 R3c 

a = 5.581 Å 

c = 13.772 Å 

V = 371.521 

d = 26.5 nm 

e = -7.18x10-4 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

149.51 

69.2 

88.55 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

2.032 

2.069 

2.389 

2.343 

3.097,3.789 

 

RP = 4.77 

Rwp = 5.25 

Re = 3.19 

RF = 0.11 

RB = 0.304 

χ2 = 2.711 

BaBYFO-10 R3c (53.44%) 

a = 5.5791 Å 

c = 13.6621 Å 

V = 368.284 

d = 42.78 nm 

e = -7.93x10-4 

 

 

 

Pbnm (46.56%) 

a = 5.6211 Å 

b = 5.5769 Å 

c = 7.8996 Å 

V = 247.633 

 

R3c : 

Fe-O1-Fe 

O1-Bi-O1 

Bi-O1-Fe 

 

 

 

 

 

Pbnm: 

Fe-O1-Fe 

Fe-O2-Fe 

 

 

160.03 

73.51 

83.53 

 

 

 

 

 

 

147.12 

148.22 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

Bi-Fe 

 

 

 

 

Fe-O1 

Fe-O2 

Bi-O1 

Bi-O2 

 

2.11 

1.895 

2.432 

2.51 

3.035,3.798 

 

 

 

 

2.059 

2.054 

2.477 

2.527 

 

RP = 11.1 

Rwp = 9.65 

Re = 7.57 

RF = 0.212 

RB = 0.609 

χ2 = 1.62 

 

 

RP = 10.82 

Rwp = 8.27 

Re = 7.04 

RF = 0.378 

RB = 0.597 

χ2 = 1.54 
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According to similar works, the strain for BaBYFO-10 is sufficient to cause a structural 

change from the R3c to orthorhombic (Pbnm) phase. While the rhombohedral structure of 

BaBYFO-0, 3, and 5 is confirmed by Rietveld refinement using FullProf software, the 

refinement of BaBYFO-10 produced lower values of R parameters by assuming a 

combination of rhombohedral R3c group and orthorhombic Pbnm space group [Table 3.2]. 

Figure 3.3 (a, d, g, j) depicts TEM at 5nm scale, (b, e, h, k) shows HRTEM, (c, f, i, l) depicts SAED data of 

BaBYFO-0, BaBYFO-3, BaBYFO-5 and BaBYFO-10 respectively.  
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The formula for the octahedral tilt is, 𝜔 =
1

2
(𝜋 − 〈𝐹𝑒 − 𝑂 − 𝐹𝑒〉), where 〈𝐹𝑒 − 𝑂 − 𝐹𝑒〉 is 

the bond angle of Fe-O1-Fe. Decrease in Fe-O1-Fe angle up to 5 at. wt. % doped sample 

therefore indicates an increase in octahedral tilt. On the other hand, a cavity is generated at 

the FeO6 octahedron due to the substitution of the larger Bi3+ ion with the smaller Y3+ ion, 

which is filled by the movement of Fe ions towards the Bi ion, hence lowering the O1-Bi-O1 

Figure 3.5 Particle size distribution of all nanoparticles 

Figure 3.4 The EDAX data of (a) BaBYFO-0, (b) BaBYFO-3, (c) BaBYFO-5, and (d) BaBYFO-10 

are shown. The insets of the images indicate the particle size distribution. 
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and Fe-O1-Fe bond angles. The greater length of the Bi-O bond, which denotes a decreased 

bond strength, is caused by the absence of the 6s2 lone pair in the less electronegative Y ion. 

Increased Bi-Fe and Bi-O1-Fe angle suggests a strain along the unit cell's [111]C axis. A 

much smaller change in cell parameters, bond angles and bond lengths are observed with 

increasing doping concentrations of yttrium in bulk (Table 3.1) and nanoparticles (Table 3.2) 

which is attributed to lower doping concentrations of yttrium in nanoparticles. 

 

Using ImageJ software, the particle size distribution of each sample is assessed using a 

sample size of 200 particles obtained utilizing TEM (Figure 3.3(a, d, g, j)), and the results are 

displayed in the insets of Figure 3.4(a-d) to demonstrate the mean particle size. BaBYFO-0, 

3, 5, and 10 are observed to have a mean particle size of 45.7  5.9 nm, 39.8  6.1 nm, 29.7  

4.8 nm, and 36.9  6.4 nm, respectively. As can be observed from Figure 3.5, there is an 

overall shift in particle size distribution towards lower particle size with increasing doping 

concentration up to 5 at. wt.%. Although the histogram of BaBYFO-0 and BaBYFO-3 is 

partly overlapping attributed to the low doping concentration, the mean and median of both 

histograms are distinctly separated from each other [Table 3.3]. The median of the histograms 

implies that for BaBYFO-3, 50% of particles has size ranging below 39.8 nm while for 

BaBYFO-5, 50% of particles has size ranging above 45.7 nm. On the other hand, the 

histogram of BaBYFO-5 is quite distinctly situated from that of BaBYFO-0 indicating an 

obvious decrease in particle size with increasing doping concentration. Since the synthesis 

temperature and time is the same for all samples, the reason behind the change in particle size 

is attributed to the changing doping concentration and can be described using Kirkendall 

effect. However, the increase in particle size with farther doping in BaBYFO-10 has been 

attributed to the changed nucleation as a result of phase transformation from rhombohedral to 

orthorhombic phase. The lattice fringe values corresponding to (012), (110), (202), and (003) 

planes of BFO are observed using HRTEM image portrayed in Figure 3.3(b, e, h, k). In the 

BaBYFO-0 sample, the EDAX [Figure 3.4(a-d)] shows the presence of barium, bismuth, 

Table 3.3 - Data from particle size distribution 

Sample Name Sample Size Mean Size (nm) Median (nm) Standard Deviation (nm) 

BaBYFO-0 204 45.7 45.7 5.9 

BaBYFO-3 208 40.7 39.8 6.1 

BaBYFO-5 203 30 29.7 4.8 

BaBYFO-10 205 37.5 36.9 6.4 
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iron, and oxygen as elements, while the co-doped sample supports yttrium replacement at the 

Bi3+ site in desired atomic percentage. On the other hand, the SAED pattern shown in Figure 

3.3(c, f, i, l) suggests that the samples are polycrystalline and contain peaks associated with 

the rhombohedral structure of BFO, such as (104), (110), etc.  

In order to learn more about the structural transformation and local distortion, room-

temperature Raman scattering spectra are obtained for all  the nanoparticles. As shown in 

Figure 3.6, it is possible to determine the precise Raman peak positions within the 50-600 cm-

1 range through fitting the observed spectra and deconvoluting the fitted curves. Purified BFO 

Figure 3.6 Raman spectra of (a) BaBYFO-0, (b) BaBYFO-3, (c) BaBYFO-5 and (d) BaBYFO-10. Figure (e) 

represents a comparative plot of Raman data for all samples in order to understand the mode shift due to doping. 
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shows 18 (4A1 + 5A2 + 9E) modes, according to the group theory study of the lattice 

vibrations in the R3c structure, as shown by the following formula: 

𝛤𝑅3𝑐 = 4𝐴1(𝑧, 𝑥2 + 𝑦2, 𝑧2) + 5𝐴2(−) + 9𝐸(𝑥, 𝑦, 𝑥2 − 𝑦2, 𝑥𝑦, 𝑦𝑧, 𝑥𝑧) (3.6) 

The irreducible representation, = 4A1 + 9E, summarises the aforementioned expression 

because the A2 modes are silent. E modes (doubly degenerate) are polarised along the XY 

plane, while A1 modes are polarised along the Z axis[50].  

For BFO, it has been found that the modes below 167 cm-1 are mostly contributed to 

by the Bi-O covalent bonds, while the modes between 152 cm-1 and 262 cm-1 are contributed 

by Fe atoms. The modes for the vibrational motion of oxygen atoms are seen at frequency 

262 cm-1. Thus, the Bi-O bonds that control the strong scattering intensity of the A1-1, A1-2, 

and A1-3 modes, the weak scattering intensity of the A1-4 mode, and the medium scattering 

intensity of the nine E modes all contribute to the origin of these modes. The E-1, E-2, E-3, 

E-4, E-6, E-7, E-8, and E-9 modes are entitled to the peaks positioned at 74.62, 99.55, 

265.96, 302.49, 342.42, 370.45, 472.75, and 516.87 cm-1 correspondingly. It is noticed that 

the A1-1, A1-2, A1-3, and A1-4 modes can be designated to the peaks situated at 138.3, 

Table 3.4 - Peak positions obtained from Raman spectral analysis along with reported peak positions 
 
TO 
Modes 

BFO Ceramic at 
300K [48] 

Kothari et al. 
at 300K [49] 

BaBYFO-0 BaBYFO-3 BaBYFO-5 BaBYFO-10 

E-1 71.9 71 74.62 74.12 74.5 75.95 

E-2 99.4 98 99.55 100.34 97.17 96.03 

A1-1 134.6 135 138.3 135.74 138.78 141.58 

A1-2 170.3 167 167.57 168.31 167.48 167.38 

A1-3 228.0 218 216.98 217.2 220.83 223.68 

E-3 262.8 255 265.96 254.81 258.5 257.43 

E-4 310.5 283 302.49 274.19 288.67 285.92 

E-5 345.1 321 342.42 330.64 329.53 324.14 

E-6 369.2 351 370.45 370.11 373.19 377.11 

A1-4 433.1 430 420.86 412.89 417.72 408.25 

E-7 472.5 467 472.75 471.23 483.06 476.95 

E-8 521.1 526 516.87 518.85 539.58 507.53 

E-9 554.9 598 603.07 598.26 605.27 616.86 
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167.57, 216.98, and 420.86 cm-1 respectively. Table 3.4 lists all of the Raman modes for pure 

BFO that have been measured experimentally and in the literature. According to the equation 

below, the drop in mass caused by the substitution of the heavier Bi3+ ion with the lighter Y3+ 

ion is what is responsible for the A1-1, A1-2, and A1-3 peaks shifting towards higher 

frequency. 

𝜈 =  
1

2𝜋𝑐
√

𝐾

𝜇
      (3.7) 

Where, ν is the wavenumber, c is the speed of light, K is the force constant of the bond, and μ 

is the effective mass given by, 

𝜇 =
𝑀𝑂×(0.1×𝑀𝐵𝑎+𝑥×𝑀𝑌+(0.9−𝑥)×𝑀𝐵𝑖)

𝑀𝑂+[0.1×𝑀𝐵𝑎+𝑥×𝑀𝑌+(0.9−𝑥)×𝑀𝐵𝑖]
   (3.8) 

where the atomic weights of oxygen, bismuth, yttrium, and barium are, respectively, 𝑀𝑂, 

𝑀𝐵𝑖, 𝑀𝑌, and 𝑀𝐵𝑎. The reduction in stretching or bending vibration brought on by the 

shortening of the Fe-O bond length is what is responsible for the red shift of the E-3, E-4, and 

E-5 peaks. On the other hand, the increasing intensity of the peaks above 262 cm-1 is 

considered to be a result of the rise in oxygen vacancies in BaBYFO-5 and BaBYFO-10. The 

structural transition from the R3c to the Pbnm phase is readily obvious in the BaBYFO-10 

Raman spectra, which is corroborated by the XRD data. There is also a considerable 

broadening and increase in peak intensity. 

3.3.1.3 THIN FILM 

Figure 3.7 1 × 1 µm2 micrograph showing topographical images of (a) BFO and (b) BaBYFO thin film. 
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Atomic force microscopy (AFM) analysis of all the films were carried out to investigate the 

morphology of the films deposited on the Nb:STO substrates. Figure 3.7 shows the 

morphology of the film examined by AFM under ambient condition. The images indicate 

larger grain size to be observed in the BaBYFO thin film with higher surface roughness. 

However, the overall morphological structure of the films depicts uniform and compact 

distribution of grains over long range.  

3.3.2 ELECTRICAL PROPERTIES  

3.3.2.1 BULK 

Figure 3.8 displays the electric displacement (D) - electric field (E) hysteresis loop 

measurements at a frequency of 0.1 Hz. Electric conductivity (D1), ferroelectric polarisation 

due to domain switching (P), and dielectric displacement (𝐷2 = 𝜀0𝜀𝑟𝐸), where 𝜀𝑟 is the 

relative permittivity of the material and 𝜀0 is the free space permittivity, are all included in 

the measured electric displacement (D). With increasing Yttrium doping concentration, it is 

seen that the remnant polarisation from the D-E hysteresis loop steadily decreases, which 

may be explained by the materials' lower conductivity. However, the rounded D-E loop 

observed in the BaBYFO-20-Bulk, which indicates a lossy nature, suggests that the sample 

has higher conductivity.  

3.3.2.2 NANOPARTICLE 

Figure 3.9 illustrates the current (I) - electric field (E) loop and the electric displacement (D) - 

electric field (E) hysteresis loop to explain the presence of ferroelectricity in the 

nanoparticles. It is noted that for BaBYFO-0, the current peak during domain switching, as 

represented by point "A", is smaller than that at the highest applied electric field, despite the 

saturated nature of the D-E hysteresis loop. The peak at point "A" coincides with the coercive 

field, indicating that there is ferroelectric contribution owing to domain wall switching. 

Figure 3.8 Electric Displacement (D) – Electric Field (E) hysteresis loop of all samples 
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However, the electrical conductivity is also strong enough to contribute to the polarisation. 

Since the current for BaBYFO-3 does not exceed that at the domain switching when the 

maximal electric field is applied, this sample's ferroelectric contribution is significantly 

greater. The coercivity of the D-E hysteresis loop correlates well with the domain switching 

peak location ("A") for this sample. The saturated D-E hysteresis loop of BaBYFO-5, 

however, shows that the domain switching peak is unique and that the current during domain 

switching is significantly larger than that at the maximum applied electric field. The presence 

of ferroelectric polarisation in the sample is confirmed by the position of the domain 

switching peak acquired from the I-E loop, which is in good agreement with the coercivity 

obtained from the D-E loop. "B" denotes the presence of an additional peak that is seen in the 

Figure 3.9 the electric displacement – electric field (D-E) and current – electric field (I-E) hysteresis 

loops of all samples at 20 Hz 
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I-E loop for BaBYFO-0 and 5 under low applied electric field. This peak is caused by the 

switching of oxygen vacancy dipoles, which is what causes pinched D-E loops to form as 

shown in BaBYFO-0 and 5 [39]. The I-E curves for BaBYFO-10 show no ferroelectric 

domain switching peak, supporting the paraelectric character of the orthorhombic phase.  

Electrical conductivity and dielectric permittivity both contribute to the electric 

displacement, which results in the unsaturated D-E loop observed for this sample. The local 

piezo-response phase and amplitude hysteresis loops obtained to further demonstrate the 

Figure 3.10 (a-d) the piezo-response force microscope (PFM) phase and amplitude hysteresis loops, (e) 

field dependent leakage current, (f) the fitted plot of log(J) with log(V) indicating the conduction 

mechanism followed by the samples. 
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presence of ferroelectric characteristics in the materials are shown in Figure 3.10(a-d). 

Sweeping the dc bias voltage from +10 V to -10 V produces the phase and amplitude 

hysteresis loops for the out-of-plane piezo-response force microscope (PFM). Local surface 

polarisation and electromechanical strain are correlated by the PFM phase and amplitude 

loops, respectively. BaBYFO-0, 3, and 5 samples with coercive voltages of 0.76, 1.3, and 1.9 

V respectively exhibit well-defined ferroelectric hysteresis loops of phase and butterfly-like 

strain, demonstrating the presence of ferroelectricity in these samples[51]. Hysteresis loop  

displacements from the origin of voltage axis point to local random fields, trapped charges, 

and favoured polarisation orientations at the electrode-ceramic interface[52–54]. In addition 

to the clearly defined electromechanical strain hysteresis loop and the ferroelectric hysteresis 

loop, BaBYFO-10 also exhibits a weak ferroelectric phase as well as a thin phase hysteresis 

loop and a V-shaped strain hysteresis loop. 

The enormous ferroelectricity of BiFeO3[55] is due to the anisotropic character of the 

6s2 lone pair in BFO, which forms a space-filling localised lobe. This anisotropy causes the 

relative motions of the Bi and Fe ions in the [111]C direction. It is believed that the absence 

of a lone pair in the Y ion reduces this distortion while also diminishing its ferroelectric 

properties. However, it has been found that substituting a smaller, less electronegative Y ion 

lengthens the Bi-O bond and reduces the O-Bi-O bond angle, bringing the oxygen ions 

together. These structural deformations increase ferroelectricity by redistributing the cell's 

electron density and causing a larger off-centering displacement along the Bi-Fe axis ([111]C 

axis). This type of behaviour has already been observed in Yttrium-doped BFO, leading 

Table 3.5 - Data of remnant and saturation polarization from hysteresis measurement, leakage currents at zero 

and high field, slope obtained from fitting of log(J) and log(V) plot are listed 

Sample 

Name 

Hysteresis Loop 

(Applied electric field 

= 9 kV/cm) 

Zero Field 

Leakage 

Current 

(A/cm2) 

High Field 

Leakage Current 

(A/cm2) 

Slope of log(J)-log(V) 

Pr 

(C/cm2) 

PS 

(C/cm2) 

Low Middle High 

BaBYFO-0 0.1 0.21 6.721 x 10-10 2.76 x 10-5 0.271 1.319 2.254 

BaBYFO-3 0.23 0.35 1.466 x 10-9 6.092 x 10-6 0.218 1.373 1.775 

BaBYFO-5 0.73 

1.28 at 

20kV/cm 

0.8 

1.63 at 

20kV/cm 

1.859 x 10-10 1.5 x 10-4 1.101 1.101 2.405 

BaBYFO-10 0.1 -- 5.749 x 10-9 8.4 x 10-6 0.002 1.03 2.311 
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researchers to conclude that doping with smaller ionic size elements can significantly shift 

BFO in the [111]C direction even in the absence of lobe-like lone pair electrons[56]. The 

decreased ferroelectric character of BaBYFO-10 is caused by the existence of paraelectric 

orthorhombic phase. 

To comprehend the lossy nature of BaBYFO-5, as demonstrated by the analysis of 

leakage current, a comprehensive examination of the conduction mechanism generating it and 

the dielectric properties has been conducted. Figure 3.10(e) displays how the applied electric 

field affects the leakage current across all samples. At a high applied voltage of roughly 3 kV, 

the BaBYFO-5 exhibits the maximum leakage current of 1.5x10-4 A.cm-2, whereas the 

BaBYFO-3 exhibits the lowest leakage current of 6.092x10-6 A.cm-2. Numerous potential 

mechanisms for leakage current are discussed in the literature for BFO and other ferroelectric 

perovskite oxides that are similar, including space-charge-limited conduction (SCLC), ohmic 

conduction, Poole-Frenkel (PF) emission, interface limited Schottky emission, and grain 

boundary limited conduction (GBLC)[57]. These samples are, however, primarily controlled 

by three different types of conduction mechanisms. The first one is the SCLC mechanism 

where the current density is given by, 

𝐽𝑆𝐶𝐿𝐶 =  
9𝜇𝜀0𝐾

8

𝑉2

𝑑3
     (3.9) 

Where, 𝜇  = carrier mobility, 𝐾  = dielectric constant, 𝜀0 = free space permittivity, 𝑑  = 

sample thickness, 𝑉  = field voltage. Eq. 3.9 can be written as, 

log(𝐽𝑆𝐶𝐿𝐶) = log (𝐴𝑉)    (3.10) 

Where, A = √
9με0K

8d
3  .  

The second one is Ohmic conduction where the current density is directly proportional to the 

applied field voltage, 

𝐽 ∝ 𝑉      (3.11) 

The third type is Grain Boundary Limited Conduction (GBLC), where the current is almost 

independent of the applied electric field since it is restricted to the grain boundaries due to a 

significant difference in resistance between the grain and the grain boundaries[58]. In Figure 

3.10(f), the fitted data for log(J) versus log(V) are displayed. "Low" refers to the voltage 

range below 20 V (3 kV/cm), whereas "Middle" refers to the voltage range between 20 V and 
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400 V. "High" refers to an area where the voltage is greater than 400V (or 7 kV/cm). 

BaBYFO-5 demonstrates no change in slope between the "Low" and "Middle" regions, with 

a value close to 1.101, indicating that Ohmic conduction governs the sample's conduction 

mechanism for voltages below 400 V, where the current is derived solely from free charge 

carriers in the bulk[59]. In contrast, the slope is nearly 2 in the "High" region, indicating 

SCLC conduction, which occurs when the density of injected free carriers from electrodes 

exceeds the material's free charge carrier density and current is primarily driven by these 

injected free charge carriers from electrodes. In all three locations for the remaining three 

samples, there are three distinct slopes. Although these samples follow SCLC and Ohmic 

conduction mechanisms at the "High" and "Middle" regions, respectively, the "Low" region's 

current is nearly independent of the applied field and has a slope significantly lower than 1, 

suggesting that the region is controlled by GBLC mechanism. The study of dielectric 

characteristics leading to an understanding of grain and grain boundary resistances becomes 

required since the GBLC mechanism predominates when there is a significant difference in 

resistances between grains and grain boundaries. 

3.3.2.3 THIN FILM 

Ferroelectric switching of the films was studied by piezoresponse force microscopy, in terms 

of the local hysteresis loop and mapping. Figure 3.11(a-c) and (d-f) depict the PFM amplitude 

mapping image and phase mapping image on a scanning area of 1.8 x 1.8 µm surface of the 

BFO thin film at different bias fields, respectively. The BFO film contains ferroelectric 

domains with diameters ranging from a few dozens to several hundreds of nanometers. For 

example, a relatively small ferroelectric domain (diameter of 60 nm) is measured by 

switching spectroscopy shown in Figures 3.11(a) and 3.11(b). The switching electric fields of 

the phase and amplitude loops are the same, at -2.77 and 3.15 V, respectively, resulting in a 

shift of approximately 0.19 V in the positive direction as illustrated in Figure 3.12 (a) and (b) 

respectively. Charge injection at one-side interface may account for the shift of the loops. 

Similar amplitude and phase mapping images are also displayed for thin BaBYFO film, 

demonstrated in Figure 3.14(a) and (b) respectively. In this case however, the PFM images 

represented in Figure 3.13 depicts that the ferroelectric domains are much larger in size than 

the ones in BFO film and spread over long range of distance. The switching spectroscopy for 

the same implies a switching field of -1.49 V and 4.94 V with a positive shift of 1.72 V.  
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The dc bias is changed from -1V to +1V in BFO thin film and from -6V to +6V in BaBYFO 

thin film (Figure 3.13) in order to demonstrate clear change in the phase of ferroelectric 

domains over same area. It is observed that the switching is much more prominent in the 

BaBYFO thin film having larger ferroelectric domains.  

3.3.3 DIELECTRIC PROPERTIES 

3.3.3.1 BULK  

To comprehend the type of conductivity of the samples influencing the nature of the observed 

D-E loop, additional research into the dielectric characteristics of the samples has been 

conducted. The frequency-dependent dielectric constant (ɛ) is shown in Figure 3.15 (a, c, and 

e) in the frequency range of 500 Hz to 1 MHz, and the temperature dependence of the 

Figure 3.11 The piezoresponce force microscopy data is shown for BFO thin film at a bias field of (a) 

-1 V, (b) 0 V, and (c) +1 V. The piezoresonce phase is as well shown for bias fields (d) -1 V, (e) 0 V, 

and (f) +1 V. 

Figure 3.12 The piezoresponse force microscope (PFM) (a) amplitude and (b) phase hysteresis loops 

of BFO thin film. 
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dielectric loss is shown in Figure 3.15 (b, d, and f) for a temperature range of 25 °C to 300 

°C. It is found that at low temperatures (less than 150 °C), the thermal energy of the dipoles 

is insufficient to match the frequency of the applied field, which results in the frequency 

independence of the signal. Higher values of ɛ come from the dipole moments being better 

able to follow the applied electric field at higher temperatures (> 150 °C). Dielectric materials 

of all kinds often have one of five fundamental forms of electric polarizations: (a) electronic 

polarisation; (b) atomic or ionic polarisation; (c) dipolar polarisation; (d) interface or space 

charge polarisation; and (e) spontaneous polarisation[60]. The amount of overall polarisation 

relies on the frequency of the electric field since each type of polarisation takes time to 

Figure 3.13 The piezoresponce force microscopy data is shown for BaBYFO thin film at a bias field 

of (a) -6 V, (b) 0 V, and (c) +6 V. The piezoresonce phase is as well shown for bias fields (d) -6 V, (e) 

0 V, and (f) +6 V. 

Figure 3.14 The piezoresponse force microscope (PFM) (a) amplitude and (b) phase hysteresis loops 

of BaBYFO thin film. 
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complete. For instance, space charge polarisation predominates at frequencies below 103 Hz, 

but dipolar polarisation, also known as orientational polarisation, predominates in the sub-

infrared frequency range of 103 Hz - 109 Hz[34]. Ionic polarisation rules at frequencies 

between 109 Hz and 1012 Hz, while electronic polarisation rules at frequencies higher than 

1012 Hz. The dipolar and space charge polarisation is consequently the largest contributor to 

the observed polarisation for the frequency range of 500 Hz - 1 MHz at which the samples 

are analysed. The dielectric constant for BaBYFO-0-Bulk varies from 90 to 77 for 

frequencies between 500 Hz and 1 MHz. The dielectric constant for BaBYFO-10-Bulk 

changes from 100 to 89 between 500 Hz and 1 MHz. Additionally, for BaBYFO-20-Bulk it 

Figure 3.15 (a, c, e) depict the frequency dependence of real part of dielectric permittivity for 

BaBYFO-0-Bulk, BaBYFO-10-Bulk and BaBYFO-20 Bulk respectively. (b, d, f) demonstrates the 

temperature dependence of dielectric loss of all samples. 
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varies from 185 to 138. Therefore, it is clear that BaBYFO-10-Bulk has the best frequency 

stability and least space-charge impact on the sample's dielectric constant indicating a 

decrease in conducitvity of the material as a result of Y3+ ion doping[61–64]. On the other 

hand, the dielectric loss study suggests that BaBYFO-20-Bulk posses the highest levels of 

dielectric loss.  

Figure 3.16 (left panels) depicts nyquist plots of the imaginary (𝑍ʹʹ) and real (𝑍ʹ) 

components of the complex impedance.  At low temperatures, the steep slope and nearly 

straight-line curves reveal the excellent insulating properties of the materials. As the 

temperature rises, the curves bend toward the Z-axis and create warped semicircles. The 

decreasing radii of the semicircles with increasing temperature indicate a decrease in the 

resistivity of the material, which clearly demonstrates the non-metallic nature of the material, 

just as the intercept of the curves at the Z-axis indicates the material's resistivity. According 

to the ideal equivalent circuit with resistance and capacitance due to grain and interfacial 

grain boundary contribution, the complex impedance of an inhomogeneous system are given 

by,  

𝑍′ =  
𝑅𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝑅𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
    (3.12) 

𝑍′′ =  
𝜔𝑅𝑔

2𝐶𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝜔𝑅𝑔𝑏
2 𝐶𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
   (3.13) 

Where 𝑅𝑔, 𝐶𝑔, 𝑅𝑔𝑏, and 𝐶𝑔𝑏 stand for, respectively, grain resistance, capacitance, grain 

boundary resistance, and capacitance. These equations have been derived in the section 1.3.3 

of the chapter 1 of this thesis. Figure 3.17(a) displays the frequency variation of the real part 

of the complex impedance combined with the fitted values. Table 3.6 lists the values of 𝑅𝑔, 

𝐶𝑔, 𝑅𝑔𝑏, and 𝐶𝑔𝑏 derived from this fitting using Eq. 3.13. 

The 𝑅𝑔 and 𝑅𝑔𝑏values are further fitted using Arrhenius equation, 

𝑅𝑔 =  𝐴𝑒
𝐸𝑔

𝑘𝐵𝑇      (3.14) 

𝑅𝑔𝑏 =  𝐵𝑒
𝐸𝑔𝑏

𝑘𝐵𝑇      (3.15) 
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By fitting ln(𝑅𝑔) and ln(𝑅𝑔𝑏) with 
1

𝑘𝐵𝑇
 in accordance with the aforementioned formulae, the 

values of 𝐸𝑔 and 𝐸𝑔𝑏, listed in Table 3.6, are obtained [Figures 3.17(b, c)]. The fact that the 

grain boundaries of all samples have higher activation energies suggests that the charge 

carriers at grain boundaries are more sensitive to temperature than those at the grains. The 

panels on the right side of Figure 3.16 show the frequency variation of total conductivity at 

different temperatures. The value of () has been calculated using following formula, 

𝜎(𝜔) =  𝜔𝜀′𝜀0𝑡𝑎𝑛𝛿     (3.16) 

Where, the value of 𝜀0 is taken as 8.85410-12 F/m. The increase in 𝜎(𝜔) with increasing 

Figure 3.16 (left) The Nyquist plots of BaBYFO-0-Bulk, BaBYFO-10-Bulk, BaBYFO-20-Bulk 

respectively for a temperature range from 25 to 300. (Right) The conductivity of the samples with 

varying frequency are depicted. 
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temperature and frequency indicates the increase in hopping of charge carriers through the 

grains. This conductivity (𝜎(𝜔)) can be studied using “Jonscher’s Universal Power 

Law”[65], which are described as sum of the frequency-independent part, 𝜎𝐷𝐶  and frequency-

dependent part, 𝜎𝐴𝐶:  

𝜎(𝜔) =  𝜎𝐷𝐶 +  𝜎𝐴𝐶      (3.17) 

          𝜎𝐴𝐶 = 𝐴𝜔𝑆            (3.18) 

And,  

𝜎𝐷𝐶 =  𝜎0𝑒
−

𝐸𝑎
𝑘𝐵𝑇     (3.19) 

𝐸𝑎 is the activation energy of conductance, or the amount of energy a charge must overcome 

to move through a material, and 𝜎0 is the conductivity at an infinitely high temperature. The 

fitted values of ln(𝜎𝐷𝐶) vs. 
1

𝑘𝐵𝑇
 for all samples are displayed in Figure 3.17(d). The values of 

activation energies 𝐸𝑎 for all samples are given by the slope of the fitted data [Table 3.6]. The 

activation energy of dc conductivity and the activation energy of dielectric relaxation are 

Figure 3.17 (a) fitted plot of real part of complex impedance (𝑍ʹ) with frequency. (b, c, d) refers to fitted 

plot of logarithm of grain and grain boundary resistance, dc conductivity with 1/kB T respectively. 
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reasonably in agreement. 

It has been found that the BaBYFO-10-Bulk exhibits a substantial rise in grain and 

grain boundary resistivity, whereas the BaBYFO-20-Bulk exhibits a marked decrease. The 

conductivity of the materials can be seen to be clearly influenced by the type of grain and 

grain boundary resistivities in Table 3.6. While the mobility of vacancies is significantly 

influenced by temperature, the flow of electrons is not significantly impacted. Therefore, the 

existence of more vacancies on the grain boundaries than in the grains is implied by the 

greater activation energy of grain boundaries for BaBYFO-0-Bulk and BaBYFO-10-Bulk. 

When compared to other materials, BaBYFO-20-Bulk exhibits contradictory grain and grain 

boundary resistivities and conductivities because the grains contain more vacancies than the 

grain boundaries. The lower activation energies of the grain and grain boundaries of 

BaBYFO-10-Bulk compared to BaBYFO-0-Bulk, on the other hand, show that the vacancies 

are reduced in this sample as a result of the replacement of 10 at. wt.% of the volatile bismuth 

with non-volatile yttrium. Thus, electrons are the predominant charge carriers in this sample. 

The reduction in activation energies therefore leads to the conclusion that with 10 at. wt.% 

yttrium doping, the vacancies are decreased at both grain and grain boundaries. The decrease 

in vacancies also increases resistance at the grain and grain boundaries, which lowers the 

total conductivity.  

 

However, with additional yttrium doping, as in BaBYFO-20-Bulk, the vacancies are once 

more augmented in both the grains and the grain boundaries. This means that the grains have 

a larger vacancy concentration as seen by their higher activation energy than the grain 

boundaries. As the formation of bismuth vacancies (Eq. 3.2) decreases drastically, the 

electrons generated during oxygen vacancy formations (according to Eq. 3.1) are used up to 

Table 3.6 - The values of Rg, Rgb, Cg, and Cgb along with total conductivity and the activation energies 
depicted from Arrhenius equations are listed below 

Sample Name Rg (kΩ) Rgb 
(kΩ) 

Cg 
(nF) 

Cgb 
(nF) 

Eg 
(eV) 

EgB 
(eV) 

Conductivity 
(Ω-1m-1) 

Ea 

(eV) 

BaBYFO-0-Bulk 39 25 0.35 2.2 0.788 0.855 6.2 x 10-7 0.868 

BaBYFO-10-Bulk 450 460 0.28 1.1 0.495 0.696 7.55 x 10-8 0.858 

BaBYFO-20-Bulk 3.44 5.7 3.15 0.7 0.862 0.816 1.52 x 10-6 0.921 
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increase the formation of Fe2+ as per Eq. 3.3. It has been established in the past that a material 

can exhibit extremely low conductivity even when it has a very high concentration of oxygen 

vacancies if the concentration of Fe2+ is much lower, suggesting that the effect of electrons as 

charge carriers is much more dominant than that of the vacancies. The high concentration of 

Fe2+ ions in BaBYFO-20-Bulk therefore operate as charge carriers and result in highly 

conducting grains and grain boundaries.  

3.3.3.2 NANOPARTICLE  

Similar studies are also performed for the nanoparticles to understand the governing 

conduction mechanisms in these samples.  Figure 3.18(a-d) shows that the real parts of the 

dielectric permittivity (𝜀′) for BaBYFO-0, 3, 5, and 10 are, respectively, 93, 120, 212, and 95 

at room temperature. The temperature dependency of the dielectric loss for each sample is 

depicted in the insets of Figure 3.18(a-d). For BaBYFO-5, the maximum values of the 

dielectric constant and loss is measured. This sample also demonstrates a significant effect 

from space charge polarisation at lower frequency region, with the maximum frequency 

Figure 3.18 Frequency dependence of real part of dielectric permittivity for (a) BaBYFO-0, (b) BaBYFO-3, (c) 

BaBYFO- 5, and (d) BaBYFO-10 respectively. In inset the temperature dependence of loss tangent for different 

frequencies is depicted. 
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dispersion of the dielectric constant dropping from 212 to 65 due to a shift in frequency from 

500 Hz to 1 MHz.  

Figure 3.19(a) displays the frequency fluctuation of the real part of complex 

impedance combined with the fitted values. Table 3.7 contains the values of 𝑅𝑔, 𝐶𝑔, 𝑅𝑔𝑏, and 

𝐶𝑔𝑏  that are determined by fitting the measured Z data with Eq. 3.13. The increase in 

conductivity, () with increasing temperature and frequency, shown in Figures 3.19(e-h), 

Figure 3.19 (a) fitted plot of real part of complex impedance (Z') with frequency. (b, c, d) refers to 

fitted plot of logarithm of grain and grain boundary resistance, dc conductivity with 1/kBT 

respectively. (e-h) show plot of ac conductivity with frequency. 
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indicates the increase in hopping of charges inside the grains.  

The fitted values of ln(𝜎𝐷𝐶) vs. 
1

𝑘𝐵𝑇
 for all samples are displayed in Figure 3.19(d). 

The activation energy of dc conductivity and the activation energy of dielectric relaxation are 

reasonably in agreement. The fact that grain boundaries in all samples have greater activation 

energies suggests that distinct types of charge carriers are causing the conduction in grains 

and grain boundaries. However, according to Eq. 3.3, the activation energy values indicate 

that the electrons are the predominant charge carriers. The total conductivity of the materials 

is caused by the electrons at the grain boundaries and the grains themselves. The BaBYFO-5 

sample, on the other hand, exhibits similar types of charge carriers in its grain and grain 

boundaries, which is supported by the sample's close values of grain and grain resistivity, 

which results in high conductivity, and which is explained by the smallest difference between 

the activation energies of the grain and grain boundary. 

 

In polycrystalline materials, grain and grain boundary structures are key microstructure 

components that may have a substantial effect on the electrical characteristics. Different 

activation energies determine the characteristics of charge carriers. Finding activation 

energies between 0.2 eV and 0.3 eV in LuFe2O4 and YFeO3 suggests that conduction is 

governed by charge carrier hopping between Fe2+ and Fe3+ within the grain[66,67]. While 

activation energies between 0.6 eV and 0.9 eV can result in heterogeneous microstructure at 

grain boundaries[68,69]. The value above 0.9 eV is attributed to the diffusion of doubly 

charged oxygen vacancies[68,70]. Therefore, in the bulk material, the inhomogeneity of 

microstructure caused by grain boundaries and diffusion of oxygen vacancies govern the 

Table 3.7 - Data of grain resistance and capacitance, grain boundary resistance and capacitance, conductivity 

along with activation energies of grain and grain boundaries 

Sample 

Name 

𝑹𝒈 

(M) 

𝑹𝒈𝒃 

(M) 

𝑪𝒈 

(nF) 

𝑪𝒈𝒃  

(nF) 

𝑬𝒈  

(eV) 

𝑬𝒈𝒃  

(eV) 

 

(× 𝟏𝟎−𝟕S) 

𝑬𝒂 

(eV) 

BaBYFO-0 9.2 0.22 0.43 1.53 0.23895 0.31922 2.791 0.28874 

BaBYFO-3 9.2 0.91 0.31 0.19 0.2694 0.32398 6.714 0.32478 

BaBYFO-5 0.22 0.12 1.5 0.21 0.25523 0.27617 127.3 0.2691 

BaBYFO-10 9.3 0.25 0.31 1.04 0.24056 0.28282 3.472 0.28545 
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conductivity of the sample. However, the conductivity of nanoparticles is entirely determined 

by the hopping of charge carriers between Fe2+ and Fe3+ within grains. 

3.3.4 MAGNETIC PROPERTIES 

3.3.4.1 BULK 

The magnetic hysteresis loop at ambient temperature for all samples, as shown in Figure 

3.20(a), suggests that all of our co-doped samples exhibit a first order metamagnetic 

transition. The negative slope seen in the Arrott plots (Figure 3.20(b)) for all samples 

confirms the first order field-induced magnetic transition, also known as the metamagnetic 

transition, in accordance with the Banerjee criterion[71]. According to numerous studies on 

doped BFO, the metamagnetic transition—where a field-induced change from an 

antiferromagnetic to a ferromagnetic state occurs—occurs at a critical magnetic field of 

roughly 𝐻𝑝~ 0.6 T[72]. Recently, Dmitry Sokolov and colleagues explained how 

competition between two magnetic sublattices may result in a structure where the spins are 

arranged in some locations in an antiferromagnetic manner and in others in a ferromagnetic 

Figure 3.20 (a) M-H hysteresis loop at room 

temperature, (b) Arrott Plot, (c) the magnetization 

versus temperature curve for a temperature range of 

25 °C to 800 °C 
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manner[47]. All of these spins have the ability to orient in the direction of the applied field if 

a sufficient magnetic field is present, exhibiting a first order metamagnetic transition. 

According to Eq. 3.5, the charge compensation brought on by the substitution of Ba2+ ions 

with Fe4+ ions cause the lattice to become ferrimagnetic. Keeping the barium doping 

concentration constant, the Fe-O1-Fe bond angle increases while the Fe-O1 bond length 

decreases as the Y concentration rises. Due to yttrium doping, the Fe-O1-Fe bond angle is 

increased, implying stronger antiferromagnetic properties. Because of this, the co-doped 

samples display the observed metamagnetic transition as a result of struggle between stronger 

antiferromagnetic sublattice brought on by yttrium substitution and pre-existing ferrimagnetic 

sublattice.  

Figure 3.20(c) implies that all samples show an antiferromagnetic to a ferromagnetic 

or ferrimagnetic transition at temperatures, TM1 ~ 310 oC, 368 oC and 327 oC [Table 3.8] for 

BaBYFO-0, BaBYFO-1 and BaBYFO-2 respectively. This is in accordance with the reported 

remnant magnetizations for BaBYFO-0-Bulk, BaBYFO-10-Bulk, and BaBYFO-20-Bulk of 

0.1 emu/g, 0.47 emu/g, and 0.31 emu/g. The co-doped samples' greater magnetism indicates 

an enhanced ferromagnetic domain that raises the ferromagnetic to antiferromagnetic Neel 

temperature. 

 

3.3.4.2 NANOPARTICLE 

The magnetic hysteresis loop at room temperature is shown in Figure 3.21(a) for each 

sample. As was already noted, the charge compensation necessary as a result of the doping of 

the Ba2+ ion at the site of the Bi3+ ion in BFO causes the change in magnetic characteristics in 

the Ba doped sample. The magnetic properties have been reported to be improved as a result 

of the incorporation of Fe4+ ions, which transform the magnetic spin structure from 

antiferromagnetic to ferrimagnetic. But in these samples, the Ba doping level is held constant 

Table 3.8 - Values of remnant polarisation, remnant magnetisation, TM1 and TM2 values of all samples 

Sample Name Remnant Polarisation, 

Pr (µC/cm2) 

Remnant Magnetisation, 

Mr (emu/g) 

TM1 (oC) TM2 (oC) 

BaBYFO-0-Bulk 0.054 - -0.0545 0.093 310 600 

BaBYFO-10-

Bulk 

0.0806 - -0.1131 0.47 368 600 

BaBYFO-20-

Bulk 

-0.0012 - -0.0071 0.32 327 600 
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while the Y level is raised, preventing any additional incorporation of Fe4+ ions. As a result, 

these samples' magnetic characteristics show no discernible change. On the other hand, the Fe 

(3d) - O1 (2p) orbital overlap is enhanced by a decrease in the length of the Fe-O1 bond, but 

the opposite is true for the Fe-O1-Fe bond angle. The magnitude of the super-exchange 

interactions between the nearby Fe spins is determined by the amount of net orbital overlap. 

Fe-O1 bond length and Fe-O1-Fe bond angle are seen to decrease in all samples, although 

there isn't a discernible change in magnetic characteristics. For the same reason, while the 

drop in coercivity is consistent with the smaller particle size, the change in Neel temperature 

determined from the minimum of the 𝑑𝑀/𝑑𝑇 curve shown in Figure 3.21(b) is similarly 

negligible [Table 3.9].  

The variation of dielectric constant in presence of magnetic field at room temperature 

is measured to calculate the magnetodielectric factor measured at 1 MHz. The 

magnetodielectric factor (MD) is given by, 

𝑀𝐷(%) =  
𝜀′(𝐻)− 𝜀′(0)

𝜀′(0)
× 100%   (3.20) 

The magnetodielectric factor for applied magnetic fields ranging from 0 to 13 kOe is shown 

Figure 3.21 (a) M-H hysteresis loop for all 

samples. (b) Variation of magnetodielectric 

factor (MD) in presence of magnetic field. The 

insets in this plot depicts the linear variation of 

MD with square of magnetization. 
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in Figure 3.21(c). BaBYFO-5 exhibits the maximum magnetodielectric factor of roughly 0.8 

percent at an applied magnetic field of 13 kOe, as seen in the figure. This figure is consistent 

with previously reported values on comparable BFO co-doping[50,73–75]. This sample has 

the highest remaining polarisation and magnetization. Additionally, the magnetoelectric 

coupling nature and the DM interaction of BFO, which is seen to be strongest in this sample, 

are directly impacted by the octahedral tilt. Therefore, it can be concluded that Y ion doping 

has the ability to affect the Fe-O1-Fe super-exchange mechanism and the Bi-O hybridization 

in a way that causes the coupling to increase for this sample.  

At nanoscale, the surface to volume ratio becomes large and long-range anti-

ferromagnetic order is interrupted at surfaces resulting in weak ferromagnetism due to 

uncompensated spins at the surface of BiFeO3 nanoparticles in contrast to the bulk 

counterparts[4,76]. As a result, these nanoparticles reported in present study show much 

higher remnant magnetisation than its bulk counterparts. The metamagnetic transition or 

magnetic field induced antiferromagnetic to ferromagnetic phase transition is observed due to 

ferromagnetic (FM) pinning in antiferromagnetic (AFM) superlattice. At and above the 

critical pinning field, the pinned ferromagnetic areas in the antiferromagnetic matrix of 

particles begin to quickly align and develop, culminating in metamagnetic transition[47]. 

However, as the particle size is reduced, the AFM super exchange interaction is reduced and 

weak FM is introduced while reducing the AFM-FM interaction as well as metamagnetic 

transition. Similar observation is found in size dependent study of metamagnetic transition in 

Ba doped BFO nanoparticles[72]. Therefore, it is evident that the nanoparticles in the present 

study do not show any metamagnetic transition while their bulk counterpart shows 

metamagnetic transition. 

The thermodynamic potential 𝜑 for a multiferroic material can be expressed as, 

𝜑 =  𝜑0 + 𝛼𝑃2 +
𝛽

2
𝑃4 − 𝑃𝐸 + 𝛼′𝑀2 +

𝛽′

2
𝑀4 − 𝑀𝐻 + 𝛾𝑃2𝑀2         (3.21) 

Table 3.9 - Remnant (Mr), saturation magnetisation (MS) and coercivity (HC) of all samples 

Sample Name Remnant Magnetisation 

(emu/g) 

Saturation 

Magnetisation (emu/g) 

Coercivity 

(Oe) 

TN (K) 

BaBYFO-0 0.58 1.39 610 717 

BaBYFO-3 0.73 1.72 601 717 

BaBYFO-5 0.78 1.77 480 727 

BaBYFO-10 0.72 1.57 586 729 
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Figure 3.23 1 × 1 µm2 micrograph showing topographical images of (a) BFO and (c) BaBYFO 

thin film along with their MFM images demonstrating magnetic domain structures of (b) BFO 

and (d) BaBYFO thin film. 

Figure 3.22 demonstrates magnetic hysteresis loop of BFO and BaBYFO thin films measured at 

room temperature 
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where, , , , , and γ are coupling coefficients. P and M are electric polarization and 

magnetization respectively. The P2M2 term represents the coupling between electrical and 

magnetic ordering. The magnetodielectric factor (MD) is proportional to M2, as demonstrated 

by research by Kimura et al. on the magnetic ordering in dielectric materials[77]. The inset of 

figure 3.21(c) demonstrates that the MD is proportional to M2. Numerous other multiferroic 

materials have documented the existence of a similar linear relationship[50,78–80]. The slope 

of the linear fitting of the MD–M2 graph can be used to calculate the linear magnetoelectric 

coupling coefficient (γ). The existence of magnetoelectric coupling in the co-doped samples 

is confirmed by the linear change in relative permittivity with the square of magnetism. 

3.3.4.3 THIN FILM 

The magnetic properties (M–H curve) of BFO and BaBYFO thin films produced on STO 

substrates are tested at room temperature under maximum perpendicular magnetic field of 45 

kOe, and the resultant hysteresis loops are shown in Figure 3.22. Under the same applied 

field, BaBYFO thin film display well-defined (M–H) loops and demonstrate enhanced 

magnetization compared to undoped BFO thin films. In order to examine the magnetic 

domain structure of the films, MFM scanning was also done. Figure 3.23(b, d) shows the 

MFM pictures and the corresponding AFM structures demonstrated in Figure 3.23(a, c) 

respectively for BFO and BaBYFO thin film acquired at room temperature. Both films reveal 

a periodic magnetic structure and closely related to its topographical structure. The BaBYFO 

thin film also demonstrates larger magnetic domains. 

3.4 CONCLUSION 

In conclusion, the influence of yttrium and barium co-doping on the electric and magnetic 

characteristics of bismuth ferrite (Ba0.1Bi0.9-xYxFeO3) at doping concentrations of x = 0.1 and 

0.2 is studied. Although co-doping improved electric and magnetic characteristics such as 

high dielectric constant, large grain and grain boundary resistances, and high remnant and 

saturation magnetization, both co-doped samples exhibit first order field-induced 

metamagnetic transition at a 0.73 T critical field. To eliminate the observed metamagnetic 

transition, identical nano-structured co-doped samples are created. It is discovered that the 

magnetic properties of the similarly doped nanoparticles do not exhibit any metamagnetic 

transition, unlike the bulk equivalent, which does. In contrast to their bulk counterparts, the 

co-doped barium and yttrium BiFeO3 nanoparticles display enhanced ferromagnetism on the 

nanoscale. Although the existence of ferroelectric properties could not be proven in bulk 
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equivalents, they are detected in nanoparticles. In general, the magnetic, ferroelectric, and 

magnetodielectric characteristics of these co-doped nanoparticles are investigated in depth 

and found to be significantly enhanced. The 5 at. wt. % yttrium doped sample, 

Ba0.1Bi0.85Y0.05FeO3, is shown to have the greatest dielectric constant, remnant polarization, 

and magnetodielectric factor, along with stronger ferroelectric domain switching. In order to 

further improve the magnetoelectric characteristics, this composition has been chosen for the 

fabrication of epitaxial thin films on SrTiO3 (111) substrate. The successfully manufactured 

thin film of the Ba and Y co-doped BFO exhibits bigger and stronger ferroelectric domains, 

as well as enhanced ferromagnetic characteristics and larger magnetic domains, in 

comparison to the undoped BFO thin film. 
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CHAPTER 4 

STUDY OF ELECTRIC AND MAGNETIC PROPERTIES 

OF COMPOSITES 

 In this chapter we have synthesized composites of Gallium Ferrite and Sodium Bismuth 

Titanate – Strontium Titanate solid solution with Gadolinium Gallium Garnet and Yttrium Iron 

Garnet and studied their electric and magnetic properties. 
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4.1 PREAMBLE 

Each phase in multiferroic composites carries distinct ferroic orders, primarily ferromagnetic and 

ferroelectric. When an electric field is applied, the ferroelectric phase, which is also 

piezoelectric, produces strain that changes the magnetic characteristics of the magneto-strictive 

phase and vice versa. As a result, the magnetoelectric (ME) effect is described as a multiplication 

of piezoelectricity from the ferroelectric phase and magneto-striction from the magnetic 

phase[1–4]. 

𝑀𝐸 =  
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐
 

The two phases can be arranged in a number of different geometries, including (1) 0-3 particulate 

composite, where particles (0) of one phase are embedded in a matrix (3) of another phase, (2) 2-

2 bi-layer composite, where thin layer of one phase is deposited on top of the layer of another 

phase, and (3) 1-3 composite, where nanotube pillar of one phase is embedded in the matrix of 

another phase. The best results, however, are shown in the 0-3 particle composite phase, whereas 

2-2 geometry is constrained by the clamping effect between layers and 1-3 geometry is 

constrained by the high conductivity brought on by the connected magnetic phase[5–8]. 

A well-known multiferroic that has been thoroughly researched for years is bismuth 

ferrite. Magnetoelectric Gallium Ferrite is one of the very few materials that exhibits multiferroic 

coupling at room temperature, and higher magnetoelectric coupling (10-11 s/m at 4.2 K)[9,10]. 

Although this material possesses ferroelectricity in its thin film structure, its bulk form exhibits 

room temperature piezoelectricity and low temperature ferrimagnetism, making it a promising 

candidate for further study. In addition, Ga2-xFexO3 (GFO) maintains a stable crystallographic 

phase throughout a broad range of x (0.7 ≤ x ≤ 1.2), which facilitates the properties of the 

substance. On the other hand, the material's Curie temperature (𝑇𝐶), or the transition temperature 

from ferrimagnetic (fM) to paramagnetic (PM) phase, is particularly sensitive to the 

compositions of the material and the Ga:Fe ratio, making it easy to tune the Curie temperature 

above ambient temperature. One unit cell of GFO, which has a space group of Pc21n, has 

gallium and iron ions that are octahedrally coupled to nearby oxygen ions (Ga2, Fe1, and Fe2), 

as well as four Gallium ions that are tetrahedrally connected to nearby oxygen ions (Ga1). Fe1 

and Fe2 differ based on the antiparallel orientations of their magnetic moments. The 
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ferrimagnetic property of this material improves when a Fe ion substitutes a Ga2 ion due to 

similar ionic radii, and ferromagnetic interaction with one of the neighboring Fe ions, also 

known as site-disorder. On the other hand, the material becomes polarized as a result of the 

centrosymmetric symmetry being broken by the distortion in the tetrahedrons and octahedrons. 

High leakage and a low magnetic transition temperature, however, prevent this material from 

being used in practical applications. Numerous possible solutions have been proposed, such as 

doping, the development of composites, and the modification of atmospheric conditions during 

synthesis. There are still a number of areas to investigate in order to enhance this material's 

multiferroic properties. 

Numerous studies have been conducted on composites of magnetic ferrites with 

ferroelectric materials (BiFeO3, BaTiO3, and PZT), and the results are encouraging in terms of 

improving magnetoelectric coupling. High magneto-strictive CoFe2O4 and other magnetic 

ferrites with high conductivities have been found to improve the magnetoelectric coupling but 

increase the conductivity and dielectric loss of composite materials as well which is detrimental 

to their practical application[11–16]. In this chapter, Gadolinium Gallium Garnet (GGG) and 

Yttrium Iron Garnet (YIG), both having high density and high resistivity, are used to synthesize 

composite materials with Gallium Ferrite (Ga0.8Fe1.2O3, GFO). As previously mentioned, the 

ability of Ga2-xFexO3 to increase ferrimagnetism while raising the magnetic Curie temperature 

(TC) can be greatly aided by increasing the Fe:Ga ratio. Therefore, x = 1.2 composition of Ga2-

xFexO3 is chosen for the formation of composites in this chapter. Although GGG is paramagnetic 

in room temperature, a significant enhancement in dielectric, and magnetodielectric properties 

along with a reduction in leakage current by four orders of magnitude have been achieved in 

GFO-GGG composites due to surrounding of GFO grains with highly resistive GGG particles 

and grain size reduction. On the other hand, YIG being room temperature ferromagnet having 

magneto-strictive property (-3 ppm), significant improvement in magnetic characteristics of the 

GFO-YIG composites along with an increment of Curie temperature beyond room temperature 

has been achieved.  

As previously mentioned, GFO is piezoelectric at room temperature, but bismuth sodium 

titanate (Na0.5Bi0.5TiO3, also known as NBT) is another interesting material to study due to its 

strong room temperature ferroelectricity and high ferroelectric Curie temperature of 320 °C. At 
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ambient temperature, it is a perovskite R3c structure; but, beyond 225 °C, it transitions into a 

tetragonal phase. However, the high conductivity of the material makes D-E measurements of 

this material challenging. In the past, solid solutions of NBT containing many perovskites have 

been investigated in an effort to get characteristics appropriate for technological applications[17–

24]. However, due to the high Curie temperature of NBT and the other perovskite materials 

employed for the solid solution, the majority of the compounds ultimately had high Curie 

temperatures[25]. In order to create the solid solution and lower the Curie temperature to a level 

that is adequate for technological applications, SrTiO3, which has a phase transition temperature 

from cubic to tetrahedral at 105 K, is utilized[26–29]. At ambient temperature, Sr2+, whose ionic 

radii are between Na1+ and Bi3+, settles in the Na/Bi sites of the NBT-ST solid solution and 

modifies the crystal structure of NBT[30]. It has been determined that the concentration of x = 

0.5 has a transition temperature that is sufficiently close to room temperature (300 K at 3 kHz) 

and a high enough dielectric constant at low frequency (~560) when compared to other 

concentrations of SrTiO3 in the Srx(Na0.5Bi0.5)1-xTiO3 solid solution (0.25 ≤ x ≤ 0.75)[17]. This 

sample is appropriate for use as microwave absorption materials since it also demonstrates 

significant microwave absorption (MAMs). In this study, 0–3 particulate composite is created by 

embedding ferromagnetic Yttrium Iron Garnet (YIG) particles in a matrix of Bismuth Sodium 

Titanate–Strontium Titanate (Sr0.5Bi0.25Na0.25TiO3, SNBT50) solid solution. These composites 

exhibit improved ferroelectric and magnetodielectric characteristics and presence of enhanced 

coupling between magnetic and electric properties.  

4.2 EXPERIMENTAL METHODS 

4.2.1 SYNTHESIS  

4.2.1.1 Ga0.8Fe1.2O3 – Gd3Ga5O12  

The (1-x) GFO – x GGG ceramics are synthesised using the sol-gel method for two different 

GGG concentrations (x = 0.1 and 0.2) while maintaining a constant final sintering temperature of 

1300 ºC and for two different sintering temperatures (1300 ºC and 1350 ºC) while maintaining a 

constant GGG concentration of x = 0.2. The samples are designated as Sample[0,1300], 

Sample[0.1,1300], Sample[0.2,1300], and Sample[0.2,1350], with the first parameter inside the 

bracket denoting the concentration of GGG present in the composite and the second parameter 
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denoting the annealing temperature in degrees Celsius. Two varying parameters determine the 

properties of the synthesised samples. 

Ga(NO3)3.H2O (99.9% trace metal basis), Gd(NO3)3.6H2O (99.9% trace metal basis), and 

Fe(NO3)3.9H2O ( 99.95%) are taken in accordance with the stoichiometric ratios and dissolved in 

double distilled water first. The resulting mixture is continually mixed and heated for 24 hours at 

80 °C. The dried brown powder is then subjected to an 8-hour calcination process at 600 °C in 

air, followed by 55 MPa pressure pressing to form pellets with similar masses, diameters (5 mm), 

and thicknesses (1 mm). Sample[0,1300], Sample[0.1,1300], and Sample[0.2,1300] pellets are 

annealed at 1300 ºC, and Sample[0.2,1350] pellet is annealed at 1350 ºC for 4 hours to get the 

final crystalline form. On these pellets, all measurements are made while they are at room 

temperature.  

4.2.1.2 Ga0.8Fe1.2O3 – Y3Fe5O12  

Ga0.8Fe1.2O3 (GFO), 0.95Ga0.8Fe1.2O3–0.05Y3Fe5O12 (GFO-5YIG), and 0.9Ga0.8Fe1.2O3–

0.1Y3Fe5O12 (GFO-10YIG) ceramics are synthesized using the sol-gel technique. Ga(NO3)3.H2O, 

Y(NO3)3.6H2O, and Fe(NO3)3.9H2O are taken according to their stoichiometric ratios and 

dissolved in double distilled water. The resulting solution is heated at 80 °C until entirely dried 

and calcined at 600 °C for 8 h afterward. Next, the calcined powder is pressed into pellets of 

equal mass, diameter, and thickness and finally annealed at 1300 oC for 4 hours.  

4.2.1.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

The solid-state reaction approach was used to synthesize (1-x) Sr0.5Bi0.25Na0.25TiO3 (SNBT50) – 

x Y3Fe5O12 (YIG) composites with x = 0.0, 0.1, and 0.2. In an acetone medium, the 

stoichiometric concentrations of high purity Bi2O3 (99 % pure, Loba Chemie), TiO2 (98 % pure, 

Loba Chemie), Na2CO3 (99.5 % pure, Loba Chemie), and SrCO3 (reagent grade, Loba Chemie) 

were well combined. To synthesize the composites with varying amounts of YIG, Y2O3 and 

Fe3O4 (> 99 %, Sigma-Aldrich) were added in appropriate proportions. After 8 h of grinding in 

an agate mortar, the mixture was calcined in an alumina crucible at 1173 K for 12 h in air before 

being cooled to room temperature at a rate of 80 K/h. To prevent bismuth loss, the calcined 

samples were pelletized into a 5-mm-diameter disk, sintered at 1223 K for 4 hours in closed 

alumina crucibles, and cooled to ambient temperature at a rate of 1 K/min. 
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4.2.2 CHARACTERIZATION 

The Rigaku SmartLab X-Ray diffractometer uses Cu-Kα radiation with a wavelength of 1.5406 

Å to record X-ray diffraction (XRD) patterns. Visualization for Electronic Structural Analysis 

(VESTA) software is used to visualise Rietveld refinement performed using MAUD software for 

all samples in order to determine the unit cell parameters. Energy dispersive x-ray analysis 

(EDAX) is performed on each sample with a scanning electron microscope (SEM) equipped with 

an AMETEK EDAX QUANTA 200. Using a vibrating sample magnetometer, magnetic 

measurements are made (VSM, LakeShore model 665). Using the Precision Premier II, Precision 

Materials Analyzer, electrical polarizations and leakage current densities are measured (Radiant 

Technologies Inc.). The dielectric characteristics of the samples are determined using an LCR 

metre (NF Corporation LCR Meter ZM2376). Pellets with a contact area of 0.2 cm2 on both sides 

of the synthesized pellets are created using silver paste (Sigma-Aldrich, 99.9 %) for the 

measurements of ferroelectric and dielectric characteristics. 

4.3 RESULTS AND DISCUSSION 

4.3.1. STRUCTURE AND MORPHOLOGY 

4.3.1.1 Ga0.8Fe1.2O3 – Gd3Ga5O12  

Figure 4.1 shows the X-Ray diffraction results for each sample. To comprehend the phase and 

crystal structures of the materials, Rietveld refinement analysis and Williamson-Hall analysis are 

also carried out, and the results are presented in Figure 4.1. In order to verify the presence of the 

necessary orthorhombic (Pc21n) gallium ferrite (GFO) phase and gadolinium gallium garnet 

(Gd3Ga5O12, GGG), respectively, the ICDD card numbers 761005 and 9013458 are used. The 

coexistence of the two phases in the composites without the presence of any other phases or 

compounds supports their chemical compatibility for forming composite. As anticipated, 

increasing concentration gradually strengthens the diffraction peak at 32.19º that corresponds to 

GGG phase, whereas increasing annealing temperature has no effect on the intensity of the peak 

as the concentration of GGG remains same. The parameters in Table 4.1, which are derived from 

the Rietveld refinement analysis and the Williamson-Hall (W-H) analysis, include lattice 

distance, unit cell volume, bond length, bond angles, crystallite size, and strain. The compressive 

strain has grown with increasing GGG content and annealing temperature. The average bond 
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length of Ga1-O, Ga2-O, Fe1-O, and Fe2-O are determined to be 1.776 Å, 2.127 Å, 1.971 Å, and 

2.149 Å, respectively.  

These values are in good agreement with theoretical values and neutron diffraction 

studies[10,31]. With increasing GGG concentrations, it is seen that the Fe1-O bond grows while 

the Ga2-O and Fe2-O gradually shrink. Fe1-O is seen to decrease while Ga1-O, Ga2- O, and 

Fe2-O increase with increasing annealing temperature while keeping the GGG concentration 

constant. Increased orthorhombic distortion of the GFO unit cells in the composite materials is 

implied by the increase in the value of √2𝑐/𝑏. The FESEM studies in Figure 4.2 demonstrate a 

steady reduction in grain size with increasing GGG concentration, which can be explained by the 

Zener model. The Smith-Zener  

Table 4.1 - Lattice Parameters of all samples calculated from Rietveld refinement and Williamson-Hall analysis 

Sample Name Lattice Parameters (Å), Volume (Å3), 

Crystallite Size (nm) and Strain  

Bond Length (Å) 

and Distortion 

Bond Angles (º) 

Sample[0,1300]  

c/a = 0.5815 

√2c/b = 0.7629 

V = 417.45 

d = 52.69 ± 4.1 

e = -3.91E-4  

Ga1-O = 1.776 

Ga2-O = 2.127 

Fe1-O = 1.971 

Fe2-O = 2.149 

Ga1-O2-Ga2 = 116.62 

Ga1-O6-Fe2 = 128.69 

Ga2-O4-Ga1 = 120.51 

Fe2-O4-Ga1 = 124.11 

Fe1-O1-Ga2 = 177.51 

Fe1-O2-Ga2 = 112.09 

Fe1-O3-Ga2 = 117.06 

Sample[0.1,1300]  

c/a = 0.5807 

√2c/b = 0.7642 

V = 413.63 

d = 50.96 ± 3.45 

e = -5.01E-4  

Ga1-O = 1.801 

Ga2-O = 2.061 

Fe1-O = 1.989 

Fe2-O = 2.114 

Ga1-O2-Ga2 = 111.78 

Ga1-O6-Fe2 = 122.48 

Ga2-O4-Ga1 = 125.69 

Fe2-O4-Ga1 = 120.33 

Fe1-O1-Ga2 = 171.05 

Fe1-O2-Ga2 = 110.62 

Fe1-O3-Ga2 = 126.86 

Sample[0.2,1300]  

c/a = 0.5800 

√2c/b = 0.7638 

V = 415.75 

d = 43.58 ± 3.74 

e = -6.47E-4  

Ga1-O = 1.725 

Ga2-O = 2.06 

Fe1-O = 2.099 

Fe2-O = 2.085 

Ga1-O2-Ga2 = 116.94 

Ga1-O6-Fe2 = 114.78 

Ga2-O4-Ga1 = 132.4 

Fe2-O4-Ga1 = 111.43 

Fe1-O1-Ga2 = 165.35 

Fe1-O2-Ga2 = 100.45 

Fe1-O3-Ga2 = 121.25 

Sample[0.2,1350] 

 

c/a = 0.5809 

√2c/b = 0.7647 

V = 415.59 

d = 40.06 ± 3.74 

e = -5.99E-4 

Ga1-O = 1.815 

Ga2-O = 2.166 

Fe1-O = 2.081 

Fe2-O = 2.103 

Ga1-O2-Ga2 = 116.64 

Ga1-O6-Fe2 = 133.46 

Ga2-O4-Ga1 = 139.2 

Fe2-O4-Ga1 = 123.6 

Fe1-O1-Ga2 = 158.35 

Fe1-O2-Ga2 = 109.28 

Fe1-O3-Ga2 = 122.35 
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Figure 4.2 FESEM images of all samples along with spot and area EDAX analysis of Sample[0.2,1350] 

indicating the presence of expected elements in the composites in desired ratio. 

Figure 4.1 (Left) The room temperature XRD data for all samples along with their Rietveld Refinement 

data are shown. On the right side of each image, the Williamson-Hall analysis of the corresponding 

samples are plotted depicting the crystallite size and strain of the samples. 
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equation, can be used to express the grain size as follows[32], 

𝐷

𝑟
=

4

3𝑓
        (4.1) 

Here, D stands for the grain size, r for second phase particle radius, and f for second phase 

particle volume fraction. As a result, the grain size decreases when increasing GGG proportion is 

used as a second material in composites. As a result of a reduction in pore size, raising the 

annealing temperature in Sample[0.2,1350] to 1350 ºC further reduces the grain size to 669 nm 

[Table 4.1]. 

Figure 4.2 shows the EDAX data for Sample[0.2,1350]. The area analysis has been 

performed on an area of grains including both Ga0.8Fe1.2O3 and GGG particles, as opposed to the 

spot analysis, which has been performed on a single grain of Ga0.8Fe1.2O3. The spot analysis 

confirms that only Ga, Fe, and O ions are present, with a Ga:Fe:O ratio of 0.8:1.173:3.476. In the 

spot analysis, no further peaks that correlate to Gd are seen. However, the area analysis reveals 

the desired atomic percentages of Gd, Ga, Fe, and O in the material. As a result, our investigation 

validates the existence of GGG particles embedded in a continuous media of gallium ferrite. 

4.3.1.2 Ga0.8Fe1.2O3 – Y3Fe5O12  

The orthorhombic (Pc21n) GFO phase and cubic (Ia -3d) YIG are confirmed by the XRD data of 

all samples using the JCPDS card numbers 00-070-0439 and 10898182, respectively. The 

composites created by the breakdown of YIG contain a minor amount of YFeO3 (Card no.  

Table 4.2 - Lattice Parameters, grain size and magnetic parameters of all samples 
  

Sample Name  Phase Percentages Lattice Parameters 

 

R Parameters 

 

GFO  100 % GFO a = 8.83 

b = 9.41 

c = 5.075 

V = 421.49 

Rwp=2.73 

Rb=1.94 

Rexp=0.43 

GFO-5YIG 

 

94.6% GFO 

4.7 % YIG 

0.66% YFeO3 

 

a = 8.80 

b = 9.41 

c = 5.090 

V = 421.61 

Rwp=2.86 

Rb=2.12 

Rexp=0.41 

GFO-10YIG  87% GFO 

11 % YIG 

2% YFeO3 

 

a = 8.78 

b = 9.44 

c = 5.095 

V = 422.12 

Rwp=2.49 

Rb=1.92 

Rexp=0.44 
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10860171), tabulated in Table 4.2.  

According to the FESEM data illustrated in Figure 4.4, the Zener model [Eq. 4.1] can be used to 

explain how grain size gradually decreases as YIG concentration rises. The Ga:Fe:O ratio in  

Figure 4.3 (a) depicts Room temperature XRD data along with Rietveld refinement analysis 

Figure 4.4 represents FESEM images along with EDAX spectroscopy. The insets of FESEM images 

depicts size distribution of the grains. 
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GFO, according to the EDAX data, is 0.8:1.173:3.476, which corresponds to the intended Ga:Fe 

ratio of Ga0.8Fe1.2O3. The presence of Y, Ga, Fe, and O in their predicted ratio is also confirmed 

Figure 4.5 The room temperature X-Ray diffraction data for all samples are depicted. 

Figure 4.6 The FESEM data demonstrates the formation of 0-3 particulate composites. The EDAX 

spectroscopy of all samples are also shown along with the tabulated atomic percentage of elements present in 

the materials. 
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by the tabulated atomic percentages of each element together with the EDAX spectra of the 

composites.  

4.3.1.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

Figure 4.5 displays the XRD results for each sample. The reflection at 30.67° on the XRD profile 

of the composites confirms the existence of a minor amount of the parasitic phase, Y2Ti2O7 

(ICDD Card No. 00-042-0413). The interaction of SNBT50 and YIG at the interfaces results in 

the production of this parasitic phase.  

Figure 4.6 depicts FESEM images of YIG particles that are separated from other YIG particles at 

a considerable distance and surrounded by smaller SNBT50 particles. This aids in the formation 

of composites composed of 0–3 particles. In addition to the tabulated atomic percentages of all 

the elements present in the samples, the EDAX spectra of each sample are collected and 

displayed in Figure 4.6. EDAX analysis found the Sr:Bi:Na:Ti:O ratio for SNBT50 to be 

0.58:0.25:0.22:1:3.28. This ratio verifies the oxygen content and expected elemental ratios of the 

samples. However, the ratio of Sr:Bi:Na:Ti:Y:Fe:O for 0.9(Sr0.5Bi0.25Na0.25TiO3) - 0.1(Y3Fe5O12) 

and 0.8(Sr0.5Bi0.25Na0.25TiO3) - 0.2(Y3Fe5O12) is 0.65:0.34:0.31:1:0.25:0.51:5.2 and 

0.57:0.45:0.35:1:0.62:1.02:6.88 respectively confirming enriched amount of oxygen in all the 

samples.  

4.3.2 ELECTRIC POLARIZATION 

4.3.2.1 Ga0.8Fe1.2O3 – Gd3Ga5O12  

High leakage current is a major factor that prevents GFO from having a broad range of practical 

applications, making the research of leakage current particularly significant[12,13]. As a result, 

Figure 4.7 shows the variation of the leakage current density (J) with an applied electric field (E) 

for all samples. With the steady reduction of grain size, which results in an increase in the 

number of grain boundaries, it is seen that the leakage current steadily decreases in consistency. 

In Sample[0.2,1350], leakage current is reduced by four order of magnitude at an applied electric 

field of roughly 41 kV/cm. The following part will explore and further examine the log(J) versus 

log(V) plots in order to better understand the process underlying the decrease in leakage current. 
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The Space Charge Limited Conduction (SCLC) mechanism, where the current is dominated by 

the movement of charges injected from the electrodes and the current density is provided by 

[33,34], 

log (𝐽𝑆𝐶𝐿𝐶) =  2log (𝐴𝑉)        (4.2) 

where, 

𝐴 =  √
9𝜇𝜀0𝐾

8𝑑3            (4.3) 

For Ohmic conduction where the leakage current is mainly governed by the intrinsic charges 

present in the sample and the current density is directly proportional to the applied field 

voltage[35],  

𝐽 ∝ 𝑉       (4.4) 

For the Grain Boundary Limited Conduction (GBLC), where the current is essentially 

independent of the applied field and the slope value is significantly less than 1. The initial flow 

of leakage current in Sample[0,1300] and Sample[0.1,1300] is governed by ohmic conduction 

and space charge restricted conduction, according to the log(J) - log(V) figure shown in Figure 

4.7. Due to the high leakage current of Sample[0,1300], the maximum applied voltage is only 

256 V. This sample exhibits a rounded polarisation hysteresis loop (D-E) for the same reason. 

Up to an applied voltage of around 500 V, the leakage is marginally reduced for 

Sample[0.1,1300] and is controlled by a combination of the ohmic and SCLC mechanisms. As 

the applied voltage is increased further, the leakage current increases dramatically, and the trap-

mediated SCLC mechanism takes control and regulates the flow of charges[35]. This happens 

because there are partially-occupied trap states between the equilibrium Fermi level and 

conduction band. Up to an applied voltage of 2000 V, the current flow of Sample[0.2,1300] is 

dominated by ohmic conduction, which accounts for the sample's lower leakage current readings. 

However, it is discovered that the conduction for Sample[0.2,1350] is initially controlled by the 

Grain Boundary Limited Conduction (GBLC) mechanism, which accounts for the least leakage 

current found in this sample. As the applied voltage rises, the grain boundaries degrade and the 

flow of charge carriers suddenly increases, combining the ohmic and SCLC mechanisms. As  
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leakage current is reduced, the form of the D-E hysteresis loops gradually becomes less rounded 

and the measured polarisation values gradually fall. The dielectric characteristics of all samples 

are examined in more detail in the following part in order to comprehend the nature of charge 

carriers and the resistivities of the grains and grain boundaries that result in the observed 

conduction processes.  

4.3.2.2 Ga0.8Fe1.2O3 – Y3Fe5O12  

The D-E hysteresis loops for each sample are shown in Figure 4.8. The hysteresis loop of GFO,  

Table 4.3 - Ferroelectric analysis of all samples along with grain size data from FESEM analysis 

Sample Name Average Grain 

Size (m) 

Slope value and 

Conduction Mechanism 

at Room Temperature 

 

Low Field 

Current (A/cm2) 

High Field 

Current (A/cm2) 

 

Sample[0,1300] 2.8 1.56 Ohmic + SCLC 4.24 x 10-7 0.1 

Sample[0.1,1300] 1.2 1.24 Ohmic + SCLC 1.32 x 10-10 6.6 x 10-4 

Sample[0.2,1300] 0.903 1.06 Ohmic 1.16 x 10-8 5.1 x 10-5 

Sample[0.2,1350] 0.669 0.202 GBLC 8.62 x 10-9 8.51 x 10-6 

Figure 4.7 Leakage current measurements of all samples along with the slope values of ln(J) versus ln(V) plot 

are shown on top indicating the governing conduction mechanisms. The figures at the bottom depict the 

polarisation hysteresis loop for all samples. 
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Figure 4.8 Room temperature D-E Hysteresis loop of (a) GFO, (b) GFO-5YIG, and (c) GFO-10YIG 

obtained at 50 Hz frequency. The D-E hysteresis loop obtained for GFO-10YIG for frequencies (d) 100 

Hz, (e) 200 Hz, and (f) 500 Hz. 

Figure 4.9 (a) The variation of leakage current density (J) with applied electric field (kV/cm) for all 

samples. The ln(J) versus ln(V) plots along with the slope values from linear fit shown for (b) GFO, (c) 

GFO-5YIG, and (d) GFO-10YIG. 
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seen in Figure 4.8(a), is found to be very loopy. However, as the concentration of YIG increases, 

the hysteresis loops measured at 50 Hz become considerably more square in GFO-5YIG (Figure 

4.8(b)) and GFO-10YIG (Figure 4.8(c)) as the value of electric displacement (D) decreases due 

to the materials' lowering conductivity and leakage current. The best nature of the hysteresis 

loops is observed in GFO-10YIG. With increasing frequency of applied electric field the 

contribution from leakage to the observed polarization can be reduced. Therefore, the D-E 

hysteresis loops for GFO-10YIG have been obtained for increasing frequencies from 50Hz to 

500 Hz and illustrated in Figures 4.8(c-f). The hysteresis loops of the sample retain the square 

shape with increasing frequency while the decreasing value of electric displacement confirms the 

reduced contribution from leakage current. The leakage current density (J) versus applied 

electric field (E) is further studied to quantify the reduction in leakage current due to the 

formation of composite and the underlying mechanism governing the leakage conduction. Figure 

4.9(a) demonstrates the change in leakage current density with increasing electric field and 

confirms a gradual reduction in leakage current with increasing concentration of YIG. GFO-

10YIG undergoes a reduction in leakage current by five orders of magnitude at an applied 

electric field of 20 kV/cm. The ln(J) versus ln(V) are plotted and represented in Figures 4.9 (b), 

(c), and (d) for GFO, GFO-5YIG, and GFO-10YIG respectively. It can be observed that for both 

GFO and GFO-10YIG, the leakage is governed by both SCLC and Ohmic conduction and then 

breaks down beyond a particular field.  

The breakdown voltage is ~ 300 V or 3 kV/cm for GFO, whereas the same for GFO-

5YIG is ~ 1000 V or 10 kV/cm, indicating an enhanced resistivity in GFO-5YIG. However, 

GFO-10YIG is observed to be governed by GBLC mechanism up to an applied electric field ~ 

200 V or 2 kV/cm. With further application of electric field, both Ohmic and SCLC mechanism 

governs the leakage conduction in the sample and retains the same for the studied applied 

Table 4.4 - Ferroelectric analysis of all samples along with grain size data from FESEM analysis 

Sample Name Average Grain 

Size (m) 

Slope value and 

Conduction Mechanism 

at Room Temperature 

 

Low Field 

Current (A/cm2) 

High Field 

Current (A/cm2) 

 

GFO 2.8 ± 1.1 1.559 Ohmic + SCLC 4.24 x 10-7 0.1 

GFO-5YIG 1.42 ± 0.29 1.602 Ohmic + SCLC 2.45 x 10-9 0.003 

GFO-10YIG 0.98 ± 0.22 0.598 GBLC 1.89 x 10-9 1.2 x 10-6 
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voltage of ~ 3000 V or 30 kV/cm. The sample undergoes breakdown beyond this applied voltage 

of 3000 V. The enhanced breakdown voltage along with the reduced slope values observed in 

GFO-10YIG explains the observed reduction of leakage current by five orders of magnitude. 

4.3.2.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

The D-E hysteresis loops for each sample have been measured and are shown in Figures 4.10 

and 4.11. Figure 4.10(a) depicts the D-E hysteresis loop of the SNBT50 sample measured at 0.05 

Hz and demonstrates a saturated D-E hysteresis loop. However, the I-E characteristic curve of 

the sample reveals a highly resistive nature, with charge conductivity contributing significantly 

Figure 4.11 The room temperature D-E Hysteresis loops and I-E characteristic graphs for (a-c) 

SNBT50-10YIG and (d-f) SNBT50-20YIG obtained at different applied electric field. 

Figure 4.10 (a) The D-E characteristic of SNBT50 at an applied electric field of 3.2 kV/cm, (b) The D-E 

characteristics of SNBT50 with increasing electric field from 3.2 kV/cm to 5.7 kV/cm. 



  CHAPTER 4 

 

  

 PAGE 140 

 

to the polarization. Consequently, the I-E curve for this sample is incapable of proving the 

occurrence of domain switching. However, the remnant polarization can be computed from the 

D-E hysteresis loop by using the value of the intercept at zero applied field if, as seen in Figure 

4.10(b), the value of the intercept at the y-axis remains unchanged as the applied electric field 

increases. Despite an increase in the applied field from 3.2 kV/cm to 5.7 kV/cm, the remnant 

polarization varies from 3.2 kV/cm to 4.9 kV/cm but then remains unchanged. The SNBT50 

sample possess a remnant polarization of approximately 2.1 µC/cm2 and a saturation polarization 

of 3.9 µC/cm2. However, the sample's strong conductivity prevents the applied electric field from 

exceeding 5.7 kV/cm. The D-E loops of the composites, on the other hand, exhibit good 

insulating ability to withstand increasing applied electric field up to 25 kV/cm in SNBT50-

20YIG, as shown in Figure 4.11. While the contribution from domain wall switching resulting 

from ferroelectricity becomes higher with increasing YIG concentrations, the I-E characteristic 

curves for both composites confirm an increasingly less conducting nature. Figure 4.11(a) shows 

the saturated nature of the D-E loops for the SNBT50-10YIG, whereas Figure 4.11(b) shows the 

remnant polarization with an applied electric field of 6.5 kV/cm and a value of 3.5 µC/cm2. Up 

to 8 kV/cm of applied electric field is raised [Figure 4.11(c)]. In addition, it possesses excellent 

I-E features, with well-aligned domain wall switching peaks and coercivity. Figure 4.11(d) 

demonstrates that the maximum residual or saturation polarization for SNBT50-20YIG could not 

be obtained despite extending the applied electric field to 25 kV/cm while maintaining a 

saturated D-E loop characteristic. As demonstrated by the application of an augmented electric 

field up to 25 kV/cm, a sharp domain switching is observed in this sample, which is attributed to 

a decreased contribution from conductivity.  

4.3.3 DIELECTRIC STUDY  

4.3.3.1 Ga0.8Fe1.2O3 – Gd3Ga5O12  

The real part of dielectric permittivity (𝜀′) depicted in Figure 4.12 implies that the values of 

dielectric constant at room temperature are 57, 153, 134, and 172 for Sample[0,1300], 

Sample[0.1,1300], Sample[0.2,1300], and Sample[0.2,1350] respectively. The higher interfacial 

polarisation caused by a rise in grain boundaries is accounted for the observed increase in 

dielectric permittivity. Increased grain boundary resistances brought on by the surrounding of 

GFO grains with highly resistant GGG grains are also seen to result in a decrease in dielectric  
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loss (𝑡𝑎𝑛𝛿), which represents the energy dissipation of the dielectric system. The insets of the 

relevant samples display the temperature-dependent dielectric loss observed at various 

Figure 4.12 (left) panels depict the frequency dependence of real part of complex permittivity for all 

samples while the tangent loss with varying temperature is shown in the insets of corresponding sample. 

(right) panels depict the variation of total conductivity with frequency for a temperature range of 25 °C to 

300 °C. 
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frequencies. The plot of dielectric loss vs. temperature shows a clear peak that is seen to move 

with increasing frequency towards higher temperatures. Rezlescu's model[36] states that this 

peak is seen when the frequency of hopping electrons present at various lattice sites coincides 

with the frequency of the applied field, causing resonance and the highest amount of dielectric 

loss. The shift of the peak to a higher frequency with rising temperature is correlated with an 

increase in the mobility of the charge carriers. For Sample[0.2,1300] and Sample[0.2,1350] the 

dielectric loss peak is observed at low frequencies appears more or less at the same temperatures 

(~ 175 oC at 100 Hz) whereas the same for Sample[0.1,1300] and Sample[0,1300] occurs at 

lower temperature (~ 120 oC and ~ 50 oC at 100 Hz respectively) concluding that the increase in 

concentration of GGG decreases the hopping such that it needs more thermal energy to take 

place. On the other hand, Sample[0.2,1350] is observed to have much reduced peak intensity 

implying reduction in number of hopping charges with increasing annealing temperature in 

consistence with reduced leakage in this sample.  

Following Maxwell’s equivalent circuit including grain and grain boundary resistances 

and capacitances the complex impedance of inhomogeneous system is expressed by following 

equations, derived in section 1.3.3 of chapter 1 (Eq. 1.23 and 1.24), 

𝑍′ =  
𝑅𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝑅𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
     (4.5) 

𝑍′′ =  
𝜔𝑅𝑔

2𝐶𝑔

1+(𝜔𝑅𝑔𝐶𝑔)2
+

𝜔𝑅𝑔𝑏
2 𝐶𝑔𝑏

1+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
    (4.6) 

Where, 𝑅𝑔, 𝐶𝑔, 𝑅𝑔𝑏, and 𝐶𝑔𝑏 are the grain resistance and capacitance, grain boundary resistance 

and capacitance respectively. Using Eq. 4.5, the frequency variation of the real part of the 

Table 4.5 - Dielectric parameters from dielectric analysis of all samples 

Sample Name r tan Rg 

(MΩ) 

Rgb 

(MΩ) 

Cg 

(pF) 

Cgb 

(pF) 

 Eg Egb Ea 

Sample[0,1300] 57 0.45 1.64 7.44 0.819 0.0123 58.29 0.2037 0.2121 0.2098 

Sample[0.1,1300] 153 0.5 1.38 11.13 0.015 0.903 240.4 0.2398 0.2404 0.2349 

Sample[0.2,1300] 134 0.13 1.198 9.53 0.442 0.0131 32.56 0.2686 0.2261 0.2499 

Sample[0.2,1350] 172 0.04 5.76 72.88 0.0197 0.0144 18.07 0.2832 0.2685 0.2496 
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impedance is fitted, and the fitted data and frequency variation are displayed in Figure 4.13(a). 

Table 4.5 lists the values of 𝑅𝑔, 𝐶𝑔, 𝑅𝑔𝑏, and 𝐶𝑔𝑏 subtracted from the fitting. The significant 

variation in grain and grain boundary resistances accounts for the GBLC mechanism seen in 

Sample[0,1350].  

The obtained 𝑅𝑔 and 𝑅𝑔𝑏 values are further fitted using Arrhenius equation to calculate 

the activation energies, 𝐸𝑔 and 𝐸𝑔𝑏 tabulated in Table 4.5, 

𝑅𝑔 =  𝐴𝑒
𝐸𝑔

𝑘𝐵𝑇           (4.7) 

𝑅𝑔𝑏 =  𝐵𝑒
𝐸𝑔𝑏

𝑘𝐵𝑇            (4.8) 

The frequency dependence of total conductivity shown in Figure 4.12, at different temperatures 

is calculated using following formula[37],  

𝜎(𝜔) =  𝜔𝜀′𝜀0𝑡𝑎𝑛 𝛿      (4.9) 

Figure 4.13 The fitted curve of real part (Z’) of complex impedance with frequency is shown in 

(a). (b-d) depicts the fitted data of ln(Rg), ln(Rgb) and ln(σDC) with 1/ kBT respectively in order 

to calculate the activation energies of the samples. 
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Where, the value of 𝜀0 is taken as 8.854x10-12 F/m. And the dc conductivity is extrapolated from 

the () using “Jonscher’s Universal Power Law” (Eq. 4.10) and further fitted using the 

Arrhenius equation (Eq. 4.8) in order to get the values of activation energy of conductance (𝐸𝑔): 

𝜎(𝜔) =  𝜎𝐷𝐶 +  𝜎𝐴𝐶               (4.10) 

𝜎𝐷𝐶 =  𝜎0𝑒
−

𝐸𝑎
𝑘𝐵𝑇         (4.11) 

The fitted values of ln(𝜎𝐷𝐶) vs 
1

𝑘𝐵𝑇
 for all samples are displayed in Figure 4.13(d). The activation 

energy of dc conductivity and the activation energy of dielectric relaxation are reasonably in 

agreement. The dielectric loss peak and the activation energies estimates suggest that electrons 

hopping between distinct lattice sites are the dominant charge carriers driving the observed 

conduction in the samples.  

4.3.2.2 Ga0.8Fe1.2O3 – Y3Fe5O12  

The low dielectric constant of YIG is shown to have significantly decreased the dielectric 

permittivity of the composites in Figure 4.14(a)[16,38]. The composite has much less 

conductivity and dielectric loss combined. The GFO-10YIG greatly reduced the intensity of the 

loss peak, which was caused by the hopping of electrons at various lattice sites, showing a 

decrease in the charge hopping transport phenomena[36]. The Cole-Cole plots for all samples are 

displayed in Figure 4.14(e-g) to help in understanding the change in resistivity implied by 

increased impedance [Figure 4.14(c)]. While the same slope for GFO is a visible semi-circle, the 

slopes for composites tend to become practically straight lines, showing increased resistivity of 

the composites.  

The real portion of complex impedance, Z has been fitted using Eq. 4.5, to provide a  

Table 4.6 - Dielectric parameters from room temperature dielectric analysis 

Sample 

Name 
r tan Z(M) (−m-1) Rg(k) Rgb(M) Cg(nF) Cgb(nF) 

GFO 274 3.4 6.13 3.23x10-4 73 0.034 3.16 0.35 

GFO-5YIG 69 1.82 5.48 3.93x10-5 270 0.42 0.46 0.30 

GFO-10YIG 13 0.38 0.13 2.22x10-5 461 2.1 0.065 0.29 
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quantitative understanding of the grain and grain boundary resistances. Table 4.6 lists the 

extrapolated grain (𝐶𝑔) and grain boundary (𝐶𝑔𝑏) capacitances as well as the acquired grain (𝑅𝑔) 

and grain boundary (𝑅𝑔𝑏) resistances from the fitting with Eq. 4.13. The values of the resistances 

at the grain and grain boundary in comparison to those of the GFO reveal that the development 

of a composite with a high resistive YIG is capable of significantly increasing the resistivity in 

the GFO while lowering the conductivity and dielectric loss. 

Figure 4.14(a) depicts the frequency variation of the dielectric constant, (b) loss, (c) impedance, (d) 

conductivity. (e-g) represents the cole-cole plot of all samples. 
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 4.3.4 MAGNETIC AND MAGNETODIELECTRIC PROPERTIES 

 4.3.4.1 Ga0.8Fe1.2O3 – Gd3Ga5O12  

The variation of dielectric constant, also known as magnetodielectric factor (MD), due to the 

variation of magnetic field from 0 – 15 kOe measured at a frequency of 10 kHz is calculated 

using the following equation, 

𝑀𝐷(%) =  
𝜀′(𝐻)− 𝜀′(0)

𝜀′(0)
× 100%          (4.12) 

The coupling between the electric and magnetic parameters of samples is measured by the 

change in dielectric parameters caused by the application of a magnetic field. According to 

Figure 4.15, the magnetodielectric factor values for Sample[0,1300], Sample[0.1,1300], 

Sample[0.2,1300], and Sample[0.2,1350] are 2.02%, 3.07%, 7.03%, and 5.01%, respectively. Up 

to around 10 kOe of applied magnetic field, a noticeable shift is seen. Beyond that point, the 

change is practically constant, suggesting that all of the magnetic spins have aligned, and beyond 

that, the change in magnetic configuration decreases due to saturation.  

To comprehend the impact of magnetostriction, piezo-magnetism, and other phenomena 

on the fluctuation of the dielectric constant when a magnetic field is applied, the MD - M2 graphs 

are displayed. The MD only depends linearly on the square of magnetization for all samples at 

low M2 values, which correspond to low applied magnetic fields, it has been shown. Therefore, 

Figure 4.15 The figure on the left side shows the variation of magnetodielectric constant (MD) with changing 

applied magnetic field. The figures on the right depicts the linear variation of MD with square of magnetisation 

for all samples indicating the presence of magnetoelectric coupling 
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the square magnetization model (SqMM), in which strain is linearly proportional to M2, cannot 

fully explain the change in the magnetodielectric factor. Gualdi et al.[39] have thought about this 

phenomenon in depth and come to the conclusion that in order to fully describe the total strain of 

a magneto-strictive material surrounded by non-magnetic media such as the 0-3 composite 

systems, it is also necessary to take into account the strain caused by stress, piezo-magnetism, 

and magnetostriction[40].  They proposed a stress magnetization model (SMM) in which the 

total strain of the system is proportional to the applied stress, magnetic field, and magnetization 

square. It has been noted that the magneto-strictive characteristics of ferromagnetic materials are 

significantly impacted by grain size reduction[41]. High internal stress typically develops at the 

grain boundaries of polycrystals. Along with a high elastic energy density, the high density of 

anisotropy usually accumulates near the grain boundaries. As a result, substantial internal stress 

is produced across the grains with an accumulation of magnetic charges at the grain boundaries 

as grain size decreases and the grain boundaries gradually richer. The internal stress in these 

samples grows stronger as the grain size decreases with rising GGG concentration and increasing 

sintering temperature, further deviating the linearity of the MD-M2 graphs as a result of 

magnetostriction brought on by grain size reduction.  

4.3.4.2 Ga0.8Fe1.2O3 – Y3Fe5O12  

The high anisotropy of the octahedral sites (Ga2, Fe1, and Fe2) and the weak anisotropy of the 

tetrahedral Ga1 site, which act as hard and soft magnetic phases, respectively, was previously 

linked to the pinched waist feature of the magnetic hysteresis loop of the GFO shown in Figure 

4.16(a)[42,43]. This pinched shape, however, is not present in any of the composites, indicating 

that the material's anisotropy has significantly changed in its composite forms. Strain is applied 

in the magneto-strictive YIG when an external magnetic field is introduced, which causes stress 

on the grains of GFO. As a result, GFO undergoes an inverse magnetostriction or magnetoelastic 

action.  

Through magnetostriction, an applied external force or an internal stress that exists in a 

direction different from the applied field can shift the magnetization's direction. When a clear 

direction of magnetization is established, applied stress can lead to anisotropy. Where  is the 

saturation magnetostriction and is the applied stress, 𝐾𝑢𝜎 =
3

2
𝜎𝜆𝑠, s gives the magnitude of the 
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stress-induced anisotropy. It can be concluded that the movement of moments has increased in 

the direction of application of magnetic field as a result of the rising influence from YIG based 

on the observed increasing sharpness of the 𝑑𝑀/𝑑𝑇 curves [Figure 4.16(b)] with increasing 

concentration of magneto-strictive YIG. Previous extensive research has been done on the 

influence of stress or the inverse  magneto-strictive effect on the geometry of the magnetic 

hysteresis loops of magnetic materials that affect remnant, saturation magnetization, and 

coercivity[44–49]. With this effort, the remnant magnetization was increased from 0.211 emu/g 

for GFO to 2.82 emu/g for the GFO-10YIG composite. The inversely proportional dependency 

of coercivity with grain size observed in polycrystalline materials, explained by domain-wall 

pinning at grain boundaries, is responsible for the coercivity's decrease with increasing grain size 

[Table 4.7][50–52]. The minima of the 𝑑𝑀/𝑑𝑇 versus temperature plot of the field-cooled 

magnetization data are used to determine the ferrimagnetic to paramagnetic phase transition 

temperature. The effect of the improved alignments of magnetic moments increasing the 

Figure 4.16 (a) represents the magnetic hysteresis 

loop of all samples recorded at room temperature. 

The insets show enlarged view of hysteresis loop 

for all samples. (b) depicts 𝑑𝑀/𝑑𝑇 versus 

temperature plot of field cooled magnetization 

data. (c) represents hysteresis loop of al samples at 

380 K temperature. 



  CHAPTER 4 

 

  

 PAGE 149 

 

magnetic domain volume along the easy magnetization direction due to the application of 

magneto-strictive YIG may explain the observed steady increase in TC beyond room temperature 

[Figure 4.16(b)]. The magnetic hysteresis loop is shown in Figure 4.16(c) at a temperature of 380 

K, which is far higher than the TC of any of the samples. The minor remnant magnetization 

shown in the composites is solely attributable to the presence of ferromagnetic YIG, which is to 

be expected given that the M-H loop of GFO is paramagnetic. 

A ferroelectric or piezoelectric material and a magneto-strictive material are combined to 

form a magnetoelectric composite. Consequently, strain is produced in the magneto-strictive 

material when a magnetic field is applied. This strain creates an electric field that changes the 

piezoelectric material's electrical characteristics. To determine the strength of magnetoelectric 

coupling, it is possible to study the change in electrical characteristics such as capacitance, 

dielectric loss, etc. in the presence of a magnetic field. In order to determine whether 

magnetoelectric coupling exists, the following formulas are used to calculate magneto-

capacitance (MC(%)), magneto-loss (ML(%)), magneto-impedance (MI(%)), and magneto-phase  

 (M(%))[53–55]. 

𝑀𝐶(%) =  
𝐶(𝐻,𝑇)−𝐶(0,𝑇)

𝐶(0,𝑇)
× 100%             (4.14) 

𝑀𝐿(%) =  
𝑡𝑎𝑛 𝛿(𝐻,𝑇)−𝑡𝑎𝑛 𝛿(0,𝑇)

𝑡𝑎𝑛 𝛿(0,𝑇)
× 100%     (4.15) 

𝑀𝐼(%) =  
𝑍(𝐻,𝑇)−𝑍(0,𝑇)

𝑍(0,𝑇)
× 100%            (4.16) 

 

Table 4.7 - Magnetic properties such as remnant, saturation magnetization, coercivity and Curie temperature 

tabulated for all samples 

 GFO GFO-5YIG GFO-10YIG 

Remnant Magnetization 

(emu/g) 0.211 1.57 2.82 

Saturation Magnetization 

(emu/g) 6.25 7.02 8.2 

Coercivity (Oe) 30 330 650 

Curie Temperature (K) 289 305 309 
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Figure 4.17 (left) magneto – capacitance, -dielectric loss, -impedance and -phase at different frequencies 

shown only for the GFO-10YIG composite. (right) the comparative study of magneto-capacitance, loss, 

impedance and phase of GFO and the composites at 1 kHz 
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𝑀𝛷(%) =  
𝛷(𝐻,𝑇)−𝛷(0,𝑇)

𝛷(0,𝑇)
× 100%                (4.17) 

Figure 4.17 shows that the values obtained for MC(%), ML(%), MI(%), and M(%) are 

approximately -3.5%, 1.5%, 2%, and 1.7% respectively for GFO, -5%, -1.5%, 9%, and 3.9% 

respectively for GFO-5YIG, and -7%, -15%, 9.5%, and 5.4% respectively for GFO-10YIG. The 

stronger link between magnetic and electrical parameters with increased magneto-strictive YIG 

concentration is confirmed by the bigger changes in electrical parameters upon the application of 

magnetic field in the composite. 

4.3.4.2 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

Figure 4.18(a) illustrates the magnetic hysteresis loops generated at ambient temperature. 

Despite the fact that SNBT50 was originally a dielectric material, the magnetic property of 

composites rises as the concentration of ferromagnetic YIG increases, as seen in the inset of 

Figure 4.18(a). However, none of the magnetic hysteresis phases displayed evidence of 

saturation, which may be attributable to the presence of the dielectric SNBT50 phase in greater 

quantities.  

The Eq. 4.12 is used to measure and analyze the change in dielectric constant for three 

distinct frequencies (1 kHz, 10 kHz, and 100 kHz) in order to comprehend how the magnetic 

field affects the electric parameters. The dielectric nature of the material is to blame for the 

magnetodielectric factor of SNBT50, which is distributed evenly along the x-axis and indicates 

an average of zero change in dielectric constant with regard to increasing applied magnetic field, 

as seen in the inset of Figure 4.18(b). However, for the composites, as shown in Figure 4.19(b-d), 

the dielectric constant rises with increasing applied magnetic field, indicating a positive coupling 

coefficient. The spin pair correlation between the adjacent spins and the coupling constant are 

the two factors that determine whether the coefficient is negative or positive. The 

magnetodielectric factor reports to be 9.22% for SNBT50-10YIG and SNBT50-20YIG, 

respectively, at an applied magnetic field of 5 kOe, 7.34% at 1 kHz, 2.82% and 1.42% at 10 kHz, 

and 1.06% and 0.12% at 100 kHz. Due to the formation of SNBT50-YIG magnetoelectric 

composites, this increase demonstrates the existence of connection between electric and 

magnetic characteristics.  
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Figure 4.18 The room temperature magnetic hysteresis loop of (a) SNBT50, and (b) SNBT50-10YIG and 

SNBT50-20YIG 

Figure 4.19 The room temperature magnetodielectric factor for (a) SNBT50 sample. The same is shown for 

both SNBT50-10YIG and SNBT50-20YIG for (b) 1 kHz, (c) 10 kHz, and (d) 100 kHz frequencies. 
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4.4 CONCLUSION 

(1-x)Ga0.8Fe1.2O3 – xGa5Gd3O12 composites are observed to achieve a reduction in leakage 

current by four orders of magnitude to 1.38 x 10-5 A/cm2 recorded at an applied electric field as 

high as 45 kV/cm. High resistive Ga5Gd3O12 enhances the dielectric constant of the composite 

while reducing the dielectric loss of the samples as well. The conductivity of the material has as 

well reduced along with a significant enhancement in grain and grain boundary resistances of the 

composites. The magnetodielectric coupling is also enhanced in all the composites reporting 

improved magnetoelectric coupling. On the other hand, composites of Ga0.8Fe1.2O3 with 

Y3Fe5O12 is observed to reduce the leakage current by five orders of magnitude at an applied 

electric field of 30 kV/cm. Further increment in applied electric field could not be possible due to 

electrical breakdown. In addition to that, unlike Ga5Gd3O12 increasing the concentration of 

Y3Fe5O12 could not be possible due to agglomeration of the material at the interfaces. However, 

the ferromagnetic nature along with magnetostriction significantly improved the magnetic 

properties of the composites increasing the Curie temperature beyond room temperature at the 

same time. The magnetodielectric properties also significantly enhanced in (1-x)Ga0.8Fe1.2O3 – 

xY3Fe5O12 composites compared to that of (1-x)Ga0.8Fe1.2O3 – xGa5Gd3O12 composites. The 

comparative literature study with other doping or composites of Ga2-xFexO3 is shown in Table 

4.8. It can be observed that formation of (1-x)Ga0.8Fe1.2O3 – xY3Fe5O12 and (1-x)Ga0.8Fe1.2O3 – 

xGa5Gd3O12 composites are able to reduce the leakage current to the lowest possible value to the 

best of our knowledge. The breakdown voltage is also significantly larger in these composites. 

Even at an applied electric field as high as 40 kV/cm and 30 kV/cm, the leakage current of these 

composites are quite low. On the other hand, although the magnetic properties of (1-

x)Ga0.8Fe1.2O3 – xY3Fe5O12 are not as high as GFO@SiO2[63] and (1-x) GaFeO3 -  

(x)Co0.5Zn0.5Fe2O4[11], they are quite significant.  

The composite between high ferroelectric Sr0.5(Na0.5Bi0.5)0.5TiO3 (SNBT50) and room-

temperature ferromagnet Yttrium Iron Garnet (YIG) exhibits enhanced ferroelectric polarization. 

With increasing concentration of ferromagnet YIG, the domain switching is observed to become 

more apparent as characterized by I-E plots. Therefore, unlike Ga0.8Fe1.2O3 system, which does 

not exhibit any ferroelectric properties in its bulk form, the effect of YIG on the ferroelectric 

domain switching is studied in SNBT50-YIG composites. Implementation of YIG in the  



  CHAPTER 4 

 

  

 PAGE 154 

 

diamagnetic matrix of SNBT50 is able to introduce ferromagnetic nature in the composites. For 

the same reason, although the magnetodielectric factor of SNBT50 is zero on average, the 

composites exhibit high magnetodielectric factor confirming the formation of coupling between 

magnetic and electric parameters. 

In conclusion, this chapter reports successful formations of composites as a means to 

improve electrical characteristics, magnetic properties, and magnetoelectric coupling. In 

Ga0.8Fe1.2O3, which is severely hindered by its high leakage current, the formation of composite 

with suitable material is capable of reducing the leakage current significantly higher than 

previously reported solutions. Enhancing its magnetic Curie temperature beyond room 

temperature, it is able to improve magnetic parameters such as magnetization, magnetostriction, 

Table 4.8 – Comparative literature study of leakage current and magnetic properties of different doping 

and composites of Gallium Ferrite with the present works 

Sample Name Leakage Current (A/cm2) Magnetic Parameters at 

RT 

Ga0.8Fe1.2O3[56] ~ 10-2 at 15 kV/cm Paramagnetic 

GaFe0.9Cr0.1O3[57] ~ 1 x 10-4 at 1 kV Paramagnetic 

In doped GFO[58] - Paramagnetic 

Ni doped GFO[59] ~ 5.94 x 10−7 at 10 kV/cm Mr ~ 0.62 emu/g 

Al doped GFO[60] - Mr ~ 2 emu/g 

Mn doped GFO[56] ~ 2 x 10-6 at 15 kV/cm Mr ~ 6.73 emu/g 

Zn doped GFO ~ 4 x 10-4 at 5 kV/cm[61] 
Mr ~ 2.74 emu/g 

MS ~ 8.5 emu/g[62] 

GFO@SiO2[63] ~ 5.5 x 10-7 at 2 kV/cm MS ~ 14 emu/g 

(1-x) GaFeO3 - 

(x)Co0.5Zn0.5Fe2O4[11] 
~ 1 x 10-7 at 5 kV MS ~ 30.6 emu/g 

Zr doped GFO[61] ~ 0.1 at 10 V/cm - 

(1-x) Ga0.8Fe1.2O3 – 

xGa5Gd3O12 

~ 1.38 x 10-5 at 40 kV/cm 

~ 8.8 x 10-7 at 10 kV/cm 

~ 6.6 x 10-8 at 1 kV/cm 

- 

(1-x) Ga0.8Fe1.2O3 – 

xY3Fe5O12 

~ 1.34 x 10-6 at 20 kV/cm 

~ 2.76 x 10-7 at 10 kV/cm 

~ 2.24 x 10-8 at 1 kV/cm 

Mr ~ 2.82 

MS ~ 8.2 
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anisotropy, and magnetoelectric coupling. In addition, the formation of composites between a 

highly ferroelectric and a room temperature ferromagnet results in a material which exhibits 

strongly enhanced ferroelectric domain switching and magnetoelectric coupling. 
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CHAPTER 5 

MICROWAVE APPLICATIONS 

This chapter discusses the applications of multiferroic materials as a microwave 

absorbing material or MAM.  
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5.1 PREAMBLE 

High prevalence of electromagnetic interferences in daily life has become dangerous as a 

perilous result of recent advances in modern technology[1]. Therefore, research into and 

development of lightweight, inexpensive materials that can absorb a significant amount of 

microwave energy have garnered a great deal of interest in the quest to eliminate 

electromagnetic pollution. As a result, a variety of materials, namely resistor[2], dielectric[3], 

magnetic[4] and mixed type materials, have been studied in recent years. Ferrites that possess 

both magnetic and dielectric properties have distinguished themselves as being particularly 

promising in absorbing significant microwave radiation[5]. Additionally, multiferroic ferrites 

with magnetoelectric (ME) coupling and magnetic and electric properties, such as bismuth 

ferrite (BiFeO3), are another option that is advantageous for blocking electromagnetic 

radiation in the microwave frequency range[6]. 

One of the very few room-temperature multiferroic materials, BiFeO3 (BFO) exhibits 

ferroelectricity as well as modest ferromagnetism and coupling at ambient temperature. As an 

alternative, gallium ferrite (Ga2-xFexO3 or GFO) is another intriguing multiferroic material 

with near-room temperature ferrimagnetism and a considerable magnetoelectric coupling 

coefficient (10-11 s/m at 4.2 K)[7]. In GFO, it is observed that increasing the Fe:Ga ratio is 

very useful in increasing its ferrimagnetic property while increasing the magnetic phase 

transition temperature simultaneously. To the best of our knowledge, this material's 

microwave properties have not yet been investigated. Therefore, in this work, the microwave 

properties of Ga2−xFexO3 for x = 1.2 is studied in detail due to its room temperature 

ferrimagnetic property[8] and the difference in microwave properties of gallium ferrite and 

bismuth ferrite based on their structural differences is reported. 

On the other hand, numerous techniques have been used to increase the microwave 

absorption and bandwidth of single-phase bismuth ferrite, including modifying the particle 

size, the synthesis conditions, and doping with the appropriate elements[9,10]. In a Holmium 

doped BFO, for instance, improved impedance matching by increased magnetization led to an 

improvement in the minimum reflection loss (RLmin) from -8.5 dB to -11 dB and an improved 

bandwidth (BW) from 0 to 1 GHz[11]. In a lanthanum doped BFO, matching of the magnetic 

loss (𝑡𝑎𝑛𝛿𝜇) and the dielectric loss (𝑡𝑎𝑛𝛿𝜀) is observed to enhance the RLmin from -12 dB to -

30 dB and increase the BW from 0.9 to 1.1 GHz[12]. Nd-doped BFO[13], claiming an RLmin 

of -42 dB and BW of 3 GHz, also exhibits a similar phenomenon. In BFO-coated Fe nano 
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capsules, the absorption is observed to be enhanced by natural resonance and increased 

polarization at the interface of the core-shell structure[14]. Phase boundary manipulation in 

the coexisting R3c and P4mm phases of calcium-doped BFO is also carried out, with 

improved microwave absorption reported[10]. However, there is still considerable scope of 

investigating a single-phase BFO which is able to simultaneously have a significant 

absorption and a wide bandwidth. In chapter 3, we have reported that Ba and Y co-doping at 

the Bi-site of BFO nanoparticles can improve its ferroelectric, dielectric, and 

magnetodielectric properties.  Up to 5 at. wt.% doping of Y, the phase structure of the 

nanoparticles remains in their ferroelectric rhombohedral phase. Further increment in doping 

concentration transforms the phase into a paraelectric orthorhombic phase. In this work, our 

motive is to study the applicability of Ba and Y co-doped BFO nanoparticles as microwave 

absorption materials (MAMs) up to the doping percentage of 5 at. wt.% in which it retains its 

ferroelectricity and magnetoelectric characteristics.  

Previously, the microwave properties of Bismuth Sodium Titanate – Strontium 

Titanate (Sr0.5Bi0.25Na0.25TiO3, SNBT50) solid solution has been reported to exhibit good 

microwave absorption and bandwidth[15]. However, SNBT50 is a very strong ferroelectric 

exhibiting diamagnetism at room temperature whereas the 0-3 composite of SNBT50 with 

highly resistive ferromagnet, Yttrium Iron Garnet (YIG) is a magnetoelectric material having 

good magnetic and magnetodielectric properties. Additionally, high applicability of YIG at 

high frequency region makes this composite a very interesting magnetoelectric material to 

study for the purpose of application as MAMs. In chapter 4 of this thesis, we have shown that 

although SNBT50 is diamagnetic in nature and do not exhibit any coupling, SNBT50-YIG 

composites possess strong coupling between magnetic and electric parameters at room 

temperature. In this work, the microwave properties of 0-3 composite of Yttrium Iron Garnet 

(YIG) embedded in matrix of Bismuth Sodium Titanate – Strontium Titanate 

(Sr0.5Bi0.25Na0.25TiO3) solid solution is studied in detail and reported to exhibit enhanced 

microwave absorption.  

5.2 EXPERIMENTAL METHOD 

5.2.1 SYNTHESIS 

5.2.1.1 BiFeO3 and Ga0.8Fe1.2O3  

Powders of BiFeO3 and Ga0.8Fe1.2O3 are made using the sol-gel technique. Nitrates of the 

necessary chemicals are taken in the appropriate stoichiometric ratios and dissolved in 
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double-distilled water to create BFO and GFO. The dried brown powders of BFO and GFO 

are produced by heating the solutions for 24 hours at a temperature of 80 °C. These powders 

are then grinded for hours in an agate mortar. For two hours, the ground-up BFO powder is 

calcined at 600 °C to create the appropriate crystal structure whereas, the ground-up GFO 

powder is first calcined at 600 °C for 8 hours, then sintered at 1300 °C for 4 hours to achieve 

the desired crystal structure. The prepared samples are grown in a matrix of epoxy resin with 

a 50% concentration in the shape of a hollow cylinder with an outside diameter of 3.5mm and 

an inner diameter of 1.5mm in order to perform microwave measurements. 

5.2.1.2 Barium and Yttrium co-doped Bismuth Ferrite Nanoparticles 

Using the tartaric acid-assisted sol-gel process, the BayBi1-x-yYxFeO3 (x = 0.0 at y = 0.0 and x 

= 0.0, 0.03, 0.05 at y = 0.1) nanoparticles are created. In the presence of nitric acid, 

Bi(NO3)3.5H2O, Fe(NO3)3.9H2O, Ba(NO3)2.H2O, and Y(NO3)3.6H2O, all raw materials with 

high purity (more than 99.9%), are dissolved in the appropriate stoichiometric ratios. As a 

chelating agent, tartaric acid (C6H6O7) is added to the nitrates to finish their combustion. The 

yellow, transparent solution is stirred vigorously and kept at a temperature 80 °C until it is 

completely dried. After that, the fluffy dried powder is gathered and grinded in an agate 

mortar. To produce the nanoparticles, the powders are calcined at 700 °C for 30 minutes. The 

samples are grown in a matrix of epoxy resin with a 25% concentration in order to collect 

microwave data. A hollow cylinder with an outside diameter of 3.5mm and an inner diameter 

of 1.5mm is formed from the composite materials.  

5.2.1.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

To prepare the (1-x) Sr0.5Bi0.25Na0.25TiO3 (SNBT50) – x Y3Fe5O12 (YIG) composites for x = 

0.0, 0.1 and 0.2, solid state reaction method has been followed. The stoichiometric amounts 

of high purity Bi2O3 (99% pure, Loba Chemie), TiO2 (98%, Loba Chemie), Na2CO3 (99.5%, 

Loba Chemie), and SrCO3 (reagent grade, Loba Chemie) are thoroughly mixed in the acetone 

medium. Y2O3 and Fe3O4 (> 99%, Sigma Aldrich) is added in respective ratio for the 

preparation of composites of different YIG concentrations. After grinding the mixture for 8 h 

using agate mortar, the mixtures are calcined in an alumina crucible at 1173 K for 12 h in air 

and brought to room temperature by cooling at the rate of 80 K/h. The calcined samples are 

pelletized into a disk (diameter 5 mm) and sintered at 1223 K for 4 h in closed alumina 

crucibles to avoid bismuth loss and cooled down to room temperature by cooling at the rate 

of 1 K/min. The final samples are mixed with resin with a cocnentration of 25% and shaped 
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into a hollow cylinder of inner diameter of 1.5mm and outer diameter of 3.5mm in order to 

perform microwave measurements. 

5.2.2 CHARACTERIZATION 

X-Ray Diffraction (XRD) of all samples is carried out with a Rigaku Smart Lab 

diffractometer and Cu-Kα radiation with a wavelength of 1.5406 Å; Rietveld refinement of 

the resultant XRD data is conducted using FullProf software. VESTA software is used to plot 

the improved structures in order to visualize the unit cell structures. The diameters of the 

synthesized nanoparticles are measured using a FEG high-resolution transmission electron 

microscope (HRTEM) (80-200 kV). Utilizing a scanning electron microscope (SEM) 

equipped with an AMETEK EDAX QUANTA 200 and Element, energy dispersive x-ray 

analysis (EDAX) is investigated for all samples. All of the tests in this work are conducted at 

300 K, depicted as room temperature (RT). The Lakeshore Vibrating Sample Magnetometer 

is utilized to analyze the magnetic hysteresis loops for all samples at room temperature 

(VSM). The resin composite formed with the samples in the shape of hollow cylinders with 

inner diameter of 1.5mm and outer diameter of 3.5mm to fit into the coaxial airline are used 

to study their microwave properties. The microwave experiments are performed using an 

Anritsu MS46122B vector network analyser and a coaxial airline (Maury Microwaves 

8043S6).  

5.3 RESULTS AND DISCUSSION 

5.3.1 STRUCTURAL STUDY 

5.3.1.1 BiFeO3 and Ga0.8Fe1.2O3  

Figure 5.1(a) depicts the XRD diffractograms of all of the samples. Rhombohedral structure 

of BFO is observed in all the materials along with one impurity peak at 27.5º attributed to the 

existence of a small quantity of Bi2Fe4O9 (Card Number: 01-020-0836). For GFO with an 

orthorhombic structure, pure phase is attained, as indicated by Card Number: 00-062-0890 

[Figure 5.1(b)]. Using a Williamson-Hall analysis, the crystallite size and strain of the 

Table 5.1 - Lattice parameters of BiFeO3 and Ga0.8Fe1.2O3 powders obtained from Rietveld Refinement and 

Williamson-Hall analysis of XRD data 

Sample Name 𝒂(Å) 𝒃(Å) 𝒄(Å) 𝑽(Å3) Crystallite 

Size (nm) 

Strain (ɛ) 

BiFeO3 5.636 5.636 14.033 384.38 42.9 -6.48E-4 

Ga0.8Fe1.2O3 8.757 9.408 5.088 419.01 52.7 -3.91E-4 
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samples are determined; the results are displayed in the insets of Figures 5.1(a) and 5.1(b) for 

the BFO and GFO, respectively. Using VESTA, Figure 5.1(c) illustrates a unit cell of BFO 

Figure 5.2 EDAX spectra confirming the presence and atomic percentage of different elements in the 

samples. 

Figure 5.1 (a) X-Ray Diffraction analysis of BiFeO3 and (b) Ga0.8Fe1.2O3 depicting the single-

phase nature of the samples. (c) Rhombohedral lattice structure of BiFeO3 (d) Orthorhombic 

lattice structure of Ga0.8Fe1.2O3. 
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with a single FeO6 octahedron, which determines the magnetic properties of BFO, and a 

pseudocubic lattice structure distorted along the [111]C direction, which disrupts the lattice's 

centrosymmetry and results in ferroelectricity in the sample. In addition, one GFO unit cell, 

shown in Figure 5.1(d), has four different types of cations: Ga1, Ga2, Fe1, and Fe2. Based on 

the polyhedrons that the various cations make with the close-by oxygen anions, Ga1 forms 

tetrahedrons, while Ga2, Fe1, and Fe2 form octahedrons. The placement of Ga2 ions with Fe 

ions due to the similarity in their ionic radii causes the ferrimagnetic nature of the sample, 

known as site-disorder, whereas the distortion of the unit cell is responsible for the 

observation of polarisation. This is because the Fe1, Fe2 are antiferromagnetically coupled to 

one another.  

Ga:Fe:O and Bi:Fe:O ratios as determined by the analysis are 0.80:1.17:3.47 and 

1.4:1.1:3.0, respectively,  which are near to the ideal ratios of 0.8:1.2:3 and 1:1:3, 

respectively, according to EDAX data for Ga0.8Fe1.2O3 and BiFeO3 samples shown in Figure 

5.2.  

5.3.1.2 Barium and Yttrium co-doped Bismuth Ferrite Nanoparticles 

Figure 5.3 depicts the X-Ray diffractograms of all BayBi1-x-yYxFeO3 nanoparticles with x = 

0.0 at y = 0.0 (BFO) and x = 0.0 (BaBYFO-0), 0.03 (BaBYFO-3), and 0.05 (BaBYFO-5) at y 

Figure 5.3 Room temperature XRD data of (a) BFO, (b) BaBYFO-0, (c) BaBYFO-3, and (d) BaBYFO-5 

along with the Rietveld refinement analysis. The insets depict the Williamson-Hall plots for corresponding 

sample. 
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= 0.1. All of the samples exhibit pure rhombohedral structure without any signs of secondary 

phase. The results of Rietveld refinement are summarized in Table 5.2, which shows that all 

doped samples have less volume. As a consequence of the substitution of the smaller Bi3+ 

(1.03 Å) ion with the larger Ba2+ (1.35 Å), the compressive strain decreases in the Ba2+ 

doped sample (BaBYFO-0), but rises when the Y3+ (0.9 Å) ion is introduced. The recovered 

bond angles and bond lengths, which are reported in Table 5.2, are visualized in VESTA 

using the derived refined structures. The Fe-O1-Fe angle gradually decreases as 

 

   

The EDAX spectra shown in 

confirms the presence of Bi, Fe, and O in BFO (BiFeO3), Ba, Bi, Fe, and O in BaBYFO-0 

(Ba0.1Bi0.9FeO3), Bi, Ba, Y, Fe, and O in BaBYFO-3 (Ba0.1Bi0.87Y0.03FeO3) and BaBYFO-5 

Table 5.2 - Structural parameters of BayBi1-x-yYxFeO3 nanoparticles obtained from Rietveld and Williamson-

Hall analysis of room temperature XRD data 

Sample Name Lattice 

Parameters 

Bond Length (Å) Bond Angle (o) Crystallite Size 

(nm) and strain 

BFO 

a = 5.602 Å 

c = 13.86 Å 

V = 384.57 

c/a = 2.47 

3.07 (Bi-Fe) 

2.12 (Fe-O1) 

1.94 (Fe-O2) 

2.32 (Bi-O1) 

73.3 (O1-Bi-O1) 

156.2 (Fe-O1-Fe) 

87.2 (Bi-O1-Fe) 

d = 42.98 nm 

e = -7.29x10-4 

BaBYFO-0 

a = 5.5901 Å 

c = 13.835 Å 

V = 374.411 

c/a = 2.48 

3.06 (Bi-Fe) 

2.13 (Fe-O1) 

1.96 (Fe-O2) 

2.33 (Bi-O1) 

73.64 (O1-Bi-O1) 

152.62 (Fe-O1-Fe) 

86.8 (Bi-O1-Fe) 

d = 33.16 nm 

e = -3.35x10-4 

BaBYFO-3 

a = 5.599 Å 

c = 13.726 Å 

V = 372.659 

c/a = 2.45 

3.07 (Bi-Fe) 

1.95 (Fe-O1) 

2.15 (Fe-O2) 

2.4 (Bi-O1) 

66.67 (O1-Bi-O1) 

150.63 (Fe-O1-Fe) 

89.3 (Bi-O1-Fe) 

d = 27.83 nm 

e = -2.06x10-4 

 

BaBYFO-5 

a = 5.581 Å 

c = 13.772 Å 

V = 371.521 

c/a = 2.47 

3.1 (Bi-Fe) 

2.03 (Fe-O1) 

2.07 (Fe-O2) 

2.39 (Bi-O1) 

69.2 (O1-Bi-O1) 

149.51 (Fe-O1-Fe) 

88.6 (Bi-O1-Fe) 

d = 26.5 nm 

e = -7.18x10-4 
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Figure 5.4 (a-d) depicts TEM images of BFO, BaBYFO-0, BaBYFO-3, and BaBYFO-5 respectively. 

The insets indicate the particle size distribution of the corresponding sample. 

Figure 5.5 (a, c, e, g) depicts HRTEM images and (b, d, f, h) indicates EDAX spectroscopy of BFO, 

BaBYFO-0, BaBYFO-3, and BaBYFO-5 respectively. 
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(Ba0.1Bi0.85Y0.05FeO3). The atomic and weight percentage of the elements are also in desired 

ratio as per their stoichiometry.

5.2.1.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

Figure 5.6 depicts the room temperature XRD data for all the samples 

Figure 5.7 depicts the FESEM data of all the samples at a scanning range of 1 µm. The EDAX spectra 

are also displayed along with the table containing the atomic percentages of all the elements present in 

the corresponding sample.  
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Figure 5.6 depicts the XRD data of all the prepared samples obtained at room temperature. It 

is observed that a small amount of the parasitic phases Y2Ti2O7 (PDF no.00-042-0413) is 

present in the composites, as indicated by the reflection at 30.67° which is attributed to the 

reaction between SNBT50 and YIG grains occurring at the interfaces. The FESEM images 

illustrated in Figure 5.7 confirms the presence of YIG  particles surrounded with smaller 

SNBT50 particles and separated from other YIG particles in the long-range confirming the 

formation of 0-3 particulate composites. The EDAX spectra of all samples is also studied and 

the atomic percentage of the elements present in the samples are tabulated. The 

Sr:Bi:Na:Ti:O ratio for SNBT50 as obtained from the EDAX analysis is 

0.58:0.25:0.22::1:3.28 confirming the oxygen abundance in the samples. On the other hand, 

the ratio of Sr:Bi:Na:Ti:Y:Fe:O for 0.9 (Sr0.5Bi0.25Na0.25TiO3) – 0.1 (Y3Fe5O12) and 0.8 

(Sr0.5Bi0.25Na0.25TiO3) – 0.2 (Y3Fe5O12) are 0.65:0.34:0.31:1:0.25:0.51:5.2 and 

0.57:0.45:0.35:1:0.62:1.02:6.88 respectively also confirm the enriched amount of oxygen in 

all the samples.  

5.3.2 ELECTROMAGNETIC PARAMETERS 

5.3.2.1 BiFeO3 and Ga0.8Fe1.2O3 BULK  

The frequency dependence of the samples' real (ɛ′) and imaginary (ɛ′′) components of 

complex permittivity for a frequency range of 1–18 GHz is shown in Figures 5.8(a) and 

5.8(b). In BFO, the R3c symmetry allows for the emergence of a spontaneous polarisation 

along the pseudocubic cell's c-axis or [111]C direction. It is consistent with a 

stereochemically active 6s lone pair of Bi3+ ions that the Bi, Fe, and O ions are spatially 

displaced from one another along this threefold axis, with Bi having the biggest 

displacement. Despite the fact that both Fe and Bi have a formal charge of +3, studies have 

shown that Bi has a substantially larger displacement than Fe, which increases its 

contribution to polarisation by about three times [16,17]. Since it is substantially shorter than 

other Bi-O bonds, the length of the one that runs parallel to the [111]C direction must have 

some degree of covalency. The strong covalency of the Bi-O bond along the [111]C axis, 

according to a similar observation made from the measurement of electron concentrations 

inside the unit cell, is the primary factor in the overall polarisation of BFO. According to 

research, the Ga1-O tetrahedron in GFO has a very low distortion index and an effective 

coordination number of 4, which is almost identical to that of a conventional tetrahedron. 

However, the distortion index is sufficiently high for Ga2-O octahedrons to lower the 

effective coordination number from the desired value of 6. Similar to this, the distortion is 
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substantially worse for Fe1- O and Fe2-O, leading to significantly lower effective 

coordination numbers[7,8]. This suggests that the cation is largely displaced from its central 

location for practically all oxygen polyhedrons, leading to substantial non-centrosymmetry of 

the unit cell. Therefore, the non-centrosymmetry of the unit cell and subsequently the 

polarisation is determined by the amount of central cation displacement in polyhedrons. 

Density functional theory research reveals that the interactions between Fe and oxygen ions 

are primarily ionic, while Ga1-O and Ga2-O bonds exhibit some hybridization, indicating 

covalency. As a result, it is possible to say that the bindings between oxygen ions and Fe1, 

Fe2, Ga1, and Ga2 have varying strengths and contribute in diverse ways to the total 

polarisation. The extremely distorted structure of the unit cell and the high degree of 

polarisation found in GFO are both attributed to the greater effective charge of Ga1, Ga2, 

Fe1, and Fe2 cations than the ideal value of +3. According to partial polarisation calculations, 

Ga1 and Fe1 ions make up the majority of the overall polarisation in GFO. 

Within the investigated frequency range, the Cole-Cole plot for both the BFO and the 

GFO [Figure 5.9] displays distorted semi-circular arcs that point to relaxation processes of 

Figure 5.8 Frequency dependent study (1–18 GHz) of (a) real (ε′) (b) imaginary (ε″) parts of complex dielectric 

constant and (c) dielectric loss (tan δε) (d) attenuation constant (a) of BFO and GFO samples. 
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the modified Debye type. The more bizarre aspects of the GFO plot, however, imply the 

existence of various charge carriers and multiple types of dipolar relaxation processes. 

(𝜀′ −
𝜀𝑠+𝜀∞

2
)2 + (𝜀′′) = (

𝜀𝑠+𝜀∞

2
)2                 (5.1) 

We can conclude from the preceding discussion that the primary dipolar pairings for 

the dielectric constant of BFO are between the ions Bi and O. Ga1, Fe1, and oxygen ions are 

the major dipolar pairings for GFO that contribute to greater permittivity. 

GFO comprises Ga1, Ga2, Fe1, and Fe2 cations with formal charge +3 while all four 

cations have distinct effective charges inside the  unit cell. BFO contains Bi3+ and Fe3+ 

cations with formal charge +3 but with modified effective charges. As seen in Figures 5.8(c) 

and 5.8(d), GFO comprises Ga2-O, Fe1-O, and Fe2-O octahedrons while BFO only has FeO6 

octahedrons. According to Rietveld refinement [Table 5.1], one orthorhombic unit cell of 

GFO has a volume of 419.02 Å3 and includes 8 formula units, whereas one hexagonal unit 

cell of BFO has a volume of 384.4 Å3. One unit cell of BFO has six octahedrons, whereas 

one unit cell of GFO comprises four Ga-O tetrahedrons, four Ga2-O octahedrons, four Fe1-O 

octahedrons, and four Fe2-O octahedrons. 

The type of polyhedron is a crucial consideration because it has a substantial impact 

on the effective charge of the cation residing inside the polyhedron, which plays a critical part 

in determining the strength of the dipole moments. It is doubtful that the cation within will 

contribute to the polarisation as previously discussed if the polyhedrons are symmetric, that 

is, if the cation is located precisely at the centre of the polyhedron. Although they are more 

likely to contribute to the overall dipole moment and the greater dielectric constant seen in 

Figure 5.9 Cole-Cole plot of both BFO and GFO within the studied frequency range of 1 GHz – 18 GHz 
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GFO as illustrated in Figure 5.8(a) if the cations are moved, distorting the polyhedrons and 

causing structural deformation in the unit cell. However, as dielectric relaxation occurs and 

the dipoles fall behind the field, the value falls with increasing frequency. Figures 5.8(b) and 

5.8(c) show that ɛ′′ and tangent loss are substantially higher in this sample, together with a 

broad hump in BFO compared to GFO, indicating a higher dielectric loss. 

As presented in Figure 5.8(d), attenuation constants (α) indicate the propagation of 

electromagnetic wave through a sample and is defined as, 

𝛼 =  
√2𝜋𝑓

𝑐
× √(𝜇′′𝜀′′ − 𝜇′𝜀′) + √(𝜇′′𝜀′′ − 𝜇′𝜀′)2 + (𝜇′′𝜀′ + 𝜇′𝜀′′)2              (5.2) 

 is observed to be increasing with increasing frequency, relative permittivity and 

permeability.  is found to be higher in GFO with a maximum of ~ 425 Np.m−1. 

5.3.2.2 Barium and Yttrium co-doped Bismuth Ferrite Nanoparticles 

The variation of the real (ɛ′) and imaginary (ɛ′′) components of the complex permittivity in 

the frequency range of 1-17 GHz is shown in Figures 5.10(a) and 5.10(b), respectively. After 

Ba doping, an immediate decrease in dielectric permittivity is observed. With yttrium doping 

the permittivity increases and becomes highest in BaBYFO-3. However, once the 

concentration is increased even further, the permittivity decreases once again as observed in 

BaBYFO-5.  On the other hand, as the doping concentration of both Ba and Y grows up to 

BaBYFO-3, the imaginary portion of the complex permittivity indicating the charge loss 

capability gradually declines, before increasing and reaching its maximum in BaBYFO-5. 

The inset of Figure 5.10(b) depicts that, with the exception of BaBYFO-3, all samples 

exhibit a dielectric relaxation peak at about 14 GHz. The development of defect dipoles 

between Fe3+ ions and oxygen vacancies are what causes the emergence of this relaxation 

peak[18]. Two different kinds of mechanisms are said to occur in BaBYFO-0 as a result of 

charge compensation[19]. which are 

1

2
(1 − 𝑥)𝐵𝑖2𝑂3 + 𝑥𝐴𝑂 +

1

2
𝐹𝑒2𝑂3 → 𝐵𝑖1−𝑥

3+ 𝐴𝑥
2+𝐹𝑒3+𝑂

3−
𝑥

2

2−               (5.5) 

1

2
(1 − 𝑥)𝐵𝑖2𝑂3 + 𝑥𝐴𝑂 +

1

2
𝐹𝑒2𝑂3 → 𝐵𝑖1−𝑥

3+ 𝐴𝑥
2+𝐹𝑒1−𝑥

3+ 𝐹𝑒𝑥
4+𝑂3

2−             (5.6) 

Due to the replacement of a larger Ba2+ ion (1.35 Å) in the place of a Bi3+ ion (1.03 Å), the 

c/a ratio increases [Table 5.2] which rearranges the electron density in the unit cell. On the 

other hand, the much lower electronegativity of Ba2+ (0.9 Å) compared to Bi3+ ion (2.02 Å) 
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may as well decrease the total polarization of the sample. It is previously reported that 

optimal doping of BFO with Ba2+ results in the formation of Fe4+ ions following Eq. 5.6 

which introduces ferrimagnetic nature in the material[19–22]. Therefore, it can be concluded 

that in BaBYFO-0, the formation of defect dipoles is interrupted due to the formation of Fe4+ 

ions reducing the relaxation peak at 14 GHz and decreasing the overall dielectric loss in this 

sample. After doping with a small concentration of Y3+ in BaBYFO-3, the c/a ratio decreases 

due to replacement with smaller Y3+ ions (0.9 Å). On the other hand, Y3+ having higher 

electronegativity (1.22) than Ba2+, rearranges the electron density in such a way that Bi-O 

bond length increases along with a buckling of O1-Bi-O1 bond angle, which ensures 

deformation of BiO6 octahedron. On the other hand, increased Bi-Fe bond length and Bi-O1-

Fe bond angle implies an elongation along Bi-Fe axis or [111]C direction. This distortion in 

the octahedron and non-centrosymmetric distortion along [111]C axis may result in the 

observed enhancement in the overall permittivity of the material whereas significantly 

increased εʹ is the cause behind the drastic reduction in overall dielectric loss. With higher 

doping concentration, although the distance between Bi and Fe increases, the buckling of Bi-

O1-Fe angle implies a compression along [111]C direction reducing the overall polarization. 

This may happen when the absence of lone-pairs in the replaced ions becomes a dominating 

factor and the off-centering distortion along Bi-Fe axis is reduced. The formation of defect 

dipoles is again observed in this material due to weakened Fe-O1 bond resulting in the 

reappearance of the relaxation peak at 14 GHz and high dielectric loss. 

5.3.2.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

Figure 5.11 depicts the variation in real (ɛ′) and imaginary (ɛ′) parts of the complex dielectric 

Figure 5.10 The frequency variation of the (a) real (ɛ′) and (b) imaginary (ɛ′′) part of the samples is 

depicted. The inset of (b) demonstrates the dielectric loss (tan δε) 
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permittivity of the samples. Figure 5.11 (a) depicts that with increasing concentration of YIG 

in the composite the real part of dielectric constant is increasing which can be attributed to 

the increasing interfacial polarization due to the presence of larger amount of YIG particles in 

the SNBT50 matrix. On the other hand, the imaginary part is observed to remain same for 

SNBT50 and SNBT50-10YIG samples while increasing significantly in SNBT50-20YIG 

sample. In perovskite materials, the dielectric loss observed at low frequency is attributed to 

the presence of leakage conductance, whereas the same at high frequency range is mainly 

governed by relaxation polarisation and electric conductance. Therefore, it can be concluded 

that the SNBT50-20YIG sample exhibit higher relaxation mechanisms and subjected to larger 

electric conductance. This sample also exhibits highest attenuation constant of 467.15 Np m−1 

whereas the same for SNBT50 and SNBT50-10YIG are 159.88 Np m−1 and 337.43 Np m−1 

respectively.  Although this sample has higher dielectric constant and attenuation constant, 

the high dielectric loss of this sample is detrimental to its application as MAMs. On the other 

hand, the SNBT50-10YIG sample exhibits low dielectric loss along with a stronger dielectric 

Figure 5.11 The frequency variation of the (a) real (ɛ′) and (b) imaginary (ɛ′′), and (c) attenuation constant (α) 

part of the samples is depicted 
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constant and attenuation constant than the parent sample, SNBT50, making it a promising 

microwave material for application in many technical fields. 

5.3.3 MAGNETIC PARAMETERS 

5.3.3.1 BiFeO3 and Ga0.8Fe1.2O3  

The real (µ′) and imaginary (µ′′) components of complex permeability are shown as a 

function of frequency in the 1 to 18 GHz range in Figures 5.12(a) and (b). For both samples, 

µ′ drops until a particular frequency and then nearly stays the same. At a frequency of about 6 

GHz, µ′′ is seen to have distinctive resonance peaks for both BFO and GFO. Because GFO 

has a greater magnetization due to its near-room temperature ferrimagnetism whereas BFO 

has an antiferromagnetic nature at room temperature, the permeability of GFO is significantly 

higher than that of BFO throughout the examined frequency region. The real components of 

complex permittivity (ɛ) and permeability (µ) show a material's ability to store 

electromagnetic energy, whereas the imaginary components (ɛ′′ and µ′′) show energy 

dissipation. Therefore, the larger value of real part of complex permittivity and permeability 

seen in GFO suggests a greater capacity of the material to store electromagnetic energy.  

Figure 5.12 Frequency dependent study (1–18 GHz) of (a) real (μ′), (b) imaginary (μ″) parts of 

complex permeability, (c) magnetic loss (tan δμ) and (d) 𝜇′′(𝜇′)−2𝑓−1of BFO and GFO. 
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Figure 5.12(c) depicts the frequency dependence of magnetic loss which shows that a 

broad resonance peak is seen for GFO in the higher frequency range, indicating higher 

magnetic loss in GFO than BFO. Magnetic hysteresis, eddy current loss, domain wall 

resonance, and exchange resonance are the principal sources of dynamic magnetic loss. Eddy 

current loss and exchange resonance can have a dramatic impact on the type of magnetic loss, 

even while the effects of magnetic hysteresis and domain wall resonance significantly 

deteriorates in the high frequency area due to the presence of weaker fields[23]. The 

contribution of eddy current loss to μ″ is expressed by the formula, 𝜇′′~ 2𝜋𝜇0𝜇′2
(𝑑2𝜎)𝑓, 

where 𝑑 is the thickness of the composite, 𝜎 is the electrical conductivity and 𝜇0 is the 

permeability of free space[24]. If 𝜇′′ (or 𝑡𝑎𝑛𝛿𝜇) is originated entirely from the eddy current 

loss, then the μ″(μ′)−2 𝑓 −1 curves will remain uniform with varying frequency[25]. The 

frequency variation of μ″(μ′)−2 𝑓 −1 is depicted in Figure 5.12(d) in order to understand the 

possible origins of magnetic loss in the samples. At 3.8 GHz and 3.5 GHz, respectively, a 

noticeably sharp peak for the BFO and GFO connected to the sample's magnetic resonance 

can be seen. Even though the fluctuation is greatly reduced at the higher frequency area, none 

of the curves are constant. Therefore, the cause of magnetic loss for both BFO and GFO can 

be partly attributed to the occurrence of eddy current loss at higher frequencies while being 

mostly attributable to magnetic resonance at low frequencies. 

5.3.3.2 Barium and Yttrium Co-doped Bismuth Ferrite Nanoparticles 

Figures 5.13(a) and 5.13(b) represent the real and imaginary parts of complex permeability 

versus frequency plots for all samples. The magnetic ordering in BFO is G-type 

antiferromagnetic [48], where each Fe3+ spin is surrounded by six antiparallel spins of its 

closest neighbours. However, due to magnetoelectric interaction, the spins are not entirely 

antiparallel; they form an angle to produce a weak canting moment [47]. Therefore, for an 

antiferromagnet, the ideal angle between Fe-O1-Fe angle should be 180°, but due to spin 

canting the angle is shorter. Fig. 3(g) of the main manuscript represents the Fe-O1-Fe bond 

angle for all samples where each Fe forms FeO6 octahedra with neighbouring oxygens ions. 

This buckling of Fe-O1-Fe bond angle has a crucial role in enhancing magnetic properties of 

BFO. Since the Fe-O-Fe superexchange is antiferromagnetic in nature, the buckling induces 

canting in the antiferromagnetic sublattice thus giving rise to ferromagnetic nature. It can be 

observed from the Fig. 3(g) and the data tabulated in Table I that with increasing co-doping,  
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this angle gradually reduces modifying octahedral tilting behaviour of the samples, and 

therefore inducing more canting and subsequently enhancing the magnetization [21,22].  

The superexchange mechanism also depends on the bond strength between Fe and O atoms as 

well. The shorter the bond length, the stronger the antiferromagnetic superexchange 

mechanism. Therefore, the final state of magnetisation will depend on the resultant of these 

two effects. 

Figure 5.13 Frequency dependence of (a) real (μ′), (b) imaginary (μ″) parts of complex permeability, 

(c) "(’)-2 f -1, and (d) room temperature magnetic hysteresis loop of all samples. Inset of (d) 

demonstrates the room temperature M-H hysteresis loop for Bismuth ferrite nanoparticles. (e) shows 

the two FeO6 octahedrons depicting Fe-O-Fe bond angles and Fe-O bond lengths of all samples. 
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The real part of magnetic permeability decreases with increasing frequency due to the 

inability of the magnetic dipoles to follow the increasingly changing magnetic field, as 

evident in all samples shown in Figure 5.13(a). For BFO and BaBYFO-0, the similar values 

of Fe-O bond parameters (Table 1) are the reason behind the similar frequency-dependence 

of their magnetic dipoles in an alternating magnetic field having frequency within the 

microwave range. In BaBYFO-3, the Fe-O1 bond length is smallest, while Fe-O2 becomes 

even larger (2.15 Å) than the total ionic radii of Fe3+ and O2- ions (2.13 Å) implying a weaker 

antiferromagnetic superexchange interaction. As a result, the effect of canting becomes 

dominant, increasing the overall magnetic permeability. However, in BaBYFO-5, the Fe-O1 

increases and Fe-O2 decreases becoming almost similar to each other which makes the FeO6 

octahedron an almost symmetric one. As a result, although the Fe-O1-Fe bond is smallest in 

this sample, the regained strength of antiferromagnetic superexchange interaction due to 

shorter Fe-O bond lengths reduces the overall magnetic permeability of the material. 

The magnetic loss value is similar for all samples with resonance peaks observed at 

around 7 GHz. The reason behind magnetic loss in a material can lie in magnetic hysteresis, 

eddy current loss, domain wall resonance, and magnetic exchange resonance. However, in 

such a high-frequency region with low magnetic field strength, the effect of magnetic 

hysteresis and domain wall resonance significantly reduces[23]. Therefore, the possible 

reasons behind the observed magnetic loss in the reported frequency range could be eddy 

current loss and exchange resonance. As previously mentioned, the contribution of eddy 

current loss can be established if the " (’)-2 f -1 remains independent of varying frequency 

since, the imaginary part of permeability (") entirely originates from eddy current loss, 

expressed as " ~ 20 (’)2(d2) f, where d is the thickness of the composite,  is the 

electrical conductivity and 0 is the free space permeability[26]. As can be observed from 

Figure 5.13(c), all the samples show a peak at a lower frequency indicating a loss due to 

magnetic resonance. But at higher frequency regions, BaBYFO-0 and BaBYFO-3 become 

almost invariant with changing frequency compared to BFO and BaBYFO-5. Therefore, it 

can be stated that although at lower frequency regions the magnetic loss of all samples has a 

contribution from magnetic resonance, at higher frequency (˃ 10 GHz) the magnetic loss in 

BaBYFO-0 and BaBYFO-3 has a primary contribution from eddy current loss while BFO 

and BaBYFO-5 have other contributions than only eddy current causing the observed 

magnetic loss[25]. The formation of Fe4+ ions due to charge compensation upon doping with 
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Ba2+ can as well be proved by the magnetic hysteresis loop shown in Figure 5.13(d). BFO is 

antiferromagnetic, as can be contemplated from the hysteresis loop shown in the inset of 

Figure 5.13(d). Upon doping with 10 wt.% Ba at the Bi-site shows enhanced remnant and 

saturation magnetization. But, as the doping concentration of Y3+ is enhanced keeping the 

doping concentration of Ba2+ fixed at y = 0.1, no significant change in magnetization is 

observed, attributed to no further incorporation of Fe4+ ions.   

5.3.2.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12  

Figure 5.14 illustrates the dependence of the real (µ) and imaginary (µ) part of magnetic 

permeability on frequency. It is observed that with increasing concentration of ferromagnetic 

YIG in the composite, it firstly increases for SNBT50-10YIG, but then decreases for 

SNBT50-20YIG. This reduction in magnetic permeability can be attributed to the formation 

of the nonmagnetic parasitic phase Y2Ti2O7 surrounding the magnetic YIG particles at the 

interfaces of YIG and SNBT50 grains reducing the response of magnetic spins in 

ferromagnetic YIG upon externally applied magnetic field. No significant change is observed 

Figure 5.14 Frequency dependence of (a) real and (b) imaginary part of the complex magnetic permeability. 

(c) shows the variation of "(’)-2 f -1 with changing frequency for all samples. 
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in the imaginary part of the magnetic permea bility at lower frequency region in any of the 

samples. However, the large change in the value of µ for SNBT50-20YIG at higher 

frequency region (>12 GHz) can be explained from the observation of the " (’)-2 f -1 plot. 

The almost plateau like region at higher frequency observed for SNBT50 and SNBT50-

10YIG explains that the magnetic loss in these samples are mainly governed by eddy current 

loss. For SNBT50-20YIG, the large variation at higher frequency region implies other than 

eddy current, it has significant contribution from the resonance as well.  

5.3.4 MICROWAVE ABSORPTION 

5.3.4.1 BiFeO3 and Ga0.8Fe1.2O3  

The magnetic and electric characteristics of a material are closely related to its ability to 

absorb electromagnetic waves. Among these, reflection loss (RL) enables us to comprehend 

the effectiveness of reducing the reflected waves, whilst adequate impedance matching is 

crucial for improved EM wave absorption. Equations 5.3 and 5.4 can be used to express the 

RL value in terms of electromagnetic parameters for a particular frequency and 

thickness[13,27]: 

𝑍𝑖𝑛 = 𝑍0√
𝜇𝑟

ɛ𝑟
 𝑡𝑎𝑛ℎ [𝑗 (

2𝜋𝑡𝑓

𝑐
) √𝜇𝑟𝜀𝑟]                 (5.3) 

𝑅𝐿 = 20 𝑙𝑜𝑔|(𝑍𝑖𝑛 − 𝑍0)/(𝑍𝑖𝑛 + 𝑍0)|                (5.4) 

where 𝜇𝑟 = 𝜇′ − 𝑖𝜇′′ and 𝜀𝑟 = 𝜀′ − 𝑖𝜀′′ are complex permeability and permittivity of a 

material, 𝑐 is the velocity of light, 𝑡 is the thickness of absorber composite, 𝑍0 is the complex 

impedance of free space while 𝑍𝑖𝑛 is the input impedance of the absorber.  

For various composite absorber thicknesses, the frequency dependence of reflection 

loss is shown in Figure 5.15. At a frequency of 9.89 GHz, a minimum reflection loss of -8.30 

dB is discovered for BFO at a thickness of 2 mm. The loss peak shifts from 9.89 GHz to 6.34 

GHz as the thickness increases from 2 mm to 3 mm, and the RL rises from -8.30 dB to -10.17 

dB. Another loss peak with a loss of -21.31 dB may be seen at 17.68 GHz at a thickness of 

around 3.01 mm [Figure 5.16(a)]. This peak shifts from 17.68 GHz to 11 GHz when 

thickness increases from 3 mm to 5 mm, whereas RL declines from -21.31 dB to -17.19 dB. 

The loss peak comes at 12.28 GHz with a loss of -17.84 dB at a thickness of 4.5 mm. The 

given literature for BFO agree well to these values of microwave absorption characteristics, 

such as RL, bandwidth, and frequency regions. An optimal RL of - 67.36 dB at around 6.02  
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GHz is observed for 6.2 mm absorber length of GFO, illustrated in Figure 5.16(c). |Zin/Z0| 

versus frequency graphs in Figures 5.16(b) and 5.16(d) for BFO and GFO, respectively, show 

the best impedance matching is achieved, i.e., |Zin/Z0| = 0.997, for GFO sample at 6.02 GHz 

frequency. This value for BFO is, |Zin/Z0| = 0.915 at frequency of 17.68 GHz. This 

Figure 5.15 3D plots of reflection loss (RL) of (a) BFO, (d) GFO. 4 (b) and (e) depict the plot of reflection 

loss for different size of the sample in the frequency range from 1-18 GHz. 4 (c) and (f) shows the |Zin/Z0| 

ratio vs. frequency showing |Zin/Z0| ratio is nearest to 1 for GFO sample at thickness 6.2 mm. 

Figure 5.16 3D plots of reflection loss (RL) of (a) BFO, (d) GFO. 4 (b) and (e) depict the plot of reflection 

loss for different size of the sample in the frequency range from 1-18 GHz. 4 (c) and (f) shows the |Zin/Z0| 

ratio vs. frequency showing |Zin/Z0| ratio is nearest to 1 for GFO sample at thickness 6.2 mm. 
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conclusion, which is supported by the larger attenuation (α) value found for GFO, reveals that 

GFO's superior EM wave absorption is the result of optimal impedance matching and 

sufficient dielectric and magnetic losses.  

5.3.4.2 Barium and Yttrium Co-doped Bismuth Ferrite Nanoparticles 

The 3-D graphs depicting the reflection loss for different thicknesses within the frequency 

region of 1-17 GHz are plotted in Figure 5.17, calculated using the following 

equations[13,27]: 

𝑍𝑖𝑛 = 𝑍0√
𝜇𝑟

𝜀𝑟
tanh [𝑗 (

2𝜋𝑡𝑓

𝑐
) √𝜇𝑟𝜀𝑟]                 (5.7) 

𝑅𝐿 = 20 𝑙𝑜𝑔|(𝑍𝑖𝑛 − 𝑍0)/(𝑍𝑖𝑛 + 𝑍0)|                (5.8) 

Where 𝜇𝑟 = 𝜇′ − 𝑖𝜇′′ and 𝜀𝑟 = 𝜀′ − 𝑖𝜀′′ are complex permeability and permittivity of a 

material, c is the velocity of light, t is the thickness of the composite, Z0 is the complex 

impedance of free space and Zin is the input complex impedance of the absorber. 

Figure 5.17 3D plots of reflection loss (RL) of (a) BFO, (b) BaBYFO-0, (c) BaBYFO-3, and (d) 

BaBYFO-5. 
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The minimum reflection loss is achieved in BaBYFO-3 for a composite length of 7.5 mm 

[Figure 5.18(a)] shown in Table 5.3. A minimum of -61.7 dB reflection loss is achieved for 

BaBYFO-3 at a frequency of 11.8 GHz. BFO and BaBYFO-0 are observed to possess a 

reflection loss of -38.6 dB and -36.6 dB at frequencies 7.63 GHz and 13.38 GHz respectively. 

BaBYFO-5 possesses the least reflection loss, which is also indicated by its low permittivity 

and permeability as well. As previously discussed, the Fe-O1-Fe bond angles are observed to 

decrease with increasing co-doping, but the Fe-O2 becomes largest for BaBYFO-3 sample 

leading to a reduction in antiferromagnetic superexchange interaction and increment of 

ferromagnetic interaction. Through the antiferromagnetic superexchange interaction, Fe3+ 

ions with spin-up electrons possess a magnetic vector opposite to the other. As a result of the 

energy differential between these two opposed orientations, the spins switch from one state to 

another, absorbing a substantial amount of electromagnetic energy[6]. Therefore, in addition 

to eddy current, ferromagnetic resonance explains the magnetic loss and significant 

absorption reported in BaBYFO-3 at 12 GHz. 

Figure 5.18 (a) depict the plot of reflection loss for 7.5 mm thickness of all samples, (b) shows the 

dielectric and magnetic loss of all samples for 10 GHz, 12 GHz and 14 GHz frequencies, (c) depicts the 

frequency variation of |Zin/Z0| ratio. 
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With optimized co-doping concentration, as in BaBYFO-3, the values of tan and tan also 

come closer to each other, shown in Figure 5.18(b). The capacity of this sample to attenuate 

such a great quantity of electromagnetic radiation is thus dependent on the matching 

equation, tan = tan[28].  With further increase in frequency, the tan and tan curves for 

all samples separate away from each other increasing the difference. This supports the fact 

Figure 5.19 The 3D plots of reflection loss with varying frequency and absorber length for (a) 

SNBT50, (b) SNBT50-10YIG, and (c) SNBT50-20YIG samples. 

Figure 5.20 (a) The reflection loss versus frequency plot of all samples at fixed absorber length. (b) The 

variation of |Zin/Z0| with frequency demonstrating the impedance matching of all samples. 
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that the occurrence of the highest reflection loss in BaBYFO-3 absorber of length 7.5 mm is 

observed around 12 GHz (at 11.8 GHz) where the highest matching is observed. This can be 

explained as well from the values of |Zin/Z0| obtained for different samples as shown in 

Figure 5.18(c) and listed in Table 5.3. The best values of |Zin/Z0| for the samples are observed 

to occur at frequencies corresponding to their minimum reflection loss. However, the closest 

value to 1 is observed for BaBYFO-3 (|Zin/Z0| ~ 1.0017) explaining the best impedance 

matching among all the samples.  

 

5.3.2.3 Sr0.5(Na0.5Bi0.5)0.5TiO3 – Y3Fe5O12 BULK 

The 3D plot with frequency along the x-axis, thickness of the absorber along the y-axis, and 

the reflection loss (RL) along the z-axis are shown in Figure 5.19 for all the samples. It can 

be observed from Figure 5.20(a) that the sample SNBT50 exhibits minimum reflection loss of 

-25.12 dB at a frequency of 13.72 GHz for an absorber of length 6mm. For SNBT50-10YIG, 

the reflection loss is enhanced to a value of -31.89 dB for a shorter absorber length of 5.5mm. 

For SNBT50-20YIG, however, the reflection loss has significantly deteriorated. These 

observations can be explained using the impedance matching of the samples shown in Figure 

5.20(b). The figure demonstrates that for SNBT50, SNBT50-10YIG, and SNBT50-20YIG, 

the values of |Zin/Z0| are ~1.07, 1.04, and 0.81 at a frequency 13.6 GHz, 13.2 GHz, and 8.32 

GHz respectively. It is obvious that SNBT50-10YIG has the best impedance matching at 13.2 

GHz, where the lowest reflection loss for this sample is found. The increased dielectric 

permittivity (ɛ), magnetic permeability (µ), and attenuation constant (α) of SNBT50-10YIG 

relative to its parent sample, SNBT50, explains the substantial reflection loss seen for shorter 

absorber lengths. For SNBT50-20YIG, the decrease in magnetic permeability affects its 

overall impedance matching and performance as an excellent microwave absorption material, 

despite the fact that its dielectric constant and attenuation constant are maximal at higher 

frequencies. 

Table 5.3 - Electromagnetic parameters of all samples depicting the microwave absorption loss 

Sample Name (t = 

7.5mm) 

RLmin (dB) f min (GHz) BWeff (GHz) |Zin/Z0| 

BFO - 38.13 7.48 5.97 1.039 

BaBYFO-0 - 44.49 13.38 4.54 1.018 

BaBYFO-3 - 61.67 11.8 7.02 1.0017 

BaBYFO-5 - 25.57 7.75 6.4 0.913 
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5.4 CONCLUSIONS 

In this chapter, the microwave properties of magnetoelectric gallium ferrite, barium and 

yttrium co-doped bismuth ferrite nanoparticles and a magnetoelectric composite system of 

Sr0.5Bi0.25Na0.25TiO3 (SNBT50) – Y3Fe5O12 (YIG) is studied in detail. Gallium Ferrite 

(Ga0.8Fe1.2O3) is observed to have a reflection loss of -67.36 dB for an absorber length of 

6.2mm attributed to its high dielectric constant and attenuation constant alongside an optimal 

impedance matching. Elemental substitution of Bismuth with optimised concentration of 

Barium and Yttrium in Bismuth Ferrite nanoparticles is observed to enhance the reflection 

loss of Bismuth Ferrite from -38.6 dB to -61.7 dB in a composite of length 7.5mm attributed 

to enhanced dielectric permittivity, magnetic permeability, and the best balance observed 

Table 5.4 - Microwave Absorption observed in GFO compared with some recent advancements 

 
Sl. 

No. Sample Name 
Peak 

Positions 

(GHz) 

Thickness 

(mm) 
RL (dB) 

Bandwidth 

(GHz) 

1 
NiFe2O4 nanoparticles[29] 11 2.8 -35 0.4 

2 
MnFe2O4@CFO NHS[5] 5.96 4.5 -47 2.2 

3 
BiFeO3 Nanoparticles[9] 18 5 -18 - 

4 
BiFeO3 [30] 11.5 3 -40.5 - 

5 
Bi1-xSmxFeO3 nanoparticles[31] 11.7 2 -32.9 2.6 

6 
Bi1-xLaxFeO3 nanoparticles[12] 11.5 6 -30 - 

7 
Bi1-xNdxFeO3 nanoparticles[13] 8.5 2.3 -42 3 

8 
BiCoxFe1-xO3 nanoparticles[32] 4.8 4.5 -39.74 - 

9 NiFe2O4 nanohollowspheres[26] 11.7 2 -59.2 2.82 

10 
MnFe2O4 nanohollowspheres with 

SiO2 coating[24] 
11.7 4.4 -61.02 3.1 

11 (1-x) Sr0.5Bi0.25Na0.25TiO3 (SNBT50) 

– x Y3Fe5O12 (YIG) composites 

(This Work) 

13.2 5.5 -31.89 3.92 

12 
Ga0.8Fe1.2O3 

(This Work) 
6.02 6.2 -67.36 5.23 

13 
Ba0.1Bi0.87Y0.03FeO3 Nanoparticles 

(This Work) 
11.8 7.5 - 61.67 7.02 
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between tan and tan based on the match equation tan = tan. As can be observed from 

the literature study in Table 5.4, barium and yttrium co-doping in bismuth ferrite 

nanoparticles exhibit the highest microwave absorption compared to similar doping at Bi- or 

Fe- site of bismuth ferrite, to the best of our knowledge. Gallium Ferrite, in comparison, is 

reported to have the maximum reflection loss of -67.36 dB among all magnetoelectric 

samples investigated. It also shows very high absorption compared to recently reported 

studies on ferrites [Table 5.4]. Although several composite structures have been examined 

and reported [Table 5.4] to increase microwave absorption through improved interfacial 

polarization, exchange interaction, and impedance matching, comparable investigations for 

magnetoelectric composites such as SNBT50-YIG are lacking. Not only is formation of 

multiferroic composites an excellent method to establishing strong coupling, but these forms 

are also crucial for producing stronger microwave absorption in multiferroic composites and 

need substantial research. The study on SNBT50-YIG, reported in this thesis, explores the 

formation of magnetoelectric composites with ferromagnets such as YIG, which is a very 

suitable material for high frequency applications and ensures enhancement of microwave 

absorption by tuning their interfacial polarizations and overall magnetism. In conclusion, this 

thesis reports that magnetoelectric gallium ferrite and single-phase barium and yttrium co-

doped bismuth ferrite nanoparticles are viable candidates for use as microwave absorption 

materials, whereas improvement of microwave properties by formation of SNBT50-YIG 

composites attracts further research in the field of multiferroic composites as a potential 

MAM device. 
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future studies.  
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6.1 EPILOGUE 

It is observed that the barium and yttrium co-doping at the bismuth (Bi) site of BiFeO3 (BFO) 

in the bulk morphology is responsible for a significant improvement in the grain and grain 

boundary resistances of the materials along with a reduction in conductivity which is very 

important aspect for the practical application of the materials. Stronger magnetization having 

a metamagnetic transition along with higher Neel temperature is also achieved by this doping. 

However, changing the morphology from bulk to nano further improves the magnetic 

properties of the materials eliminating the metamagnetic transition. Although no sign of 

ferroelectric domain switching was observed in the bulk form, the nano-structural form having 

lower yttrium doping concentration reports stronger domain switching. The conduction 

mechanism of the materials also largely changes from a oxygen vacancy dominated one in the 

bulk form to an electron dominated one in the nanoparticle form along with a significant 

enhancement in dielectric and magneto-dielectric properties. Further study of the similar co-

doping in the thin film structure also confirms formation of good quality film having larger 

ferroelectric domains, stronger magnetic properties supported by the observation of larger 

magnetic domains than the undoped thin film of BFO. Effect of formation of composite with 

highly resistive (1016 Ω.cm) garnet, gadolinium gallium garnet (Ga5Gd3O12), with another well-

known magnetoelectric material with strong magnetoelectric coupling, gallium ferrite (Ga2-

xFexO3) is thoroughly investigated at different synthesis conditions. A reduction in leakage by 

four order of magnitude is achieved in the materials as result of reduction in grain size. 

Enhanced grain and grain boundary resistances along with significantly reduced conductivity 

is observed in the synthesized materials due to surrounding of Ga0.8Fe1.2O3 (GFO) grains with 

highly resistive grains of Ga5Gd3O12 (GGG). The magnetodielectric study reports enhanced 

magnetodielectric coupling in the composites along with a significant effect from the modified 

magnetostriction properties of the materials caused by the grain size reduction. GGG being 

paramagnetic in room temperature, no effect of the material is observed in the composites, 

leading us to study the effect of room temperature ferromagnet as well as highly resistive (1012 

Ω.cm) garnet, Yttrium Iron Garnet (Y3Fe5O12, YIG) on the formation of composite with GFO. 

An enhancement in magnetic curie temperature beyond room temperature is achieved through 

the formation of 0-3 particulate composite between GFO and YIG, along with highly resistive 

grain and grain boundary resistances. The dielectric properties greatly improved in the 

composites, while the conductivity significantly reduced. The large enhancement in the 
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magnetodielectric properties of the composites also indicates stronger coupling between the 

magnetic and electric properties of the formed composites. Although the composites of garnets 

with gallium ferrite improves the properties from many aspects, GFO only shows 

ferroelectricity in thin film morphology and piezoelectricity in bulk morphology. This leads us 

to investigate the effect of formation of composite between YIG and a strong room temperature 

ferroelectric and diamagnetic material, solid solution of sodium bismuth titanate and strontium 

titanate (Sr0.5Na0.25Bi0.25TiO3, SNBT50). As expected, the composites exhibit magnetic 

properties due to the presence of ferromagnetic YIG. Observation of strong domain switching 

could be observed in the composites which intensified with increasing concentrations of YIG 

in the composites. The maximum applied electric field could as well be enhanced with 

increasing concentration of YIG indicating a reduced break down voltage suitable for practical 

use. Although no average magnetodielectric factor could be observed in the SNBT50 sample, 

large values of magnetodielectric factor are observed in the composites, increasing with 

increasing concentration of YIG. This observation proves the implementation of coupling 

between electric and magnetic properties by formation of ferroelectric SNBT50 and 

ferromagnetic YIG which intensifies with increasing concentrations of YIG. The microwave 

application of some of the magnetoelectric materials exhibiting high microwave absorption is 

also investigated and reported in the thesis in detail. It is observed that although the microwave 

properties of BFO is thoroughly investigated and reported over the years, another very 

significant magnetoelectric material, GFO, lacks such study. Therefore, the microwave 

application of GFO and BFO is studied in detail and the different observation of microwave 

properties based on the different structural parameters of BFO and GFO is reported. GFO is 

observed to have a reflection loss of -67.36 dB for an absorber length of 6.2mm attributed to 

its high dielectric constant and attenuation constant alongside an optimal impedance matching. 

Elemental substitution of Bismuth with optimised concentration of Barium and Yttrium in 

Bismuth Ferrite nanoparticles is observed to enhance the reflection loss of Bismuth Ferrite 

from -38.6 dB to -61.7 dB in a composite of length 7.5mm attributed to enhanced dielectric 

permittivity, magnetic permeability and the best balance observed between tan and tan 

based on the match equation, tan = tan. The SNBT50-YIG magnetoelectric composite 

exhibits a higher microwave absorption compared to its parent sample, SNBT50, due to its 

improved dielectric constant, magnetic permeability, and impedance matching. Gallium 

Ferrite, in comparison, is reported to have the maximum reflection loss of -67.36 dB among all 
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magnetoelectric samples investigated. However, the effective bandwidth (RL > 10 dB) is able 

to reach higher value (7.02 GHz) compared to that of Gallium Ferrite (5.23 GHz). As a result, 

it can be stated that magnetoelectric gallium ferrite and single-phase barium and yttrium co-

doped bismuth ferrite nanoparticles are viable candidates for use as microwave absorption 

materials. SNBT50-YIG composites have the potential for further improvement in the 

reflection loss and effective bandwidth of the material and attracts further research. 

6.2 SCOPE FOR FUTURE STUDY 

In many ferroelectric materials devoid of centrosymmetry, photovoltaic response (photovoltage 

and photocurrent) is stable in the polarization direction, i.e., the ferroelectric photovoltaic 

(FEPV) phenomenon has been observed. FEPV effect differs greatly from normal photovoltaic 

effect in semiconductor p-n junction in that the polarization electric field is the driving factor 

in FEPV devices to create photocurrent. Typically, the photovoltaic effect in ferroelectrics is 

caused by spontaneous polarization, and its photocurrent direction may be altered by the 

orientation of the polarization; this is a characteristic unique to FEPV devices.  

As a light-absorbing ferroelectric layer, the photovoltaic effects of ferroelectric oxides 

such as BiFeO3 (BFO)[1], BaTiO3[2], and LiNbO3[3] have been studied. Due to its low band 

gap (2.2-2.8 eV), strong ferroelectric polarization value exceeding 100 C/cm2, and one-of-a-

kind multiferroic capabilities at ambient temperature, the photovoltaic features of the 

ferroelectric BiFeO3 family have received considerable interest. It is known that substituting 

other elements at the A (Bi) and/or B (Fe) sites of BiFeO3 could fine-tune the microstructure 

structure or electronic band structure of this compound, which has been confirmed as a viable 

method to increase the photovoltaic output of BiFeO3 photovoltaic devices. In this thesis, we 

have studied Ba and Y co-doped BFO nanoparticles in its thin film morphology which exhibit 

good ferroelectric and magnetic characteristics. It will be extremely interesting to study the 

photovoltaic properties of this material. On the other hand, Gallium Ferrite is a less studied 

materials in the field of FEPV devices which also has a bandgap of around 2.1 eV[4], which is 

a very suitable energy band gap for the generation of photocurrent. Therefore, this material 

should be explored for the application as effective FEPV devices. 

Vertically aligned nanocomposite thin films are one very interesting morphology to 

study exhibiting enhanced magnetoelectric coupling. The composites studied in this thesis can 

be further studied after fabricating according to this morphological structure.  
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Excited at high frequency region, ferromagnetic materials display the phenomenon 

known as ferromagnetic resonance (FMR) [5]. The FMR is connected to the notion that 

perturbation of the magnetization vectors or magnetic moments / spins will result in a 

relaxation of the magnetic vector to its new equilibrium position through a precession motion. 

Ferrite materials exhibit ferromagnetic resonance when the frequency of the precession equals 

the frequency of the excitation field, which commonly happens at microwave frequencies. 

Consequently, ferromagnetic resonance devices based on soft ferrite materials are employed in 

microwave signal processing devices including resonators, band-pass / band-stop filters and 

phase shifters operating at 1 – 70 GHz. These devices need a dc magnetic bias field for 

operation and frequency adjustment. However, magnetic field tuning has drawbacks such as 

slow operation, large noise, high power consumption, and limited miniaturization. Radar and 

communication technologies demand quick and low-power frequency-switching. By 

substituting the ferrite materials with a multiferroic bi-layer composite, it is able to tune FMR 

by electric field [6]. 

On the other hand, microwave phase shifters are crucial equipment for radar 

applications, telecommunications, and phased array antenna systems. Typical phase shifters 

often use semiconductors, ferroelectrics and ferrite materials. The functionality of ferrite phase 

shifters relies on Faraday rotation of electromagnetic radiation in magnetized ferrites, which is 

problematic since it necessitates application of strong magnetic bias fields. Another operational 

mechanism of ferrite phase shifters is based on the propagation of spin waves in planar ferrites, 

which is very desirable owing to its magnetic tunability across a broad frequency range of 1 to 

26 GHz. In contrast to magnetic ferrite phase shifters, ferroelectric phase shifters are 

distinguished by rapid electric tunability, low power consumption, and very high loss at 

frequencies exceeding 5 GHz. By combining magnetic ferrite materials with ferroelectrics, it 

is feasible to create a multiferroic composite which functions as a dual phase adjustable 

microwave device and operates at frequencies far over 5 GHz. 

The multiferroic samples studied in this dissertation, namely gallium ferrite 

Ga0.8Fe1.2O3) and Ba and Y co-doped BFO nanoparticles (Ba0.1Bi0.87Y0.03FeO3) can be further 

investigated for the formation of multiferroic composites with ferromagnetic materials in two-

dimensional thin film structures for the purpose of device applications.  (1-x) 

Sr0.5Bi0.25Na0.25TiO3 (SNBT50) – x Y3Fe5O12 (YIG) composites should also be researched in 
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bi-layered thin film morphology in order to investigate the propagation of spin wave and their 

applicability as microwave resonators or phase shifters. 
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