
STUDY OF MAGNETOELECTRIC RESPONSE IN 

FERROELECTRIC AND FERRITE BASED COMPOSITES 

 
 

 

Ph.D. THESIS 

 

 

 

by 

 

 

 

 

 

 YOGESH KUMAR 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

DEPARTMENT OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY ROORKEE 

ROORKEE - 247 667 (INDIA) 

FEBRUARY, 2019 

 



STUDY OF MAGNETOELECTRIC RESPONSE IN 

FERROELECTRIC AND FERRITE BASED COMPOSITES  

 
 

A THESIS 

Submitted in partial fulfilment of the 

requirements for the award of the degree 

 

of 

 

DOCTOR OF PHILOSOPHY 

 

in 

 

PHYSICS 

  

by 

 

YOGESH KUMAR 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY ROORKEE 

ROORKEE - 247 667 (INDIA) 

FEBRUARY, 2019 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

©INDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE- 2019           

ALL RIGHTS RESERVED 

 



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE 
ROORKEE 

 
 

CANDIDATE’S DECLARATION 
 
 

I  hereby  certify  that  the  work  which  is  being  presented  in  this  thesis  entitled, 

“STUDY OF MAGNETOELECTRIC RESPONSE IN FERROELECTRIC AND FERRITE 

BASED COMPOSITES” in partial fulfilment of the requirements for the award of the Degree of 

Doctor of Philosophy and submitted in the Department of Physics of the Indian Institute of 

Technology Roorkee, Roorkee is an authentic record of my own work carried out during a period 

from July, 2013 to February, 2019 under the supervision of Dr. K. L. Yadav, Professor, 

Department of Physics, Indian Institute of Technology Roorkee, Roorkee. 

 

The matter presented in this thesis has not been submitted by me for the award of any 

other degree of this or any other Institute. 

 
                                      
(YOGESH KUMAR) 

 
This is to certify that the above statement made by the candidate is correct to the best of 

my knowledge. 
 
 
 
                                                                                                                          (K. L. Yadav)                          
                                                                                                                                  Supervisor 
 
The Ph.D. Viva-Voce Examination of Mr. Yogesh Kumar, Research Scholar, has been held on 

August 29,  2019. 

 
 
 
Chairman, SRC                                                                            Signature of External Examiner 
 
This is to certify that the student has made all the corrections in the thesis. 
 
 
 
Signature of Supervisor                                                                        Head of the Department  
 
Date:  



 
 
 



ABSTRACT 

 
          Multiferroics represents a class of multifunctional materials which exhibits several 

ferroic orders like ferroelectricity/antiferroelectricity, ferromagnetism/antiferromagnetism 

and ferroelasticity simultaneously. The prospect of the existence of cross coupling, 

generally known as magentoelelctric (ME) coupling amongst the two order parameters, 

specifically ferroelectricity and magnetism is the most exciting attribute of the 

multiferroics. The presence of ME coupling in the multiferroics permits us to control 

induced polarization and magnetization, with the help of magnetic and electric field 

respectively. ME coupling in the multiferroics allows us to exploit their uses in various 

potential applications including spintronics, magnetic field sensors, data storage etc. 

Multiferroics are divided into two categories viz. single phase and composite multiferroics. 

Several issues have to be addressed before using the single phase multiferroics in device 

applications. One is tuning of their operational temperatures because most single phase 

multiferroics exhibit ME coupling below room temperature and other is very low value of 

ME coupling associated with them. 

       In order to overcome the problems posed by single phase multiferroics, nowadays 

focus is shifted on synthesis and study of magnetoelectric composites comprising of a 

ferroelectric and ferrite phase simultaneously. The formidable progress in device 

miniaturization and their multi-functionality in late years have shifted the interest of 

science fraternity towards proliferation and development of magnetoelectric composites, 

owing to their large magnetoelectric coupling which can be exploited for use in diverse 

potential applications including data storage, high sensitivity magnetic field sensors, 

transducers etc. 

        Given the importance of magnetoelectric composite systems from specific application 

point of view and to obtain higher magnetoelectric coupling, magentoelectric composites 

comprising of piezoelectric (ferroelectric) and magnetostrictive (ferrite) phase have been 

studied. Various phenomena associated with structural, dielectric, magnetic, ferroelectric 

and magentoelectric properties of the magnetoelectric composites has to be understood for 

exploiting their use in novel multifunctional devices. In order to achieve this, it requires 

many experimental data and characterizations acquired through various possible 

techniques. Outlining the progress made so far on the study of magnetoelectric composites, 

we present in this thesis the structural, microstructural, dielectric, magnetic, ferroelectric
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and magnetoelectric properties of lead-free magentoelectric composites including 

(K0.5Na0.5)NbO3-Ni0.2Co0.8Fe2O4, (K0.5Na0.5)NbO3-CoMn0.2Fe1.8O4, (Bi0.5Na0.5)TiO3-

Co0.8Zn0.2Fe2O4, (Bi0.5Na0.5)TiO3-CoMn0.2Fe1.8O4, (Bi0.5Na0.5)TiO3-Ni0.2Co0.8Fe2O4 and 

(K0.5Na0.5)NbO3-BaFe12O19. 

        The present thesis is divided into six chapters followed by a bibliography. A brief 

summary of the work presented in each of the chapter is as under: 

        Chapter 1 contains the literature survey of the relevant work and brief introduction 

for magnetoelectric effect and its origin. It also includes brief discussion about 

ferroelectricity, magnetism, perovskite structure, spinel ferrites, classification of 

multiferroics, magnetoelectric composite systems and their applications. 

        Chapter 2 contains a brief summary of experimental techniques and tools to be 

utilized in characterization of synthesized composites. 

        Chapter 3 deals with the study of two magnetoelectric composites namely (x) 

Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 and (x) CoMn0.2Fe1.8O4-(1–x) K0.5Na0.5NbO3. In the 

first section of this chapter we have discussed about (x) Ni0.2Co0.8Fe2O4-(1–x) 

(K0.5Na0.5)NbO3 (for x = 0.0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites synthesized 

using solid state reaction method. Structural analysis has been carried out by using X-ray 

diffraction (XRD) which confirms the existence of both the constituent phases in the 

composites without any intermediate phase. Dielectric properties are studied as a function 

of temperature at three distinct frequencies (1, 5 and 10 kHz). P-E and M-H hysteresis 

loops are measured which confirms the presence of ferroelectric and magnetic ordering at 

room temperature. Magnetization vs. temperature studies provide a better insight of 

magnetic ordering in the composites. Zero field cooled curves for pure ferrite and 

composites indicate that they undergo charge ordering, metal insulator transition 

commonly known as Verwey transition around 140-145 K. Magnetoelectric coupling is 

observed in the composites and is confirmed by measuring ME voltage coefficient (αME) 

corresponding to different compositions. The highest αME is found to be 5.389 mV/cm-Oe 

for x = 0.20 composition. In the second section of this chapter, we have discussed the 

structural, dielectric, ferroelectric, magnetic and magnetoelectric properties of (x) 

CoMn0.2Fe1.8O4-(1x) K0.5Na0.5NbO3 (for x = 0.0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) 

composites synthesized using solid state reaction method. Structural and microstructural 

analysis of the composites has been carried out using XRD and field emission scanning
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electron microscopy (FE-SEM). Dielectric properties including dielectric constant ( ' ) and 

dielectric loss (tan δ) are studied as a function of temperature and found to enhance with 

addition of ferrite. M-H hysteresis loops are obtained at 300 K and 5 K and indicate the 

presence of ferromagnetic ordering in the composites. Ferroelectric properties are found to 

decrease with addition of ferrite, unlike magnetic properties which improve with ferrite 

addition. ME voltage coefficient (αME) is measured which indicates the presence of ME 

coupling in the composites. We obtained maximum αME = 5.941 mV/cm-Oe for x = 0.10 

composition. 

        Chapter 4 deals with the study of ME composites based on Bi0.5Na0.5TiO3 namely (x) 

Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3, (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 and (x) 

Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4. In the first section of this chapter we have discussed 

the (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (for x = 0.0, 0.10, 0.20, 0.30, 0.40, 0.50 and 

1.0) composites synthesized using solid state reaction method. XRD analysis confirms the 

presence of both the constituent phases in the composites. Average grain size of the 

composites is determined from FESEM micrographs and found to decrease with addition 

of ferrite. Dielectric response of the composites is measured as a function of temperature 

and frequency and found to decrease with addition of ferrite. Ferroelectric properties are 

diluted with addition of ferrite unlike magnetic properties. Impedance analysis suggests the 

negative temperature coefficient of resistance (NTCR) behaviour of the composites and 

indicates bulk and grain boundary contribution to the overall electric properties. Maximum 

αME of 7.11 mV/cm-Oe is obtained for x = 0.10 composition. In the second section of this 

chapter we have discussed about the (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x =0.0, 0.10, 

0.20, 0.30, 0.40 and 0.50) ME composites. Dielectric response of the composites is 

measured as a function of temperature and frequency and is found to decrease with 

addition of ferrite. Addition of ferrite significantly improves the magnetization but lowers 

the polarization and coercive field (EC). Impedance analysis suggests the NTCR behaviour 

of the composites. The composites exhibit room temperature ME coupling which shows a 

decreasing trend with addition of ferrite. The third section of this chapter discusses the 

structural, dielectric, magnetic and magnetoelectric properties of (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 (x = 0.30 – 0.80) composites. XRD analysis confirms the mixed spinel-

perovskite phase of the composites. Dielectric response of the composites is measured as a 

function of temperature and frequency which is found to enhance with addition of 

Bi0.5Na0.5TiO3 (BNT). The magnetic characteristics of the composites are diluted with
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addition of BNT as expected. ME coupling in the composites was found to enhance with 

BNT concentration up to x = 0.60 which exhibits highest αME of 7.538 mV/cm-Oe. 

        Chapter 5 deals with the study of novel lead-free ME composite viz. (1–x) 

(K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 0, 0.30, 0.40, 0.50 and 1.0) synthesized using hybrid 

processing route in which BaFe12O19 is synthesized using sol-gel method and 

(K0.5Na0.5)NbO3 is synthesized using solid state reaction method. FE-SEM micrograph 

asserts the existence of both the individual phases and the average grain size varies 

between 232 – 540 nm. Dielectric properties of the composites are studied as a function of 

temperature and the dielectric constant of the composites was found to decrease with 

addition of BaFe12O19. Magnetization of the composites is found to enhance with addition 

of BaFe12O19 unlike coercivity and anisotropy field which show a decreasing trend. 

Variation of magnetization with temperature is studied and gives a hint of spin glass 

behaviour in the lower temperature regime. Impedance and modulus studies of the 

composite signify the non-Debye type of relaxation in the composites and NTCR 

behaviour of the composites. ME coupling of the composites is determined by measuring 

αME and we obtained highest value of 4.08 mV/cm-Oe for composite with x = 0.30. 

        Finally, Chapter 6 presents a detailed and overall summary of the thesis work, which 

is mainly concerned with the synthesis and studies of structural, dielectric, magnetic, 

ferroelectric and magnetoelectric properties of lead-free ME composites under 

consideration. Systematic and exhaustive studies of electrical (dielectric constant and 

dielectric loss tangent), ferroelectric, magnetic and magnetoelectric properties of the 

synthesized ME composites have provided important information about the 

magnetoelectric coupling which makes the studied composites quite promising from 

application point of view. 
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Chapter 1 

Introduction 

 

1.1 General Background 

        The controllability of material properties by tailoring the composition and structure 

of materials through synthesis and processing meet under a vast umbrella, popularly 

known as Materials science and Engineering (MSE). The terms composition and structure 

respectively means the chemical makeup of the material and description of its atomic 

arrangements. The procedure of fabricating new materials or compounds from natural or 

manmade sources is known as “synthesis”. The framing of synthesized materials or 

compounds into functional constituents is known as “processing”. The correlation amongst 

synthesis, processing, structure and properties of materials are highlighted in materials 

science and transformation of these materials in practical devices comes under the scope of 

materials engineering [1]. Under the aegis of materials science the materials are divided 

into distinct group viz. metals, semiconductor, composites and ceramics. Metals comprise 

of atoms bound by delocalized electrons. Materials having the conductivity amid that of 

conductor and insulator are usually known as semiconductors. Also distinct materials or 

phases can be mixed together to form composites, comprising of distinct phases and 

exhibits the combined properties of the constituent phases. The word ceramic was derived 

from word “Keramikos” meaning pottery in Greek. It is generally a combination of at least 

two elements which may include a non metallic elemental solid and metal(s) or non 

metallic element solids which are synthesized by combined application of pressure and 

heat. Ceramic materials exhibit many interesting properties including hardness, brittleness, 

thermal and electrical insulation, chemically stable and resistant to oxidation. The oxide 

materials constitute a principal class of ceramics owing to their use in production of 

different materials viz. insulators, semiconductors, dielectrics, ferroelectrics, ferromagnets 

and magnetoresistive materials. The ceramic oxides procure huge potential for exploiting 

their use to a wide extent in multifunctional properties including electric, magnetic, 

magnetoelectric and optical properties. Figure 1.1 represents the schematic of different 

types of ceramic materials. 
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                                       Figure 1.1  Schematic of different type of ceramics   

        Functional materials execute different tasks when specific physical parameters 

including magnetic and electric field, pressure, temperature etc. interact with their innate 

medium. Some oxide materials exhibit multiple functional properties concomitantly and 

are known as “multifunctional” materials. These oxides include materials such as BiFeO3, 

YMnO3 etc. which show ferromagnetic and ferroelectric properties concurrently and doped 

ZnO, TiO2 etc. which exhibit ferromagnetic and semiconducting properties at the same 

time. Ferroelectrics are quite useful in designing of electronic components for devices. In 

order to gain multifunctionality for device operations, combination of magnetic and 

ferroelectric properties has been the eye catcher for research community in late years. A lot 

of research is being carried out for synthesis and characterization of these multifunctional 

materials for exploiting their use for technological applications in miniaturization of 

electronic devices. On these lines we are motivated to carry out the synthesis and study of 

structural, dielectric, ferroelectric, magnetic and magnetoelectric properties of composites 

comprising of ferroelectric and ferrite phase simultaneously. 
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1.2 Multiferroics 

        The multifunctional materials which comprise of two or more types of fundamental 

ferroicities viz. ferroelectricity, ferromagnetism and ferroelasticity simultaneously are 

known as multiferroics [3]. Currently, the term multiferroic is used to represent the class of 

materials which exhibit ferroelectric and magnetic (ferro-, ferri- and antiferromagnetic) 

characteristics simultaneously [4] and even ferrotoroidicity [5]. These materials entice 

reasonable interest because of their potential for use in novel applications including 

magnetoelectric random access memories [6, 7], sensors, actuators, energy harvesting, 

spintronics etc [8-11] Figure 1.2 represents the schematics of multiferroics. The 

ferromagnetic materials exhibits general hysteresis loops in applied external magnetic field 

(blue in Figure 1.2), while ferroelectric material exhibit similar hysteresis in applied 

electric field (yellow in Figure 1.2). The multiferroic materials exhibit electric response on 

application of electric field and vice versa (green in Figure 1.2) [12]. 

 

Figure 1.2  Schematic of multiferroics [12] 

        Ferroelectricity is the phenomenon in which the spontaneous electric polarization of 

the specimen can be changed through application of an electric field [13]. It is used in 

analogy with the term ferromagnetism, which was already known before the discovery of 

ferroelectricity. 
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       Ferromagnetism is the phenomenon involving spontaneous magnetization, which can 

be altered by the applying of external magnetic field and saturated along the direction of 

the external magnetic field, below critical temperature [14]. Antiferromagnetism is also 

included in the definition of multiferroics currently. Materials exhibiting 

antiferromagnetism, have ordered magnetic moments aligned in regular pattern with 

neighbours that cancel each other completely with in single magnetic unit cell. 

       Ferroelasticity is the phenomenon in which the specimen exhibits spontaneous strain 

by application of stress. When ferroelastic material is subjected to mechanical stress, a 

phase change occurs from one phase to an equally stable phase having different crystal 

structure or different orientation, resulting in a spontaneous strain in the material [15]. 

       The first recognized ferroelectric-ferromagnetic material is Nickel Iodine Boracite 

(Ni3B7O13I) [16]. After this many multiferroic boracites compounds were synthesized. The 

endeavour to combine both ferromagnetic and ferroelectric properties in single system 

initiated in 1960’s by two Russian groups: Smolenskii in St. Petersburg and Venevtsev in 

Moscow [17]. The strategy of substitution of B site d0 cations by magnetic dn cations in the 

ferroelectric perovskites was adopted for development of new ferroelectric-ferromagnetic 

compounds and with this technique new ferroelectric-antiferromagnetic “Pb(Fe1/2Nb1/2)O3” 

and ferroelectric-ferrimagnetic “Pb(Fe2/3W1/3)O3” were discovered. Two distinct 

phenomenas viz. ferroelectricity and magnetism, exist simultaneously in the multiferroics. 

The presence of cross coupling among these two ferroic orders is known as 

magnetoelectric (ME) coupling, which is of specific importance because it is the most 

fascinating facet of multiferroics. History of ME effect dates back to year 1894, when 

Pierre Curie proposed that it is viable to directionally polarize asymmetric crystalline 

material under impact of externally applied magnetic field. Dzyaloshinskii [18] 

theoretically proposed this kind of coupling in antiferromagnetic Cr2O3 in 1959. Further in 

1960, Astrov experimentally established this coupling by estimating the magnetization 

induced by externally applied electric field in Cr2O3 [19]. Rado and Folen also established 

ME coupling in in Cr2O3 by measuring electrical signals induced by magnetization in 1961 

[20]. There was dwindle in this field for next two decades because of weak ME coupling in 

all materials studied. The scenario started to change with the theoretical findings of N.A. 

Hill in the year 2000 [4]. The breakthrough in the field of multiferroics was achieved again 

with the detection of magnetism induced ferroelectricity in TbMn2O5 and TbMnO3 [21] 

and hexagonal YMnO3 [22]. The possibility of electric field control of magnetism and vice 
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versa is very crucial from application point of view as it leads to device miniaturization 

and energy efficient devices for magnetic technologies [23]. 

1.3 Coupling in Multiferroics 

        Coexistence of two distinct phenomena viz. ferromagnetism and ferroelectricity, 

where the spontaneous ordering of spin and orbital magnetic moments and of electric 

dipole moments are responsible for existence of magnetism and ferroelectricity 

respectively. This leads to the prospect of existence of cross coupling amongst these order 

parameters in multiferroics. This coupling is commonly known as Magnetoelectric (ME) 

effect and leads to additional functionality. Figure 1.3 exhibits the phase control in distinct 

type of couplings present amongst different ferroic orders of multiferroics. The control of 

electric polarization (P) by magnetic field and control of magnetization (M) by external 

electric field (represented by green arrows in Figure 1.3) is the most fascinating facet in the 

field of multiferroics. The electric polarization (P), magnetization (M) and strain (ε) are 

controlled by electric field (E), magnetic field (H) and stress (σ) respectively. 

 

Figure 1.3  The schematic picture and phase control in ferroics and multiferroics [24] 
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1.4 Magnetoelectric (ME) effect 

        The ME effect is better understood using free energy expression in Landau theory 

written in terms an applied electric field, whose ith component is represented by Ei and 

applied magnetic field with ith component Hi. In an infinite stress free and homogeneous 

medium the free energy F can be written using Einstein summation convention [25] given 

by equation 1.1 

−𝐹(𝐸, 𝐻) =
1

2
𝜀0𝜀𝑖𝑗𝐸𝑖𝐸𝑗 +

1

2
𝜇0𝜇𝑖𝑗𝐻𝑖𝐻𝑗 + 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 +

𝛽𝑖𝑗𝑘

2
𝐸𝑖𝐻𝑖𝐻𝑘 +

𝛾𝑖𝑗𝑘

2
𝐻𝑖𝐸𝑗𝐸𝑘 + ⋯               (1.1) 

First term on the right hand side represents the contribution arising from the response due 

to applied electric field, where 𝜀0 represents the permittivity of free space and 𝜀𝑖𝑗 represents 

the second rank tensor independent of 𝐸𝑖 in non-ferroic materials. The second term of 

equation (1.1) represents the magnetic analogue of first term, here 𝜇0 represents 

permeability of free space and 𝜇𝑖𝑗 is the relative permeability. The factor 𝛼𝑖𝑗 in the third 

term represents describes linear magnetoelectric coupling, which denotes the induction of 

polarization due to applied magnetic field and magnetization by applied electric field. It is 

to be noted that higher order magnetoelectric coefficients i.e. the third rank tensors 𝛽𝑖𝑗𝑘 and 

𝛾𝑖𝑗𝑘  are also possible, but not so due to their smaller magnitude than the lower order terms. On 

differentiating equation (1.1) with respect to 𝐸𝑖 and then putting 𝐸𝑖 = 0, along with respect to 𝐻𝑖 

and putting 𝐻𝑖 = 0, gives us successive order parameters for polarization and magnetization 

respectively. We obtain equations (1.2, 1.3): 

                                                            𝑃𝑖 = 𝛼𝑖𝑗𝐻𝑗 +
𝛽𝑖𝑗𝑘

2
𝐻𝑗                                               (1.2)           

and                                              𝜇0𝑀𝑖 = 𝛼𝑖𝑗𝐸𝑗 +
𝛾𝑖𝑗𝑘

2
𝐸𝑗𝐸𝑘 + ⋯                                                   (1.3) 

Moreover the ME effect is limited by the equation (1.4): 

                                                           𝛼𝑖𝑗
2 ≤ 𝜀0𝜇0𝜀𝑖𝑖𝜇𝑗𝑗                                                                  (1.4) 

This shows that large ME effect can be obtained in multiferroics which have both 

ferroelectric and ferromagnetic phases, because ferroelectrics and ferromagnetic materials 

display large permittivity and permeability respectively. Large magnetoelectric coupling 

till date has been observed in multiferroics and composites which exhibit magnetoelectric 

coupling as a product property of piezoelectric and magnetostrictive effects [26]. 

Magnetoelectric effect in the composites will be discussed later in next section. 
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1.5 Magnetoelectric Composites 

        Depending on the constituent materials, the multiferroic magnetoelectric materials are 

divided into two class viz. single phase multiferroics and composites. Naturally occurring 

single phase multiferroics exhibiting spontaneous magnetization and polarization are very 

less in number. Despite displaying intrinsic ME effect, majority of single phase 

multiferroics either exhibit feeble ME effect at room temperature or exhibit ME effect 

below room temperature. So there is a big question regarding to their applications due to 

their low critical temperatures and feeble ME coupling at room temperature, thereby 

making it necessary to invent alternative materials. This gave rise to development of 

magnetoelectric composites, produced by combining magnetic and piezoelectric materials. 

The desirable property viz. ME effect can be obtained from appropriate composition of 

magnetostrictive and piezoelectric phases or piezoelectric and piezomagnetic phases [27]. 

ME composites are drawing more interest than single phase multiferroics due to their high 

value of ME coupling. Composites may either exhibit sum or product properties [27, 28]. 

The product property is more appealing as it is missing in constituent phases, but is present 

in composites. ME effect in composites is a product tensor property which was initially put 

forward by Van Suchtelen [28]. Boomgard et al. [29] formulated some prerequisites to 

obtain higher ME coupling in the composites which include (i) both the constituent phases 

of the composites should be in equilibrium with each other, (ii) magnetostriction and 

piezoelectric coefficients of ferrite and ferroelectric phases should be high and (iii) ferrite 

phase should have high resistivity in order to avert charge leakage. The ME effect in the 

composites may be described as product of magnetostrictive (magnetic/mechanical) effect 

in a ferrite phase and piezoelectric (mechanical/electrical) effect of ferroelectric phase, 

which is a coupled electrical and magnetic phenomenon via elastic interaction. ME 

coupling is an extrinsic effect relying upon the microstructure of composites and coupling 

interaction between interfaces of constituent phases [30]. The ME effect in the composites 

is basically of two types and described by equation (1.5) 

                              Direct ME effect =
Magnetic

Mechanical
×

Mechanical

Electric
                                           (1.5 (a)) 

                           

                             Converse ME effect =
Electric

Mechanical
×

Mechanical

Magnetic
                                       (1.5 (b))
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The induction of electric polarization on application of external magnetic field is known as 

direct ME effect and vice-versa is known as converse ME effect. In direct ME effect ferrite 

phase changes its shape magnetostrictively on application of magnetic field, the strain 

produced in ferrite phase is transferred to ferroelectric phase via elastic interaction 

resulting in electric polarization due to piezoelectric effect. In converse ME effect, electric 

field induces strain in the ferroelectric phase ascribed to inverse piezoelectric effect. This 

strain is then mechanically transferred to ferrite phase, inducing a change in magnetization 

through piezomagnetic effect [31]. The mechanism of direct ME effect is described in 

Figure 1.4. 

 

           Figure 1.4  Illustration of strain mediated direct ME effect in a composite with an 

                              applied magnetic field H having magnetic layer (blue) and ferroelectric 

                                          layer (pink) [31] 

        Electrical polarization and magnetism are most important phenomena associated with 

the multiferroics, composite materials and ME effect. In the next section we will discuss 

about these electrical and magnetic properties in detail. 

1.6 Electrical Polarization 

        Electric polarization in materials arises due to arrangement of electric dipole moments 

which is determined by the crystal symmetry of a material, mainly by the lack of centre of 

inversion symmetry [32, 33]. In the following section we will discuss about the different 

classes of materials exhibiting electrical polarization. 
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1.6.1 Dielectrics 

        Dielectric material is an electrical insulator which becomes polarized with application 

of electric field. The displacement of positive and negative charges relative to each other 

produces dipole moment or polar structure [34]. The polarization in an ideal dielectric is 

independent of temperature and is linearly dependent on applied electric field. Polarization 

is reduced to zero when the applied electric field is removed. The main mechanisms for 

polarizations responsible for existence of dipole moment in a dielectric material are: 

electronic, ionic, dipolar, and space charge polarizations. 

1.6.2 Piezoelectrics 

        The materials which are polarized by application of mechanical stress in addition to 

electric field are known as piezoelectric materials. Piezoelectric effect is basically divided 

into two type viz. direct and converse piezoelectric effect. The induction of dipole moment 

on application of external stress to a piezoelectric material gives rise to direct piezoelectric 

effect [32, 35]. On the other hand, when we apply external electric field to the piezoelectric 

material a strain is induced, giving rise to converse piezoelectric effect. 

1.6.3 Ferroelectrics 

        Ferroelectric materials are insulators which exhibit spontaneous polarization in the 

absence of an external electric field. The materials possess polarization and its direction 

may be altered by application of external electric field. The polarization reversal on 

application of electric field is the main characteristic of ferroelectric materials. Presence of 

hysteresis loops for ferroelectrics unveil that for these materials the electric flux density D 

is not solely determined by applied electric field but also depends on their previous history 

as well. Generally in a macroscopic crystal the direction of spontaneous polarization is not 

the same, rather it comprises of large number of domains. The direction of polarization is 

specific in each domain, but it varies from one domain to other [37]. Figure 1.5 exhibits the 

polarization (P) vs. electric filed (E) hysteresis loop for a ferroelectric material. Initially in 

the absence of electric field the overall polarization of a ferroelectric material is zero 

because sum of vectors corresponding dipole moments of constituent domains disappear. 

When we apply external electric field to the specimen, the polarization components akin to 

the domains which are oriented in applied field direction, grow at expense of the anti 

parallel domains, consequently increasing the polarization (OA). In the region AB the 

domains which have unfavourable direction of polarization will start
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to switch along field direction with increase in magnitude of applied field and a nonlinear 

increase in polarization is observed. When all the domains of the material are oriented 

along field direction (BC) the polarization becomes saturated, thereby making the crystal a 

single domain. 

 

Figure 1.5  Schematic of P-E hysteresis loop for a ferroelectric material [37] 

Linear extrapolation of BC to zero field provides the magnitude of saturation polarization 

Ps (AP). On reducing the magnitude of the field further to zero the polarization also 

decreases but it is not zero. This remaining polarization is known as remnant polarization 

Pr (AD). For reducing the polarization to zero, electric field has to be applied in opposite 

direction. This field is known as coercive fields Ec (OF).  

1.7 Magnetism 

        Magnetism in materials arises mainly due to spin and orbital motion of electrons. 

Compounds which own partially filled d- or f- orbitals display significant magnetic 

moment. Depending on the ordering of magnetic moments the magnetic materials are 

divided into different classes which are either ferromagnetic, ferrimagnetic or 

antiferromagnetic in nature below a particular critical temperature. We will discuss the 

characteristics of different magnetic orderings in the upcoming sections. 
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1.7.1 Ferromagnetic 

        The materials which possess spontaneous magnetization in absence of magnetic field 

are known as ferromagnetic materials. Direction of magnetization can be altered by 

applying external magnetic field. The spontaneous magnetization arises due to internal 

“Weiss molecular field” of the magnetic ions. Ferromagnetic materials also comprise of 

arbitrarily oriented domains having spontaneous magnetization analogous to ferroelectrics. 

Total magnetization of the material is the vector sum of the magnetizations akin to 

constituent domains. When an external magnetic field is applied to the ferromagnetic 

material, it leads towards reorientation of magnetic domains resulting in magnetization (M) 

vs. magnetic field (H) hysteresis loop.  

 

Figure 1.6  Schematic of (M-H) hysteresis loop for a ferromagnetic material [38] 

Figure 1.6 exhibits the typical M-H hysteresis loop of a ferromagnetic material. On 

increasing the magnitude of applied magnetic field, the material gets magnetized in 

particular direction and saturation magnetization (Ms) is achieved when magnetization 

attains a highest value. The magnetization will remain finite (remnant magnetization, Mr) 

when the field is withdrawn. Therefore an extra magnetic field in opposite direction 

(coercive field, Hc) is necessary for relaxing the magnetization. 
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Figure 1.7  Arrangement of spins in ferro-, ferri- and antiferromagnetic material [39]  

1.7.2 Ferrimagnetic 

        Ferrimagnetic materials act as ferromagnets with non-zero magnetic moment in the 

absence of magnetic field. The total magnetization results from antiparallel alignment of 

dissimilar magnetic moments at different sublattices (Figure 1.7). Analogous to 

ferromagnetic material there exist a critical temperature (Tc) above which the spontaneous 

magnetization disappears and ferrimagnetic material becomes paramagnetic. 

1.7.3 Antiferromagnetic 

        The internal molecular field in the antiferromagnetic materials aligns the spin at 

adjacent sites in antiparallel direction. Consequently, no magnetization is observed 

macroscopically due to complete cancellation of spin moments. The spins can be oriented 

in antiparallel direction in distinct ways depending upon unit cell symmetry. Distinct kind 

of antiferromagnetic orderings including G-type, C-type and A-type are exhibited in Figure 

1.8. The temperature above which antiferromagnetic ordering disappears is known as Neel 

temperature (TN) and material becomes paramagnetic. 
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Figure 1.8  Different types of antiferromagnetic ordering present in materials [40] 

(a)  G-type: Here both intra plane and inter plane orderings are antiferromagnetic. 

(b) C-type: Here intra plane ordering is antiferromagnetic while inter plane ordering is 

ferromagnetic. 

(c) A-type: Here intra plane ordering is ferromagnetic while inter plane ordering is 

antiferromagnetic. 

1.8 Magnetic interactions 

1.8.1 Exchange interaction 

        These types of interactions are experienced by localized unpaired electrons. Atoms 

and ions having fixed magnetic dipoles, exhibit exchange forces due to orbital overlapping. 

It is a quantum mechanical perspective, allowing spin dependent coulomb interaction 

amidst adjacent ions. It is of two types viz. direct exchange and indirect or superexchange. 

1.8.1.1 Direct Exchange 

        If the electrons of neighbouring atoms have overlapping orbitals, they interact via 

exchange interaction. This is called as direct exchange. It is so called because there is no 

direct or indirect help from non-magnetic atoms or ions. This type of exchange interaction 

is strong in the metals where magnetic ions are very adjacent to each other.
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1.8.1.2 Superexchange or indirect exchange 

        Long range magnetic ordering is a consequence of the exchange interaction between 

magnetic moments. If adjacent magnetic moments interact with each other, then it is a 

direct exchange. If the magnetic moments interact via some midway process then it is 

called as indirect or superexchange [41]. 

1.9 Perovskites and Spinel Ferrite 

1.9.1 Perovskites 

        Perovskites are an interesting class of materials. The name comes from mineral 

CaTiO3 [42], generally known as perovskite. It was discovered by Gustav Rose in 1839 

and was named after L.A. Perovski (1792-1856), a Russian mineralogist who was the first 

person to characterize the structure. A huge number of perovskites including BaTiO3 were 

synthesized and characterized by Goldschmidt during 1924-1926 [43]. Generally, 

perovskites are solids having general formula ABO3 where A and B are cations. A is 

located at the corners of unit cell, B is at the centre of the unit cell and oxygen at the centre 

of each face of unit cell (Figure 1.9). A and B cations have different charges and in original 

perovskite (CaTiO3) A and B are divalent and tetravalent cations respectively. 

 

Figure 1.9  Structure of general ABO3 perovskite 

The perovskite structure contains smaller B cations with in oxygen octahedral form BO6 

and larger A cation are 12 fold coordinated by oxygen. Perovskites find their applications 

in various technical devices including sensors, memory devices, fuel cells etc. which is
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accomplished by doping at A and B sites. 

        Tolerance factor ‘t’, has been proposed by Goldschmidt for studying the stability of 

perovskites which allows us to estimate the degree of distortion. Relative size of both the 

cations is a major factor for the geometric and thermodynamic stability of perovskites. The 

Goldschmidt’s tolerance factor is given by equation 1.7: 

                                                         𝑡 =  
𝑅𝐴+ 𝑅𝐵

√2 (𝑅𝐵+ 𝑅𝑂)
                                                                      (1.7) 

Where RA, RB and RO are the ionic radii of cation A, cation B and O2- anion respectively. 

Magnitude of ‘t’ close to one means that the cubic perovskite structure is stable. When the 

A cation is large and t>1, the hexagonal structure is formed. It has been proposed that, a 

perovskite structure is expected to be stable for 0.88 ⩽ t ⩽ 1.09. For t = 1 we have ideal 

cubic perovskite. It has been experimentally studied by Goldschmidt that for majority of 

cubic perovskites 0.8 ⩽ t ⩽ 0.9 and in somewhat wider range for distorted perovskites 

[44]. 

1.9.2 Spinel Ferrites 

        Ferrites are mixed oxides with general formula AB2O4, where A is a divalent metal 

ion and B is Fe3+ ion. The ferrites have structure identical to ‘spinel’ mineral MgAl2O4 

[45]. A usual spinel lattice has a cubic close pack arrangement of oxygen atoms and the 

metal ions are situated in the interstices (Figure 1.10). The ordering of oxygen ions in FCC 

structure consists of 8 tetrahedral (A) sites and 16 octahedral B sites. Spinels display a 

cubic unit cell which is assumed to be made up of eight small cubes commonly known as 

formula units or octants having formula ‘A8B16O32’. Therefore each unit cell of spinel 

comprises of 32 oxide ions, 32 octahedral sites and 64 tetrahedral sites. For achieving the 

charge balance of ions it is necessary that the partial interstitial voids are to be occupied by 

positive ions. Therefore the metal ions in any stoichiometric spinel occupy only one eighth 

of tetrahedral and one half of octahedral sites [46]. The unit cell of a spinel compound 

consists of two types of octants or formula units alternately. The A type octants which are 

tetrahedrally coordinated by four oxide ions consists of A2+ ions which are situated at their 

centres in such a way that half corners of these cubes are occupied. In the unit cell of 

spinel, divalent (A2+) ions are located at the corners and face centres. Trivalent (B3+) ions 

are located at octahedral interstitial sites of B type octants in such a manner that oxide ions 

occupy half the corners trivalent ions occupy the other half. Depending on cationic
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distribution at different crystallographic sites the spinels can be divided into two classes 

viz. normal spinels and inverse spinels. Normal spinels have (A2+)(B3+)O4 as its chemical 

formula in which all divalent A ions and trivalent B ions occupy tetrahedral and octahedral 

sites respectively. Some examples of normal spinel ferrites are aluminates such as 

FeAl2O4, MgAl2O4 and some transition metal ferrites such as ZnFe2O4 etc.  

 

Figure 1.10  Structure of typical AB2O4 spinel  [47] 

Inverse spinel ferrites are generally represented using chemical formula (A2+)(B3+)2O4. The 

divalent A cations and half of trivalent B cations occupy the octahedral sites, while other 

half of trivalent B cations occupy tetrahedral sites. Majority of transition metal ferrites 

reside in this structure for eg. CoFe2O4, NiFe2O4 etc. Spinel ferrites find their use in high 

frequency, high power and high field applications for designing generators, motors and 

power transformers etc. 

1.10 Literature Review 

        Before the discovery of ME composites, the main focus of research were the single 

phase multiferroics including BiFeO3, BiMnO3, LuFe2O4, TbMnO3 etc. Out of these 

BiFeO3 is the most studied and promising single phase multiferroic because it shows 

multiferroic character above room temperature and is easily synthesized. Bhattacharya et 

al. [48-49] observed the coupling between ferroelectric and ferromagnetic order parameters 

in nanoscale BiFeO3. They also observed the presence of room temperature multiferroicity 

in LuFeO3 [50]. Nath et al. [51] also confirmed multiferroicity of BiFeO3 by studying their
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magnetic, dielectric and magnetoedielectric properties. Garg et al. [52-53] established the 

magnetoelectric coupling in GaFeO3 crystals by using dielectric and complex modulus 

analysis. Mitoseriu et al. [54] studied the multiferroic characteristics of double perovskite 

Sm2NiMnO6. They observed magnetic transitions in ZFC/FC cycle and obtained strong 

non linearity in its dielectric behaviour thereby confirming its multiferroicity. A.R. James 

et al. [55] studied the magnetic and magnetoelectric behaviour of polycrystalline four 

layered material LaBi4FeTi3O15 which belongs to the Aurivillius family of compounds and 

obtained a magnetoelectric output of 2.52 mV/cm-Oe for uni-axially pressed samples. 

Katiyar et al. [56] studied the multiferroic properties of La doped BiFeO3 and observed 

enhanced ferroelectric and ferromagnetic response with La doping. Intrinsic ME response 

have been widely studied in the single phase multiferroics. Despite displaying intrinsic ME 

effect, majority of single phase multiferroics exhibit very low ME effect at room 

temperature. It is a big hindrance regarding to their applications due to their low ME 

coupling at room temperature, thereby making it necessary to invent alternative materials. 

Therefore, multiferroic ME composites come into the picture. The huge development in the 

field of ME composites started soon after the development of ME effect as a product 

property in the composites as suggested by J. Van Suchetelene [57]. In ME composites 

mechanical connectivity is an important parameter since it involves transfer of mechanical 

deformation from one phase to the other. Depending on the types of connectivity schemes 

the composites are classified into three different categories including 0-3, 2-2 and 1-3 

connectivities. In 0-3 scheme, particles of one phase with zero connectivity to itself are 

dispersed in other phase with connectivity to itself in all directions. 2-2 scheme comprises 

of alternating layers of two individual phases. Finally 1-3 connectivity scheme comprises 

of nanopillars of one phase in a host matrix of second phase [58]. Boomgaard et al. first 

synthesized bulk ME composite of CoFe2O4 (CFO) and BaTiO3 (BT) and obtained very 

high ME voltage coefficient ( HE  / ) of 0.13 V/cm-Oe [59]. It was obtained by 

unidirectional solidification of eutectic composition in quinary Fe-Co-Ti-B-O system. 

Despite having large ME voltage coefficient but due to complexity of this unidirectional 

solidification this composite didn’t attract much attention. In 1990’s two Russian groups: 

Lisnevskaya’s [60, 61] and Newnham’s group [62] synthesized the composites comprising 

of ferrites and Pb(Zr,Ti)O3 or BaTiO3 as ferroelectric phase using conventional sintering 

process. Although these composites were synthesized easily as compared to Boomgaard et 

al. but they exhibited lower ME effect thereby suppressing the growth in this field. The 

breakthrough in this field was achieved in the year 2000 with the development of PZT
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based composites by Ryu et al. [63, 64] and PVDF by Mori et al. [65] having large ME 

effect. Majority of multiferroic ME composites initially studied, comprised of lead based 

ferroelectric phase and BiFeO3 as ferrite phase. Garg et al. [66] synthesized solid solutions 

of BiFeO3 and PbTiO3 and studied their multiferroic properties. Ranjan et al. [67, 68] 

synthesized solid solutions of BiFeO3 and Pb(Zr0.52Ti0.48)O3 and observed improved 

multiferroic properties with addition of Pb(Zr0.52Ti0.48)O3. They confirmed the 

magnetoelectric coupling in the solid solutions by measuring the variation of dielectric 

constant in presence of magnetic field indicating their small ME response. Nath et al. [69] 

studied the magentoelectric coupling of PbZr0.53Ti0.47O3-Ni0.65Zn0.35Fe2O4 multiferroic 

composites by studying their dielectric, ferroelectric and magnetic properties. Chatterjee et 

al. [70] directly measured the magnetoelectric coefficient (α) for the BiFeO3-PbTiO3 

composite with La substitution. They obtained maximum α of 0.88 mV/cm-Oe, for 50:50 

La substitution in BiFeO3. Mitoseriu et al. [72] studied the PZT-Cobalt ferrite based 

particulate composite synthesized by fast sintering process to obtain dense microstructures 

and obtained highest magnetoelectric coefficient of 1.56 mV/cm-Oe. Nath et al. [73, 74] 

observed multiferroicity in La0.7Sr0.3MnO3-ErMnO3 composites by measuring their 

ferroelectric and magnetic response and studied their magnetically tunable alternating 

current electrical properties. Chatterjee et al. [75] observed maximum magnetoelectric 

coefficient of 122 mV/cm-Oe for Mn and Zn doped CoFe2O4-PbZr0.52Ti0.48O3 particulate 

composite. Mitoseriu et al. [76] synthesized the BaTiO3-Fe2O3 core shell structure and 

studied their multiferroic properties. Shannigarhi et al. [77] studied the multiferroic 

properties of PZT-NZF composite film and obtained an improved ferroelectric response on 

poling the samples in magnetic field of 1 T indicating the presence of magnetoelectric 

coupling. The nanocomposite thin films of BaTiO3/CoFe2O4 have been synthesized by 

Zheng et al. [78]. Tan et al. [79] have synthesized (x) MgFe2O4-(1–x) BaTiO3 multiferroic 

composites by solid state reaction method. The maximum ME voltage coefficient of 50.2 

mV/cm-Oe was observed for x = 0.60 composite. The magnetodielectric (MD) effect was 

also studied by measuring the variation of dielectric constant under applied magnetic field 

of 7 kOe and MD (%) was found to be maximum for the composition with x = 0.50. Zhou 

et al. [80] synthesized the NiFe2O4-BaTiO3 ME composites using hydrothermal method. 

The observed dielectric anomaly signifies the presence of ME coupling in the composites 

which was finally confirmed from ME measurements. Juneja et al. [81] synthesized (x) 

Ni0.8Zn0.2Fe2O4-(1–x) Ba0.9Sr0.1Zr0.04Ti0.96O3 for x = 0-0.15 and obtained highest ME 

voltage coefficient of 1.6 mV/cm-Oe for x = 0.10 composition. The ME composites having 
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Ba0.8Pb0.2Zr0.8Ti0.2O3 as ferroelectric phase with Ni0.5Zn0.5Fe2O4 and Ni0.2Co0.8Fe2O4 as 

ferrite phase were syntheiszed by Bammannavar et al. [82, 83] using double sintering 

method. For both the ME composites the ME voltage coefficient was measured as a 

function of DC magnetic field. The composites show maximum ME voltage coefficients of 

536 and 698 µV/cm-Oe for 15 % Ni0.2Co0.8Fe2O4and 30 % Ni0.5Zn0.5Fe2O4 respectively. 

R.P. Tandon et al. [84] investigated (1–x) Ba0.95Sr0.05TiO3-(x) Ni0.8Co0.2Fe2O4 ME 

composites and obtained maximum ME voltage coefficient of 0.711 mV/cm-Oe for x = 

0.15 composition. C.M. Kanamadi et al. [85] investigated the dielectric and magnetic 

properties of (x) CoFe2O4-(1–x) Ba0.9Sr0.1TiO3 ME composites synthesized using 

conventional solid state reaction method and found the maximum ME voltage coefficient 

of 0.826 mV/cm-Oe for x = 0.15 composition. Hemeda et al. [86] synthesized (x) BaTiO3 -

(1–x) Ni0.8Zn0.2Fe2O4 ME composites using double sintering method. They found a shift in 

transition temperature of BT with addition of ferrite and found a maximum ME voltage 

coefficient of 2.37 mV/cm-Oe for x = 0.60 composition. The multiferroicity and ME 

properties of CoFe2O4-Pb0.7Ca0.3TiO3 composites synthesized using metallo-organic 

decomposition have been investigated by Sharma et al. [87]. Mandal et al. [88] found ME 

response of 0.35-0.60 % at 50 kHz by varying the DC magnetic field in the range 5 - 8 T in 

Co0.65Zn0.35Fe2O4-PbZr0.52Ti0.48O3 ME composites. Nath et al. [89] again investigated 

Co0.65Zn0.35Fe2O4-PbZr0.52Ti0.48O3 ME composites synthesized using microwave assisted 

process and obtained an enhanced magnetocapacitance and dielectric property and 

obtained ME response of 1.02 % at a frequency of 100 kHz at 2 T. Gupta et al. [90] have 

synthesized BaTiO3-Co0.6Zn0.4Fe1.7Mn0.3O4 ME composite and investigated their 

multiferroic properties. They obtained maximum ME voltage coefficient of 73 mV/cm-Oe 

for 50 % composition. Sodium niobate based ME composite viz. NaNbO3-NiFe2O4 was 

synthesized by Ren et al. [91] using solid state method. Observation of MD effect was 

confirmed through increase of dielectric constant in presence of magnetic field and 

maximum MD coefficient of 1.27 % was obtained. Krishnaiah et al. [92] synthesized (1– 

x) Na0.5Bi0.5TiO3-(x) CoFe2O4 particulate ME composites using solid state reaction method 

and studied the influence of mole % of CoFe2O4 on the ferroelectric, magnetic properties 

as well as on magnetostriction and piezoelectric coefficients and in turn their effect on ME 

voltage coefficient. They obtained a maximum ME voltage coefficient of 0.50 mV/cm-Oe 

for x = 0.35 composite. Kanamadi et al. [93] synthesized (x) CoFe2O4-(1–x) Ba0.8Sr0.2Fe2O4 

ME composites examined their dielectric and magnetic properties and obtained highest ME 

voltage coefficient of 0.761 mV/cm-Oe for x = 0.15 composition. Pahuja et al. [94]
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synthesized Ba0.95Sr0.05TiO3-Ni0.8Co0.2Fe2O4 ME composite system in which ferrite phase 

was synthesized using three different methods and investigated the multiferroic properties 

of the combined system. The highest ME voltage coefficient of ~ 0.720 µV/cm-Oe was 

obtained for composite system in which ferrite phase was synthesized using solid state 

reaction method. S.N. Babu et al. [95] investigated the magnetoelectric response of (1–x) 

Na0.5Bi0.5TiO3-(x) NiFe2O4 composites synthesized using sol-gel method and found an 

optimal ME response of 0.14 % for x = 0.67 composition. Kadam et al. [96] investigated 

the electrical and magnetoelectric properties of (x) Ba0.8Pb0.2TiO3-(1–x) Ni0.75Co0.25Fe2O4 

ME composites synthesized using standard ceramic method. The variation of resistivity 

and thermoemf of the composites was studied with temperature. The maximum ME 

voltage coefficient of 140 µV/cm-Oe is obtained. Kumar et al. [97] synthesized (x) 

Ni0.75Co0.25Fe2O4-(1–x) BiFeO3 nanocomposites suing sol-gel method and investigated 

their magnetoelectric properties. Addition of ferrite was found to significantly affect the 

dielectric and magnetic properties. The maximum ME voltage coefficient of 3.09 mV/cm-

Oe was obtained for x = 0.30 composition. Miah et al. [98] investigated (x)Ba0.95Sr0.05TiO3-

(1–x)BiFe0.9Gd0.1O3 multiferroic composites synthesized using conventional ceramic 

method and studied their dielectric, magnetic and magentoelectric properties. The 

frequency dependent high temperature dielectric measurements exhibit the presence of 

relaxor ferroelectric behaviour of the composites and addition of Ba0.95Sr0.05TiO3 was 

found to enhance the electrical conductivity of the composites. The maximum ME voltage 

coefficient of 1.67 mV/cm-Oe was obtained for x = 0.25 composition.  Mazumdar et al. 

[99] investigated the (1–y)Bi0.8Dy0.2FeO3-(y)Ni0.5Zn0.5Fe2O4 synthesized using solid state 

reaction method and tuned the ME coupling of the composites with addition of ferrite. 

They showed the contribution of grain and grain boundary to the total resistance using 

complex impedance spectroscopy and also showed the enhancement in magnetization with 

an increase in ferrite content. They also tuned the percentage of ferrite to obtain maximum 

ME voltage coefficient and found maximum ME voltage coefficient of 66 mV/cm-Oe for y 

= 40 % composition. Kamble et al. [100] synthesized ME composites comprising of 

BaZr0.08Ti0.92O3 as the ferroelectric phase and Co1.2-yMnyFe1.8O4 (y = 0.0-0.40) as the ferrite 

phase using conventional ceramic method. Usual dielectric dispersion was observed for the 

frequency dependent dielectric studies. They also observed the decrease in phase transition 

temperature of the ferrite phase with increase in Mn concentration. The maximum ME 

voltage coefficient of 2.34 mV/cm-Oe was obtained for 25% CoMn0.2Fe1.8O4-75% 

BaZr0.08Ti0.92O3 composition. Manjusha et al. [101] synthesized (x) Bi0.5Na0.5TiO3-(1–x)
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MgFe2O4 multiferroic composites using solid state reaction method and investigated their 

multiferroic properties and obtained strained mediated ME effect in the composites. A 

dielectric anomaly was observed in the vicinity of phase transition temperature of 

Bi0.5Na0.5TiO3. Significant decrease in the magnetic properties of the composites was also 

observed with increase of BNT content. The highest ME voltage coefficient of 4.793 

mV/cm-Oe for x = 0.80 composition. Chavan et al. [102] investigated the ME composites 

based on Ba1-xSrxTiO3 (x = 0.20 and 0.30) and Co0.9Ni0.1Fe2O4 and studied their dielectric, 

ferroelectric, magnetodielectric and magnetoelectric properties. They obtained a maximum 

value of magnetocpaciatnce -6 % for (0.20)Co0.9Ni0.1Fe2O4-(0.80)Ba0.8Sr0.2TiO3 

composition while a maximum ME voltage coefficient of 5 mV/cm-Oe is obtained for 

(0.20)Co0.9Ni0.1Fe2O4-(0.80)Ba0.7Sr0.3TiO3 composition. Rakhikrishna et al. [103] 

synthesized (x) (Na0.5K0.5)0.94Li0.06NbO3-(1–x) NiFe2O4 ME composites synthesized using 

solid state reaction involving co-precipitation and investigated their multiferroic properties. 

The effect of poling on the dielectric properties of the composites was investigated and 

they were found to decrease after poling. They also studied the magnetodielectric effect in 

the composites and obtained MD (%) coefficients of 0.8 and 1.1 for x = 0.15 and 0.20 

compositions respectively. Highest ME voltage coefficient of 2.43 x10-2 V/cm-Oe was 

obtained for x = 0.85 composition. Raina et al. [104] investigated the 0.1Ni0.8Zn0.2Fe2O4-

0.9Pb1-3x/2SmxZn0.65Ti0.35O3 ME composites and confirmed their multiferroicity by 

studying magnetic (M-H) and polarization (P-E) hysteresis loops. They obtained maximum 

ME voltage coefficient of 22.5 mV/cm-Oe for x = 0.03 composition. Zhang et al. [105] 

synthesized BaTiO3/(Ni0.5Zn0.5)Fe2O4 multiferroic composites using in-sol precursor 

hybrid processing route. They have investigated the multiferroicity of the composites by 

measuring the P-E and M-H hysteresis loops. The composites also exhibit excellent 

dielectric and magnetic properties in the wide frequency range indicating the combination 

of high permeability and permittivity in with low losses. Yu et al. [106] synthesized (1-x) 

BaTiO3-(x) (Ni0.3Zn0.7)Fe2.1O4 ME composites and analysed the effect of ferrite addition on 

dielectric behaviour of the composites. Huang et al. [107] synthesized ME composite 

comprising of Ni0.55Zn0.45Fe2.03O4 as a ferrite phase and BaTiO3 as the ferroelectric phase. 

They observed a maximum value of 1.27 % for MD coefficient and the composites exhibit 

the excellent magnetic and dielectric properties after certain amount of ferrite 

concentration was achieved. Song et al. [108] synthesized Ni0.83Co0.15Cu0.02Fe1.9O4-δ-

Na0.5Bi0.5TiO3 multiferroic composites using spark plasma sintering in addition to ball 

milling. They investigated the multiferroic properties by measuring P-E and M-H
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hysteresis loops for the composites. The composites were found to exhibit excellent 

combination of magnetization and coercivity. The composites were found to have large 

ME voltage sensitivity having maximum ME voltage coefficient of 663 mV/cm-Oe at an 

applied DC magnetic field of 5 kOe. Testino et al. [109] prepared multiferroic composites 

comprising of BaTiO3 as ferroelectric and Ni0.5Zn0.5Fe2O4 as ferrite phase by solid state 

reaction and co precipitation method and obtained higher density and uniform 

microstructures with latter process. They investigated the dielectric and magnetic 

properties indicating the presence of ME coupling in the composites and obtained a 

dilution in magnetic properties with addition of BaTiO3. The composites exhibit a 

ferroelectric – paraelectric phase transition due to BaTiO3 phase indicating the presence of 

ferroelectric order at room temperature. R.K. Kotnala et al. [110] synthesized (1–x) 

BiFeO3-(x) BaTiO3 ME composites using sol-gel method and investigated their dielectric, 

magnetic and calorimetric properties. Sol-gel method provided the large surface area 

required for effective ME coupling. They confirmed the presence of ME coupling using 

dynamic method and obtained maximum ME voltage coefficient of 2.74 mV/cm-Oe for x = 

0.10 composition. E.V. Ramana et al. [111] synthesized (1–x) Na0.5Bi0.5TiO3- (x) BiFeO3 

multiferroic composites using acetic assisted sol-gel method and studied their ME 

properties using magnetometry and piezoresponse force microscopy (PFM). PFM indicated 

an improved polarization. Magnetic studies indicated the room temperature weak 

ferromagnetic characteristics in all the compositions. Maximum ME voltage coefficient of 

9 mV/cm-Oe was obtained for x = 0.60 composition. A.S. Priya et al. [112] synthesized 

BiFeO3-BaTiO3 composites with doped BiFeO3 using solid state reaction method and 

investigated their multiferroic properties. They synthesized 0.85Bi0.95Dy0.05Fe0.98Cu0.02O3-

0.15BaTiO3 (BDFCO-BT) and 0.85Bi0.95Dy0.05FeO3-0.15BaTiO3 (BDFO-BT). They 

observed improved magnetic and ME properties as compared to undoped BiFeO3. They 

obtained maximum ME voltage coefficient of 3.2x10-3 mV/cm-Oe for BDFCO-BT 

composite. Chen et al. [113] synthesized crystalline solutions of 0.57(Bi1-xLax)FeO3-

0.43PbTiO3 for (x = 0, 0.10, 0.20 and 0.30) using solid state reaction method and studied 

their multiferroic properties. They found enhanced dielectric, magnetic and ferroelectric 

properties with La substitution. Liu et al. [114] synthesized (x) CoFe2O4-(1–x) BiFeO3 

mixed spinel perovskite nanocomposites using sol-gel method. They studied the effects of 

annealing temperature and concentration of CoFe2O4 on the magnetic and magnetoelectric 

properties of the composites. The effect of DC magnetic field and frequency of applied AC 

field on the ME coupling of the composites was also analyzed and they obtained ME
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voltage coefficient of 285 mV/cm-Oe for 0.30CoFe2O4-0.70BiFeO3 composite at applied 

field frequency of 50 kHz. 

1.11 Scope of the thesis 

        The composites based on ferroelectrics and ferrites have allured considerable 

recognition over the previous decades because of their multifunctionalities with tunable 

electric and magnetic properties. Presence of high magnetoelectricity in these multiferroic 

composites as compared to single phase multiferroics has compelled the researchers to 

shift their focus towards these composites and explore in them the ways to achieve higher 

magnetoelectricity. 

        Ferroelectric ceramics came into light circa 1940’s with the discovery of 

ferroelectricity as the source of peculiar large dielectric constant in barium titanate 

(BaTiO3) capacitors. Since then the ferroelectrics have been widely used in distinct 

applications including piezoelectric transducers, high dielectric constant capacitors, 

positive temperature coefficient devices etc. Ferroelectric materials based on two 

compounds viz. barium titanate and lead zirconate titanate, have controlled the field of 

ferroelectricity since its inception. Till date Barium Titanate is widely used in different 

applications and many multiferroic composites have been synthesized using it as their 

ferroelectric phase. On the other hand taking into account the toxicity of lead based 

compounds, their harmful effects on the human health and possibility of environmental 

pollution over their use in the long run limit their use in distinct applications. Keeping 

these facts in mind we were motivated to synthesize the multiferroic composites which 

have their ferroelectric phase other than the materials discussed above. Bismuth sodium 

titanate, (Bi0.5Na0.5)TiO3 (BNT) has ABO3 perovskite structure and is a well established 

ferroelectric material having excellent dielectric and piezoelectric properties. Potassium 

sodium niobate, (K0.5Na0.5)NbO3 (KNN) is also regarded as good prospect for ferroelectric 

ceramics. It shows large piezoelectric longitudinal response, high planar coupling 

coefficient, large remnant polarization and coercive field. 

        From the viewpoint of specific applications of the ME composites, it becomes 

necessary to understand the different phenomena related to individual ferroelectric and 

ferrite phases constituting the ME composites. To execute this, it is necessary to extract as 

many distinct experimental data possible by using different experimental techniques. 

Along the lines of advancement made till now in the field of ME composites as discussed
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in the earlier sections, this thesis discusses about the synthesis and characterizations of 

BNT and KNN based ME composites with Ni0.2Co0.8Fe2O4, Co0.8Zn0.2Fe2O4, 

CoMn0.2Fe1.8O4 and  BaFe12O19. The structural, dielectric, magnetic, ferroelectric, electric 

and magnetoelectric properties of the composites have been examined using various 

characterization techniques. 

1.12 Objectives of the present work 

        The main objective of our research work is to synthesize and perform the systematic 

characterizations in order to tune the magnetoelectric response of different lead-free 

multiferroic composites comprising of different ferroelectric and ferrite phases. 

For achieving these objectives the following steps are adopted: 

 Synthesis of (K0.5Na0.5)NbO3 (KNN) based multiferroic composites viz. 

(K0.5Na0.5)NbO3-Ni0.2Co0.8Fe2O4 and (K0.5Na0.5)NbO3-CoMn0.2Fe1.8O4  

 Synthesis of Bi0.5Na0.5TiO3 (BNT) based multiferroic composites viz. Bi0.5Na0.5TiO3-

Co0.8Zn0.2Fe2O4, Bi0.5Na0.5TiO3-CoMn0.2Fe1.8O4 and Bi0.5Na0.5TiO3-Ni0.2Co0.8Fe2O4. 

 Synthesis of Barium hexaferrite (BaFe12O19) based composites viz. BaFe12O19-

(K0.5Na0.5)NbO3. 

 Investigation and analysis of phase formation, dielectric, ferroelectric, magnetic and 

magnetoelectric properties of the synthesized multiferroic composites. 

1.13 Materials under present study 

        In the investigations presented in this thesis work, the following polycrystalline 

multiferroic composites have been synthesized and subsequently their structural, 

microstructural, dielectric, magnetic, ferroelectric and magnetoelectric properties have 

been studied. The value of x has been chosen in such a way that no structural deformation 

takes place. 

Group I 

(a) (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 where x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50 

(b) (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 where x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50
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Group II 

(a) (1–x) Bi0.5Na0.5TiO3-(x) Co0.8Zn0.2Fe2O4 where x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50  

(b) (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 where x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50 

(c) (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 where x = 0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 

0.70 and 0.80.  

Group III 

(a)     (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19where x = 0,  0.30, 0.40, 0.50 and 1.0 

1.14 Organization of the thesis 

        The thesis work is presented in six chapters followed by a bibliography. A brief 

outline of the work done chapter wise is described below. 

        The current chapter 1 consists of an introduction to the backdrop and main 

motivation along with the scope of the research work. The same is assisted by pertinent 

literature survey to set the blueprint of the thesis work. Moreover this chapter also gives a 

brief insight and fundamental aspects of ferroelectrics, perovskites and spinel structure, 

magnetoelectric coupling and multiferroics (single phase and magnetoelectric composites). 

        Chapter 2 describes the experimental techniques, principles and equipments used in 

the research work. The main experimental techniques utilized for the characterization of 

synthesized composites were X-ray diffractometer (XRD), Field emission scanning 

electron microscopy (FE-SEM), Superconducting quantum interference devices (SQUID), 

vibrating sample magnetometer (VSM), LCR meter for dielectric and complex impedance 

spectroscopy measurement, Polarization-Electric field (P-E) hysteresis loop and 

magnetoelectric coupling measurement. 

        In Chapter 3 we present a systematic study on synthesis and characterizations of two 

different magnetoelectric composites comprising of K0.5Na0.5NbO3 as their ferroelectric 

phase and Ni0.2Co0.8Fe2O4 and CoMn0.2Fe1.8O4 as ferrite phases which are discussed below: 

(i) (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 with x = 0, 0.10, 0.20, 0.30, 0.40 and 

0.50
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(ii) (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 with x = 0, 0.10, 0.20, 0.30, 0.40 and 

0.50  

         The first and second sections of this chapter deals with synthesis and characterization 

of ME composites with general formula (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 

0.10, 0.20, 0.30, 0.40, 0.50) and (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 

0.20, 0.30, 0.40, 0.50) respectively, synthesized using solid state reaction method. We have 

investigated and reported the structural, dielectric, ferroelectric, magnetic, complex 

impedance spectroscopy and magnetoelectric properties of the synthesized composites. In 

addition to this we have investigated and discussed the effect of addition of ferrite phase on 

the dielectric, magnetic, ferroelectric impedance and magnetoelectric properties of the 

synthesized composites. 

 

        Chapter 4 presents a systematic study on synthesis and characterizations of ME 

composites having Bi0.5Na0.5TiO3 as the ferroelectric phase and Co0.8Zn0.2Fe2O4, 

CoMn0.2Fe1.8O4 and Ni0.2Co0.8Fe2O4 as their ferrite phases which are discussed below: 

 

(i) (1–x) Bi0.5Na0.5TiO3-(x) Co0.8Zn0.2Fe2O4 with x = 0.10, 0.20, 0.30, 0.40 and 0.50 

(ii) (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 with x = 0.10, 0.20, 0.30, 0.40 and 0.50 

(iii) (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 with x = 0.30, 0.40, 0.50, 0.60, 0.70 and 

0.80 

        In the first, second and third section of this chapter we deal with the synthesis and 

characterizations of the distinct lead-free ME composites with general formula (1–x) 

Bi0.5Na0.5TiO3-(x) Co0.8Zn0.2Fe2O4, (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 and (x) 

Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4  respectively, synthesized using solid state reaction 

method. In the respective sections we have studied and reported the structural, dielectric, 

magnetic, ferroelectric, complex impedance spectroscopy and magnetoelectric properties 

of the respective composites. Further, we have also investigated and discussed the effect of 

ferrite or ferroelectric phases in the respective sections on the dielectric, magnetic, 

ferroelectric, impedance and magnetoelectric properties of the synthesized composites. 

 

       Chapter 5 presents a systematic study on synthesis and characterizations of ME 

composites with general formula (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 0, 0.30, 0.40, 

0.50 and 1.0) comprising of (K0.5Na0.5)NbO3 as ferroelectric and BaFe12O19 as ferrite phase 
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synthesized using hybrid processing route. We have investigated and reported the 

structural, dielectric, magnetic, ferroelectric, impedance and magnetoelectric properties of 

the syntheiszed composites and analyzed the effect of addition of BaFe12O19 on the 

respective properties. 

       Chapter 6 provides a comprehensive summary of the work done for the thesis, which 

largely deals with synthesis and organized study of structural, dielectric, magnetic, electric 

and magnetoelectric properties of lead-free ME composites under inspection. The room 

temperature structural study of lead-free ME composites based on distinct ferroelectric and 

ferrite phases have been done using powder diffraction technique and FE-SEM to confirm 

the phase purity and structure of synthesized composites. Furthermore, we performed 

organized and comprehensive studies of electrical (dielectric constant, loss, P-E loops and 

complex impedance spectroscopy), magnetic and magnetic field induced electric 

polarization (magnetoelectric) properties of abovementioned lead-free ME composites 

under inspection. These studies have provided useful insights about their multiferroic 

properties and magnetoelectric coupling. 



  

 

 
 

 



 

Chapter 2                                     
Synthesis and Characterization Techniques 
 

2.1 Introduction 

        Materials science plays a pivotal role in the development of society. Characterization 

is the major step for designing and developing the different varieties of new materials. The 

use of high purity raw materials including ceramics, polymers and composites etc. is 

necessary for chemical processing and synthesis of high technological components, 

industrial applications and research. Since nowadays particle size of the materials is 

reduced to nano regime, therefore the characterization techniques involved are to be 

employed with better resolution in order to obtain the information about the material at the 

atomic level. The studied properties of the materials depend on the range of size over 

which they are measured. While studying the bulk materials the microscopic details 

become averaged. Distinct properties of the materials including ferroelectric, mechanical 

and ferromagnetic are changed when these are measured in micrometer or nanometer range 

[115, 116]. Nanoparticles have gained interest of research fraternity because they act as a 

bridge between bulk materials and molecular or atomic structure. A bulk material exhibits 

physical properties which remain constant regardless of the size. But this is not true at 

nanoscale because the size dependent properties are generally observed. Hence, as the size 

of the material approaches to nanoscale, the number of atoms present at the surface 

becomes significant. The huge driving force for diffusion of nanoparticles is imparted by 

the large surface area to volume ratio at high temperatures. Therefore, nanoparticles can be 

sintered at low temperatures over a short period of time as compared to large particles. 

        The main aim of current thesis work is directed towards the exploration to synthesize 

and characterize magnetoelectric composite materials. So, in this chapter we will discuss 

the relevant experimental tools and techniques to be utilized for the observation made in 

the upcoming chapters. 

2.2 Synthesis Techniques 

        In this section we will discuss about the two synthesis techniques, namely solid state 

reaction and sol-gel method, which are exploited for the preparation of the different 

composites under study. A flow chart of the different stages and steps involved in the two 
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synthesis methods are shown in Figure 2.1. 

 

Figure 2.1  General Flowchart of ceramic processing 

2.2.1 Synthesis using Solid State Reaction method 

        It is the most usual method taken into account for synthesis of polycrystalline solids 

from oxides, carbonates, sulphates and other metal salts. This method is also known as 

“dry media reaction” because no solvents are used in chemical reaction. The advantage of 

this method is that due to powder reaction involved, the products have less cost. Further it 

is also eco-friendly because at the end of reaction there is no waste to eliminate as the
30 
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solvents are not involved. This method requires heat treatment given to solid reactants for 

production of new phase. The sequential steps involved in this method are discussed below 

with brief description: 

Raw materials selection 

Usually, the raw materials used in this process are generally oxides and carbonates. So, this 

process is also known as oxide mixing method. 

Weighing of raw materials 

This step involves weighing of the raw materials using electronic balance. The amount of 

raw materials to be used is obtained from the reaction formula. 

Mixing of raw materials 

After weighing the required materials in the stoichiometric proportions the mixing of these 

materials is carried out using agate mortar and pestle, which involves the breaking up of 

agglomerates and should end up with intimate mixing of constituents. 

Calcination 

After mixing the powder thoroughly the calcination is carried out to form the desired single 

phase. During the course of calcination the thermochemical reaction takes place amongst 

the constituents, giving rise to the desired phase. Generally, the calcination temperature 

should be kept high enough in order to complete the thermochemical reaction and low 

enough in order to avert any losses of the constituents. Calcination temperature is an 

important parameter because it affects the density and homogeneity of final phase. 

Binder addition and Shaping 

The pelletization of the powder is achieved by mixing 2 % polyvinyl alcohol (PVA) as a 

binder in the powder of composites. Using movable top and bottom punches dry pressing 

is carried out using hydraulic press. The granulated powder is filled in the cavity of bottom 

punch which is then compressed in form of cylindrical pellets. 

Sintering 

Sintering is done by heating the pellets up to a temperature below melting points of its 

constituents and the same results in chemical reaction between precursor materials [117].

31 
 



  Chapter 2                                                                    Synthesis and Characterization Techniques  
                 

It is done to achieve high density. It is the process of converting a ceramic green body into 

a compact solid by heating it at high temperature. Sintering comprises of mass transfer 

process which deforms the ceramic powder thereby filling inter-particle voids causing 

overall shrinkage in the sample. Sintering is basically a thermally activated process 

controlled by diffusion. Densification of the sample occurs when the atoms diffuse from 

grain boundaries to the void surface thereby filling it up. Grain boundaries are atomically 

loose and give rise to fast diffusion. Since matter is separated from grain boundaries the 

powder particles approach giving rise to densification. After sintering, the sample is 

transformed into a more dense structure in which the crystallites are joined together by 

grain boundaries. 

Electroding 

Conductive electrodes are necessary for measuring the electric properties of the samples. 

These electrodes are made by applying a layer of metallic silver made in dispersed liquid 

or in form of paste. After this the samples are sintered at 200 ºC to form a sustained 

conductive layer on the sample surface. Silver is generally used because it strongly adheres 

to the sample surface, has zero electrical resistance, excellent chemical and physical 

durability.  

2.2.2 Synthesis using Sol-Gel method 

        Sol-gel method is the widely used wet chemical technique in the area of materials 

sciences. In this method the required product materials are obtained from solution via 

gelation. It is possible to obtain unique product materials due to high homogeneity of 

constituent elements and medium preparation temperatures which is not attainable with 

other methods. This process mainly involves a transition of the material from liquid sol 

into highly viscous mass (gel). This process has a number of advantages. High purity 

materials can be synthesized due to ease of purification of liquids. Mixing takes place at 

molecular level, thereby guaranteeing good chemical homogeneity. The materials obtained 

using this process has low calcination temperature as compared to materials produced by 

solid state reaction method. This process also has some disadvantages. The raw matetrials 

used are a bit expensive. Further, due to problem of conventional drying of materials 

prepared using sol-gel process, they are not usually used for production of monolithic 

ceramics. Rather they are used for fabrication of thin films, nanopowders etc [118]. The 

major steps involved in this method are as follows: 
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Raw materials selection 

For preparation of sol the starting raw materials used are usually inorganic metal salts such 

as nitrates, acetates etc. 

Weighing 

The raw materials required are then weighed according to the amounts estimated from the 

reaction formula. 

Dissolution 

In order to form a colloidal sol, the precursors used in this process undergo a chain of 

polymerization reactions and hydrolysis. Starting with a solution of metal-organic 

compounds the production of gelled material in many cases is acquainted with network of 

polymer chains or the gel material comprising of identifiable joint colloidal particles in 

form of networks through surface forces. 

Constituent mixing and drying 

The precursor solution was stirred at 80 ºC until a gel is formed. The obtained gel was then 

dried at 100 ºC in an oven overnight to obtain the required powder. 

2.3 Tools used for Characterization of Samples 

        The organized use of various instruments for material characterizations is the main 

step in experimental research. Different techniques are employed for the characterization 

of materials. The various characterization tools and techniques used in our research work 

are given below and followed with their brief descriptions in next sections. 

(a) X-ray diffraction (XRD) for structural and phase analysis. 

(b) Field Emission Scanning Electron Microscopy (FE-SEM) for microstructural analysis. 

(c) Energy Dispersive X-ray Spectrometry for compositional analysis. 

(d) Vibrating Sample Magnetometer (VSM) and Superconducting Quantum Interference 

     Device (SQUID) for magnetic measurements. 

(e) LCR meter for capacitance measurements. 
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(f) P-E hysteresis loop tracer 

(g) Magnetoelectric coupling measurement system. 

In the following sections we have discussed the functionality of the above mentioned tools 

which are used to characterize the magnetoelectric composites under study. 

2.3.1 X-ray diffraction (XRD) 

        It is one of the most widely used, powerful and non-destructive technique for 

characterizing the crystalline materials. This method is used from long time for 

determination of crystal structure, phase analysis, lattice constants, crystallite size and 

structural imperfections in addition to other structural properties of crystalline materials. It 

is possible to identify phases in the polycrystalline bulk materials and their relative 

amounts from intensity of diffraction peaks can be determined. The standard X-ray 

diffraction patterns for many inorganic structures and minerals, have been produced by an 

organization named as J. C. P. D. S (Joint Committee on Powder Diffraction Standards). 

The X-ray diffraction phenomenon in crystals results from diffraction phenomena in which 

electrons of atoms diffract the X-rays without changing its wavelength [98]. X-rays are 

electromagnetic radiations discovered by Roentgen in the year 1895. Their exact nature 

was established in the year 1912, when X-ray diffraction phenomena in crystals was 

discovered by Max Van Loue [119]. When an electromagnetic radiation falls on a periodic 

structure having the length scale of the order of its wavelength then diffraction phenomena 

is observed. To generate the diffraction conditions in an easy way W. H. Bragg and W. L. 

Bragg devised a model in 1912 [120]. They proposed that crystal lattice comprises of 

different sets parallel rows of atoms. The wavelength of X-rays with photon energies lying 

in the range 3–8 keV corresponds to interatomic distances in crystals. Therefore, when the 

crystal lattice is irradiated with X-rays then atoms scatter such rays in all the viable 

directions. In certain directions the scattered rays can be completely in the same phase 

thereby giving rise to constructive interference (Figure 2.2), while in certain other 

directions they will be entirely out of phase resulting in destructive interference. The 

condition for constructive interference when a beam of monochromatic X-rays fall on a 

crystal lattice is governed by Bragg’s law [120]: 

                                                             2d sinθ = nλ                                                          (2.1) 

Where λ is the wavelength of X-rays used, n is an integer exhibiting the order of diffraction
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Figure 2.2  Schematic diagram of diffraction of X-rays from parallel planes in crystal 

d is the interplanar spacing and θ is the Bragg’s angle which is defined as the angle 

between incident ray and scattering plane. The Bragg’s law for X-ray diffraction is shown 

in Figure 2.2. 

Operating method of X-ray diffractometer 

        The powder diffraction technique is adopted in the investigations for structural 

characterization and phase analysis. Bruker D8 Advance powder diffractometer using 

CuKα radiation of wavelength λ = 1.54056 Å, operating at 40 kV and 30 mA has been used 

for the present analysis (Figure 2.3). 

 

Figure 2.3  Bruker D8 Advance powder X-ray diffractometer
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The X-ray diffractometer shows a geometry in which the sample is rotated in the path of 

collimated X-ray beam at an angle θ, however the detector used to collect the diffracted X-

rays rotates at an angle 2θ. The instrument which is employed in the rotation of sample to a 

precise angular position is known as goniometer. The orientation of setup is made in such a 

way that the beam incident at an angle θ with respect to lattice plane is collected at an 

angle 2θ when reflected. This scan is generally known as θ-2θ scan which is shown in 

Figure 2.4. Proportional counter or scintillation counter is used as X-ray detector to 

measure the diffracted beam positions in powder diffractometer. 

 

Figure 2.4  Schematic diagram of X-ray diffractometer 

        The crystallographic information is obtained by evaluating d values and indices of 

reflection (hkl). Whether the sample is in pure form or it is present as one of the 

constituents in a mixture, the characteristic diffraction pattern can always be obtained. The 

obtained X-ray diffraction pattern is characterized by a set of relative intensities (I) and 

peak positions (2θ). The material’s crystallinity can be analysed from peak intensities and 

cell parameters are evaluated from peak positions. Every peak obtained in the diffraction 

pattern has its own indices. The information about location of planes in the crystal lattice is 

presented by peak positions and corresponding d spacing. 

2.3.2 Field Emission Scanning Electron Microscopy (FE-SEM) 

        Scanning electron microscopy is a powerful technique to examine and analyze the 

surface morphology and chemical composition. Electron beam is produced at the top of 
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microscope by heating the metallic filament. This electron beam follows a vertical path, 

which is focussed and directed by electromagnetic lenses through column of microscope. 

When this electron beam is allowed to fall on the specimen, it undergoes a number of 

interactions with the electrons of atoms inside the specimen. These interactions may be 

either elastic or inelastic. In elastic scattering the electrons of the incident beam are either 

deflected either by the similar energy electrons of the outer shell or atomic nucleus. 

Electrons scattered elastically loose no energy and only their direction is changed. The 

electrons scattered at an angle more than 90º are known as “back scattered electrons” 

(BSE). When the scattering is inelastic a considerable amount of energy is transferred to 

the atoms of the specimen from the primary electron beam in distinct ways. This 

transferred energy may lead to several processes including excitation of free electrons, 

ionization or excitation of bound electrons or heating of the specimen [121]. As a result 

number of signals are produced which comprise of secondary electrons, Auger electrons, 

characteristic X-rays emission, cathodoluminescence and photons of different energies. 

These different signals are used to study the different characteristics of the specimen. The 

major interactions occurring when an electron beam strikes the sample surface are shown 

in Figure 2.5. 

 

Figure 2.5   Schematic diagram showing various interactions of an electron beam with 

specimen 
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Field emission scanning electron microscope (FE-SEM) is much better than traditional 

scanning electron microscope (SEM) because the emission gun provides better spatial 

resolution up to 1.5 nm (3-6 times greater in comparison to traditional SEM). In FE-SEM a 

high voltage is applied between the pointed cathode and (made using single crystal 

tungsten wire having diameter of tip between 100 to 1000 Å) and a plate anode, which 

allows current to flow. A very large vacuum is necessary for field emission because the 

work function of the metal could be affected by the adsorbed gases. The block diagram of 

FE-SEM is shown in Figure 2.6 (a) 

 

Figure 2.6     (a) Schematic diagram of scanning electron microscope and (b) Carl Zeiss   

Ultra Plus model of FE-SEM 

The electrons get accelerated by an applied voltage in the range of some hundred volts to 

50 kV and are aimed at the center of an electrical optical column. The divergent electron 

beam is focussed into a very fine focal spot size electron beam using condenser lens and is 

allowed to fall on the sample, then it is made to scan the surface in the raster form with the 

help of deflection system. Each point on the sample where the electron beam falls on the 

sample gives rise to emission of secondary or back scattered electrons which are then 

collected by the detector. The collected electrons are converted to signals by the detector 

which is then send to viewing screen thereby producing image analogous to an ordinary 

television. The samples which have higher atomic number produce secondary electrons in 

a large number thereby giving rise to images having higher intensity. 
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In the present research work field emission scanning microscope (Carl Zeiss Ultra Plus 

model) (Figure 2.6 (b)) with resolution ˂ 0.8 nm @ 30 kV- High vacuum and up to 

100,000X magnification, accelerating voltage  ̴ 200 V-30 kV and maximum probe current ̴ 

100 nA (2 pA-110 nA) is  used to study the morphology of the materials. 

2.3.3 Energy Dispersive X-ray Spectrometry (EDX) 

         EDX attached with FE-SEM is an analytical tool which is used for chemical 

characterization of the specimens. EDX spectrum exhibits the peaks akin to energy levels 

which emit maximum X-rays. Each of these peaks corresponds to single element and is 

unique to an atom. The intensity and energy analysis of emitted X-rays is carried out, 

where the intensity signifies how much an element is present in a specimen and energy 

signifies the element which emits it. The intensity of the peak in the spectrum is 

proportional to the concentration of element in the specimen. The X-ray spectrum emitted 

by a solid specimen is detected using a detector which comprises of silicon chip with 

diffused with lithium ions on which Au layer has been evaporated to make thin contacts. 

The X-rays emitted from the specimen reach to the detector through a collimator and 

confirms that only those X-rays are taken into account which comes from the area that 

interacts with electrons and other stray X-rays are excluded. The X-rays emitted from the 

specimen enter the semiconductor Si crystal in which Lithium is drifted to compensate the 

minor levels of impurities. In the EDX detectors, Si (Li) was the first materials used [119]. 

It is the most common material used till date. This detector converts particular energy of 

X-rays into electric charge of proportional size through ionization. The X-rays entering the 

detector create large number of electron-hole pair due to absorption of energy. Each X-ray 

reduces its energy by ionizing silicon atoms and producing the photoelectrons. Each 

ionization requires 3.8 eV of energy. Therefore number of electrons and ionized Si atoms 

produced are equal to X-ray energy divided by 3.8. A high bias voltage is applied between 

electrical contacts on the front and back face of the crystal to collect the electrons. The 

collection of electrons gives rise to a charge signal proportional to incident X-ray energy. 

This charge signal is then converted into voltage by using integrated field effect transistor 

preamplifier. EDX detectors are designed for conversion of X-ray energy into voltage 

signal as accurate as possible. In the present work EDX attached to FE-SEM (Carl Zeiss 

Ultra Plus model) procured from Carl Zeiss company, Germany was used to study the 

chemical composition of the materials. 
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2.3.4 Vibrating Sample Magnetometer (VSM) 

        VSM was introduced by S. Foner [122]. It is the simple and effective technique for 

determining the magnetic moment of the magnetic materials. The magnetic properties are 

determined by VSM according to applied magnetic field and temperature. VSM usually 

can measure magnetic moment up to 5 x 10-5 emu. VSM works on Faraday’s law of 

electromagnetic induction, in which a time varying magnetic flux induces an e.m.f in a 

conductor [123]. By measuring the induced e.m.f we can get information about change in 

magnetic field. Here sample is kept in a uniform magnetic field produced amidst poles of 

electromagnet. The specimen gets magnetized in the presence of fixed magnetic field by 

aligning the individual magnetic spins or domains in the field direction. This induces a 

dipole moment which is proportional to product of applied field and susceptibility of the 

specimen. A magnetic stray field is created because of the induced magnetic moment. The 

specimen is then made to undergo sinusoidal motion at small constant amplitude, which 

changes the stray magnetic flux as a function of time, thereby inducing an electrical signal 

in the stationary coils (Figure 2.7). This signal produced is proportional to magnetic 

moment, amplitude and frequency of vibration. 

 

 

 

 

 

 

Figure 2.7  Schematic diagram showing working principle of Vibrating sample 

magnetometer [123] 

The voltage V (t) induced at a point r inside the detection coils as a result of changing 

magnetic field 𝜕𝜕𝜕𝜕(𝑡𝑡) [123] is given by equation (2.2): 
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Where A is the area vector of a single turn of the coil summed over n turns. Furthermore 

V(t) is a measure of magnetic moment of the specimen. 

        Figure 2.8 (a) exhibits the block diagram of VSM [124]. The specimen under 

observation is inserted in the sample holder placed amidst poles of electromagnet. The 

signal obtained from the lock in amplifier is directly proportional to the magnetic moment 

of the specimen. A set of pickup coils is placed in the vicinity of the specimen amidst the 

magnetic poles. The sample holder is organized with the help of sample rod in a transducer 

assembly which passes through the centre of driving coil. A permanent magnet is also 

connected to sample holder. The power amplifier drives the transducer which is controlled 

by an oscillator. A vibration exciter is connected to the sample holder rod. 

 

Figure 2.8  (a) Block diagram of Vibrating sample magnetometer [124] and (b) Setup of 

                    Vibrating sample magnetometer 
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The specimen is moved sinusoidally at a frequency of 85 Hz and is restricted to vibrate 

only in vertical direction. As the sample vibrates, a pair of stationary coils picks up the 

induced ac signal. The output of sample coil is fed to the differential input of the lock in 

amplifier and its reference input comes from the sine wave oscillator. The signal obtained 

from the lock in amplifier is directly proportional to the magnetic moment of the specimen. 

The signal of pure Ni standard placed in the saddle point is used for calibration of VSM 

because magnetic moment of Ni is known. Figure 2.8 (b) shows setup of VSM used to 

measure magnetic properties of the samples under study.  

2.3.5 Superconductiong Quantum Interference Device (SQUID) 

        SQUID is the world’s most sensitive instrument to detect the magnetic flux. It can 

detect small magnetic moment of the order of 10-9 emu. It takes into account the 

phenomenon of flux quantization [125] and Josephson tunnelling. SQUID magnetometers 

are of two types: radio frequency (RF) SQUID and direct current (DC) SQUID. RF 

SQUID is based on one Josephson junction and are less sensitive for detection of magnetic 

moments. However, DC SQUID is based on two Josephson junctions, therefore they are 

highly sensitive and can measure weakest magnetic signals. To understand the mechanism 

of SQUID it is necessary to understand the theory of flux quantization and Josephson 

junction. The basis of great sensitivity of SQUIDs is the measurement of change in 

magnetic field associated with one flux quantum. One important fact linked with 

Josephson junction was that in a closed superconducting loop the flux is quantized in units 

of flux quantum ϕ0 = ℎ
2𝑒𝑒
≈ 2.07 × 10−15 𝑊𝑊𝑊𝑊, where e is electron’s charge and h is the 

Planck’s constant [126]. 

Josephson junction: The current in superconductors is carried by pairs of electrons known 

as Cooper pairs. Cooper pair is generally a pair of electrons which have opposite spins and 

are bound together. Each pair is considered as a single particle having mass and charge 

twice of the single electron. Electrons in the normal conductors get scattered and have 

short wavelength, while in case of superconductors the Cooper pairs are not scattered and 

their wave functions remain coherent over large distances. Each Cooper pair can be 

represented by wavefunction having form φ = φ0e2πi(p.r)/h .     p being the net momentum of 

the pair having its center of mass at ‘r’. All electrons have same wavelength and uniform 

current density and a single wave of same wavelength is produced by superposition of 

these coherent waves. Thus all the electron pairs can be represented by a single wave
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function of the form ψp = ψe2πi(p.r)/h ,   the electron pairs in two superconducting regions 

will have unrelated phases if these regions are isolated. But if the regions are brought 

together the electron pairs will tunnel across the gap and there will be coupling between 

two electron pair waves. The coupling strength increases with decrease in the separation. 

B. D. Josephson argued that a superconducting current is carried by electron pairs 

tunnelling across the gap which is known as “Josephson tunnelling” [127]. The 

superconductors separated by a weak link is known as “Josephson junction” (Figure 2.9).  

Usually the layer is insulating in nature. The Cooper pairs can tunnel quantum 

mechanically through the barrier without breaking up the pair and forms supercurrent if the 

layer is thin enough. The current flowing through the junction in absence of applied 

voltage is known as DC Josephson effect. If the voltage is applied across the junction the 

Josephson junction will oscillate with a frequency which is proportional to the voltage 

across the junction. This effect is commonly known as AC Josephson effect. 

 

Figure 2.9  Schematic representation of a Josephson junction 

        Usually the SQUID comprises of two Josephson junctions (DC SQUID) as shown in 

Figure 2.10 (a) connected in parallel and form a ring with two weak links. The magnetic 

coil placed in the interior of the ring produces the flux across the loop. In the absence of 

magnetic field the current is divided evenly between the two junctions and the phase 

difference among the junctions is same. When the magnetic field is applied the phase 

difference no longer remains the same. The current flowing across the junction due to 

phase difference between the phases 𝜑𝜑1 and 𝜑𝜑2 [128] is given by equation 2.3: 

                                                𝐼𝐼 = 𝐼𝐼𝑐𝑐  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆                                                                                    (2.3) 

where IC is the critical current flowing across the junction and 𝑆𝑆 = 𝜑𝜑1 − 𝜑𝜑2 is the phase 

difference. The SQUID is operated at constant biasing current greater than IC. The periodic 

relation between voltage and applied magnetic flux is having a period of one flux measured 
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measured voltage oscillates with the changes in phase at the two junctions if a fixed 

biasing current is maintained, which further depends on the change in magnetic flux. The 

quantum ϕ0 is shown in Figure 2.10 (b). The subsequent flux change can be evaluated by 

counting oscillations. For the present research work measurements are done using 

Qunatum Design Evercool XL DC SQUID magnetometer (Figure 2.11) having 

temperature range for the measurement from 4 K – 400 K and sensitivity  ̴  10-8 emu. 

 

Figure 2.10  (a) Schematic of DC SQUID and (b) Periodic relationship between voltage 

                      across the SQUID and the applied magnetic flux having a period of one 

                      flux quantum ϕ0, where ϕ𝑎𝑎 = 𝑆𝑆ϕ0 [128] 

 

 

Figure 2.11  Quantum Design MPMS Evercool with integrated Cryocooler Dewar system
44 

 



  Chapter 2                                                                    Synthesis and Characterization Techniques  
                 

2.3.6 LCR Meter 

        LCR meter is used to compute the inductance (L), capacitance (C) and resistance (R) 

of a specimen. Impedance measurement is carried out internally by LCR meter and the 

corresponding values of inductance and capacitance are displayed. LCR meters based on 

“alternating current (AC) bridges” are of major importance for calculation of inductance, 

capacitance, resistance and dissipation factor. AC bridges are an improved version of 

Wheatstone bridge comprising of a detector, which is sensitive to tiny alternating potential 

differences and a source of excitation. Schering bridge is one type of AC bridge which is 

commonly used for measurement of unknown capacitance and its dissipation factor, where 

dissipation factor is the ratio its resistance to its capacitive reactance. Schering bridge 

comprises of four arms and the measurement depends basically on balancing the loads on 

its arms. The circuit diagram of Schering bridge is shown in Figure 2.12. 

        One arm of the bridge comprises of a fixed capacitor C1 which is connected in parallel 

to a variable resistance R1 and is used as one of the variable arm of the bridge. Resistors 

R1and R2 have known values, but R3 is unknown. Similarly the capacitance value C3 is not 

known and it is to be calculated, however C1 and C2 are known. Calculation of R3 and C3 is 

done by keeping R2 and C2 fixed, but adjusting the values of R1 and C1, until the voltages 

at points A and B are same and current amidst these points through ammeter becomes null. 

In this stage bridge is said to be ‘balanced’. For the bridge to be balanced, we obtain the 

following relation (2.4) 

                                                             Z1
C2

= R2
Z3

                                                                       (2.4) 

Here Z1 is the impedance of C1 in parallel with R1 and Z3 is the impedance of C3 in series 

with R3. On solving equation (2.4) we get equation (2.5) and (2.6): 

The positive and negative reactive components are equal and cancel out during balancing 

of bridge and we obtain equation (2.5): 

                                                                     𝑅𝑅3 = 𝐶𝐶1𝑅𝑅2
𝐶𝐶2

                                                                   (2.5) 

Similarly the purely resistive elements are equal during balancing of bridge and we obtain 

equation (2.6): 

                                                            C3 = R1C2
R2

                                                                   (2.6)
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Using this method unknown capacitance and resistance are measured. The dielectric and 

impedance measurements are studied using computer controlled HIOKI 3532-50 Hi-Tester 

LCR meter (Figure 2.13) from room temperature to 500 ºC (100 Hz – 1 MHz), with step 

temperature being 5 ºC. 

 

Figure 2.12  Schematic representation of Schering bridge 

 

Figure 2.13  Photograph of HIOKI 3532-50 LCR Hi Tetser 

2.3.7 Polarization-Electric Field (P-E) Hysteresis Loop Tracer 

        P-E hysteresis loop is one of the major feature and significant electrical characteristic 

of ferroelectric materials. Concept of domain is explained using phenomenon of hysteresis. 

The Sawyer-Tower method shown in Figure 2.14 is the most commonly used method for 

measuring the P-E hysteresis loop. Setup used for P-E hysteresis loop measurement is 

computer controlled and standard P-E measurement parameters are automatically 

determined. In Figure 2.13, C is the capacitance of specimen placed in series with 

reference capacitor C0 and V is the applied ac signal. The capacitance of reference
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capacitor should be 100 to 1000 times greater than capacitance of specimen. For saturation 

of polarization the voltage across C should be sufficiently large. In this configuration the 

voltage V0 across C0 is proportional to polarization charge of specimen which is given by 

𝑉𝑉0 = 𝐴𝐴𝐴𝐴/𝐶𝐶0 , where A is the specimen’s area. Therefore, the applied field across the 

specimen is given as 𝐹𝐹 = 𝑉𝑉𝑐𝑐/𝑑𝑑 = (𝑉𝑉 − 𝑉𝑉0)/𝑑𝑑  [37]. The polarization appears across the 

vertical plates of the oscilloscope. An immediate huge change in polarization leads to 

initial dielectric breakdown. In the present research work the P-E hysteresis loops of the 

samples were measured using a modified Sawyer-Tower circuit (Automatic P-E loop tracer 

system, Marine India Electr. Pvt. Ltd.) 

 

 

 

 

 

 

 

Figure 2.14  Schematic of Sawyer-Tower circuit for P-E loop measurement [37] 

 

2.3.8 Magnetoelectric Coupling Measurement setup 

        Magnetoelectric voltage coefficient (α) was calculated using dynamic method using 

an in-house built measurement setup at CSIR-National Physical Laboratory. The 

experimental setup for studying the ME effect using lock in technique is shown in Figure 

2.15. Before the measurement the sample pellets were poled normal to its plane at an 

applied electric field of 0.5–1 kV/cm for 1 h at 100 ºC and cooled back to room 

temperature, to polarize them adequately. 

        A biased DC magnetic field of 10 kOe is produced using an electromagnet. The time 

varying DC magnetic field is obtained using a programmable DC power source. A Hall 

probe is employed to measure the DC magnetic field. In addition to this, an AC magnetic 

field up to 10 Oe having frequency in the range of 1 to 10 kHz is superposed on to DC
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magnetic field. This AC magnetic field is generated using a Helmholtz coil having 100 

turns with a diameter of 50 mm. This coil is driven by an AC current generated using a 

function generator. The magnitude of AC field is calculated from driving current that is 

measured using multimeter. The specimen is placed in magnetic field having its surface 

parallel or perpendicular to the field direction, for longitudinal and transverse measurement 

respectively. The ME signal was measured using a lock-in amplifier [129] 

 

Figure 2.15  Schematic diagram of Magnetoelectric measurement setup [108] 

In our present research work, ME voltage coefficient a 5 Oe AC magnetic field of 

frequency 999 Hz was applied in tandem with a sweeping DC magnetic field from 0 – 

8500 Oe and field orientation was longitudinal with respect to the sample plane to obtain 

ME voltage coefficient using the equation 2.7: 

                                                                           
*

out

ac

V
d H

α =                                                                     (2.7) 

Where Vout, d and Hac are induced output voltage, thickness of sample and magnitude of 

applied AC field respectively. 

The fundamental equation necessary to evaluate ME coefficients from the voltage is 

discussed as follows. When a DC magnetic field is applied, the ME output voltage (V) in a 

material showing second order effect is given as 

                                                        V ∝ (α H + β. H.H)                                                   (2.8)
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where α and β are respectively the coefficients of linear and quadratic components of ME 

sample. If an ac field h0 is superimposed over the dc field H0, the effective field is,  

                                      H = H0 + h0 sin (ωt)                                                                 (2.9) 

A lock in amplifier tuned to the frequency ω (ω=2πf) would measure the output emf giving 

the ME output. Then, we can write, 

                                      V ∝ (α + β H0) h0 = α* (H0) h0                                                                     (2.10) 

When H0 is zero, it is possible to find out the linear term α and hence the second order term 

β is evaluated in the presence of a dc magnetic field [130]. 
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Chapter 3 

Synthesis and Characterization of K0.5Na0.5NbO3 based Magnetoelectric 

Composites 

This chapter has been published in the form of following papers 

(1) Study of structural, dielectric, electric, magnetic and magnetoelectric properties of 

K0.5Na0.5NbO3-Ni0.2Co0.8Fe2O4 composites, Yogesh Kumar, K.L. Yadav, Manjusha, 

Jyoti Shah, R.K. Kotnala, Ceramics International 43 (2017) 13438-13446. 

(2) Synthesis and study of structural, dielectric, magnetic and magnetoelectric properties 

of K0.5Na0.5NbO3-CoMn0.2Fe1.8O4 composites, Yogesh Kumar and K.L. Yadav, 

Journal of Materials Science: Materials in Electronics (2018) 29: 8923-8936. 

3.1   Introduction 

        Lead-free magnetoelectric composites comprising of ferroelectric (piezoelectric) and 

ferrite (magnetic) phases have attracted remarkable attention in late years owing to their 

multifunctionality, due to ME coupling between both the constituent phases giving rise to 

large ME response at room temperature [131-132]. These ME composites find their fair 

share of applications in magnetic probes, sensors, actuators, phase shifters, transducers, 

memory applications etc. [4, 7, 133]. Single phase materials exhibit very low ME effect 

thereby restraining their use in technological applications. This limitation is overcome by 

synthesis of composites involving ferroelectric (piezoelectric) and ferrite 

(magnetostrictive) phase. In order to obtain substantial value of ME output from the 

composites, Boomgard et al. [29] formulated some requirements which are summarized as: 

(i) both the ferroelectric and ferrite phases should be in equilibrium with each other, (ii) 

both ferrite and ferroelectric phases should have high magnetostrictive and piezoelectric 

coefficient respectively, (iii) ferrite phase should have high resistivity in order to avert 

leakage of charges. 

        Distinct lead-free ME composites including NiFe2O4-BaTiO3 [134], NiFe2O4-

Bi0.5Na0.5TiO3 [95], Bi0.5Na0.5TiO3-CoFe2O4 [92], (Na0.5K0.5)0.94Li0.06NbO3-NiFe2O4 [103], 

CoMn0.2Fe1.8O4-BaZr0.08Ti0.92O3 [100], (Na0.5K0.5)0.94Li0.06NbO3-CoFe2O4 [135] etc. have 

been studied in past years. Co2+ doped nickel ferrite is a soft ferromagnetic material having 

high electrical resistivity, saturation magnetization, magnetostriction coefficient and high 

Curie temperature. Ni0.2Co0.8Fe2O4 has high electrical resistivity [136] 
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and high magnetostriction coefficient [137]. (K0.5Na0.5)NbO3 (KNN) is considered as 

outstanding lead free piezoelectric ceramic owing to its improved ferroelectric, dielectric 

and piezoelectric properties. KNN has large piezoelectric longitudinal response (d33~160 

pC/N) and a high planar coupling coefficient (kp~45%) [138-139]. Moreover it also shows 

large remnant polarization (Pr = 20 µC/cm2) and coercive field (EC = 8 kV/cm) [140]. 

Pristine CoFe2O4 exhibits higher magnetostriction as compared to other ferrites [141]. It 

also has high Curie temperature (TC) and magnetocrystalline anisotropy. In order to reduce 

magnetocrystalline anisotropy and TC, manganese substitution can be very effective [142-

143]. Keeping in mind the abovementioned properties and characteristics of distinct 

ferroelectric and ferrite phases and to achieve substantial ME coupling we synthesized two 

phase lead free (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (NCFO/KNN) and (x) 

CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (CMFO/KNN) ME composites. 

        In the first section of this chapter we present the synthesis and organized study of 

structural, dielectric, magnetic and magnetoelectric properties of (x) Ni0.2Co0.8Fe2O4-(1–x) 

(K0.5Na0.5)NbO3 ME composites comprising of KNN and NCFO as their ferroelectric and 

ferrite phase respectively. 

        In the second section of this chapter we focused on (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 ME composites having KNN and CMFO as their ferroelectric and ferrite 

phases respectively and presented a systematic study of their structural, multiferroic and 

magnetoelectric properties. 

3.2  Experimental Details 

3.2.1  Synthesis of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 ME composite system with 

x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0 

        The ME composites Ni0.2Co0.8Fe2O4/(K0.5Na0.5)NbO3 (NCFO/KNN) having two 

distinct phases were synthesized using solid state reaction (SSR) method. Individual ferrite 

phase NCFO was prepared using SSR method. The stoichiometric amounts of high purity 

AR grade NiO (97.2 %, Himedia, India), Co3O4 (98.5 %, Himedia, India) and Fe2O3 (98 

%, Himedia, India) were weighed, mixed and grounded in acetone medium for 3 h. The 

well mixed and grounded powder was dried and calcined at 1273 K for 3 h in air 

atmosphere to obtain the desired NCFO phase. The ferroelectric phase KNN was also 

synthesized using SSR method by taking stoichiometric amounts of K2CO3 (99.0 %, 

Himedia, India), Na2CO3, (99.0 %, Qualigens, India) and Nb2O5 (99.9 %, Himedia, India)
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and grounding them in acetone medium for 3 h.  An extra amount of 5 wt.% of K2CO3 and 

Na2CO3 were initially added to the mixture for compensating the Potassium (K) and 

Sodium (Na) losses during heat treatment. The well mixed and grounded powder was 

calcined at 1123 K for 3 h in air atmosphere to obtain the desired KNN phase. The 

obtained powders of KNN and NCFO were mixed in five different mass ratios viz. 10/90, 

20/80, 30/70, 40/60, 50/50 respectively to obtain the (x) Ni0.2Co0.8Fe2O4-(1-x) 

(K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0)  ME composites. The 

homogeneous powders of the obtained compositions were dried and pelletized into pellets 

of 10 mm diameter and thickness of about 1-2 mm. We used 2 % of poly vinyl alcohol 

(PVA) (86.5–89.0 mol % Himedia, India) as a binder in the compositions for pelletization. 

The obtained pellets of different compositions were then sintered at 1323 K for 3 h in air 

atmosphere. 

3.2.2  Synthesis of (x) CoMn0.2Fe1.8O4 -(1–x) (K0.5Na0.5)NbO3 ME composite system with 

x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0 

        The lead-free ME composites CoMn0.2Fe1.8O4/(K0.5Na0.5)NbO3 (CMFO/KNN) 

constituting CMFO as ferrite and KNN as ferroelectric phase were synthesized using 

conventional SSR method. Individually, ferrite phase CMFO was also synthesized using 

SSR method using high purity AR grade powders of Co3O4 (98.5 %, Himedia, India), 

Mn2O3 (98.5 %, Qualigens, India) and Fe2O3 (98 %, Himedia, India). These powders were 

weighed in appropriate stoichiometric ratio, then mixed and grounded thoroughly in 

acetone medium for 3-4 h. The well mixed and grounded powder was dried and calcined at 

1273 K for 3 h. This calcined powder was again grounded to get homogeneous CMFO 

powder. KNN was synthesized by same methodology as discussed in section 3.2.1. The 

obtained powders of CMFO and KNN were mixed thoroughly in different weight ratios 

10:90, 20:80, 30:70, 40:60 and 50:50 to obtain  (x) CoMn0.2Fe1.8O4 -(1x) (K0.5Na0.5)NbO3 

( where x = 0, 0.10, 0.20, 0.30, 0. 40, 0.50 and 1.0) ME composites. The pelletization was 

done in accordance with the same technique as described in section 3.2.1 and the obtained 

pellets were finally sintered at 1373 K for 3 h in air atmosphere to obtain the desired ME 

composites. 

3.2.3  Characterizations 

        The structural analysis of the synthesized samples was carried out using X-ray 

diffractometer (Bruker D8 Advance) over wide Bragg angle range (20
°⩽2θ⩽60

°
) with a
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scanning speed of 1
°
/min using Cu (Kα) (λ=1.5432 Å) radiation. Microstructural analysis 

was executed using field emission scanning electron microscope (FE-SEM; Carl Zeiss) 

operating at an accelerating voltage of 15 kV for analyzing the grain size distribution in the 

samples. Electrical measurements were obtained after polishing both the flat sides of 

pellets with high purity silver paste and drying them at 150 °C. The dielectric 

measurements including dielectric constant ( ' ) and dielectric loss (tan δ)  and complex 

impedance analysis of the samples was carried out using an automated HIOKI – 3532-50 

Hi tester LCR meter in the temperature range 30–500 °C. The magnetic properties 

including the M-H hysteresis loops and temperature dependent field cooled (FC) and zero 

field cooled (ZFC) magnetization curves were studied using superconducting quantum 

interference device (SQUID). The ferroelectric hysteresis (P-E) loops of the composites 

were measured using modified Sawyer-Tower circuit (Automatic P-E loop tracer system, 

Marine India Electr. Pvt. Ltd.) ME voltage coefficient ( ME ) was determined by dynamic 

field method using an in house built measurement setup [144]. 

3.3  Results and Discussions 

3.3.1  (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 ME composite system with x = 0, 0.10, 

0.20, 0.30, 0.40, 0.50 and 1.0 

        The X-ray diffraction patterns (XRD) of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x 

= 0.10, 0.20 and 0.30, 0.40 and 0.50) ME composites along with the constituent phases 

NCFO and KNN are shown in Figure 3.1. All the XRD peaks could be identified for both 

the spinel (ferrite) and perovskite (ferroelectric) phase. XRD peak indexing of the 

composites is in agreement with reported values of KNN [145] and NCFO [146]. The 

ferrite phase NCFO shows cubic spinel structure, having lattice parameter a = 8.358 Å 

whereas the ferroelectric phase KNN shows orthorhombic structure having lattice 

parameters a = 5.616 Å, b = 5.590 Å and c = 3.930 Å. The lattice parameters obtained for 

the constituent phases of the composites are tabulated in Table 3.1. It is evident from 

Figure 3.1 that the intensity of ferrite phase NCFO increases with addition of NCFO and 

vice versa. 

        Figure 3.2 (a)-(g) depicts the FE-SEM micrographs of the NCFO/KNN composites 

with x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0 indicating their surface morphology. The 

FE-SEM micrographs indicate that all the composite samples are found to be well sintered 

and dense. It is also evident that the grains of the constituent phases are randomly oriented
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and distributed over entire sample having certain amount of inter granular porosity. The 

average grain size of the composites was computed using linear interception method and 

the obtained values are given in Table 3.1. The grain growth of the composites is attributed 

to migration of pores in the solid solutions to the grain boundaries [147]. In sintered 

composites internal stress arises because of the differences in the densification rates and 

thermal expansion coefficients of the separate phases. The change in the grain morphology 

implies an evident lattice distortion and stress in the sintered composites [148]. The 

theoretical density was calculated from the molecular weight and lattice parameters 

derived using XRD from equation 3.1 and experimental density is calculated using 

Archimedes method. The relative density was then obtained from experimental and 

theoretical densities using equation 3.2, which is given in Table 3.1. 

               ρtheor = 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 × 𝑁𝑜.𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
                    (3.1) 

                                                               
exp

(%) 100rel

theor





                                                                 (3.2)  

 

Figure 3.1  XRD patterns of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20,  

0.30, 0.40 and 0.50) composites along with individual KNN and NCFO 

phases where (asterisk, *) represents KNN and (plus, +) represents the NCFO 

phase
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Table 3.1   Lattice parameters, grain sizes and relative densities of (x) Ni0.2Co0.8Fe2O4-(1–

x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) ME composites 

 

Compositions          Lattice Parameters (Å)                     Average              

       (x)          NCFO                           KNN                        grain size    ρrel (%)  

                     a                  a              b                c                    (nm) 

  

 0.0              -               5.616        5.515         3.390                 632          87.45  

0.10           8.333         5.620        5.583         3.319                 695          89.21  

0.20           8.381         5.686        5.622         3.356                 728          85.64 

0.30           8.372         5.688        5.608         3.547                 758          87.49  

0.40           8.361         5.670        5.598         3.548                 787          88.52  

0.50           8.364         5.678        5.596         3.945                  813         86.58  

1.0             8.358              -              -                  -                      974         90.32   

 

Figure 3.2  FE-SEM micrographs of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 composites 

(a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40, (f) x = 0.50 and 

(g) x = 1.0 
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The compositional analysis for (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 with x = 0.10, 

0.30 and 0.50 is depicted in Figure 3.3 (a)-(c). It provides an insight into the quantitative 

chemical analysis of the synthesized composites. The phase formation, purity, effective 

synthesis and chemical homogeneity of the composites is revealed from the presence of 

expected elements (K, Na, Nb, Ni, Co, Fe and O) in the EDAX spectrum. 

 

Figure 3.3      EDAX images of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (a) x = 0.10, (b)   

x = 0.30 and (c) x = 0.50 composites 

Figure 3.4 shows elemental mapping in (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3  

composites for x = 0.30 composition sintered at 1323 K. It shows uniform distribution of 

constituent elements of the individual ferrite phase viz. Ni, Co, Fe and O and ferroelectric 

phase viz. K, Na, Nb and O without any impurity trace, thereby indicating the purity  and 

effective synthesis of the prepared composites. 
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Figure 3.4  Elemental mapping showing distribution of constituent elements in 

0.30Ni0.2Co0.8O4-0.70(K0.5Na0.5)NbO3 composite 

        The temperature dependence of the dielectric constant ( ' ) and dielectric loss (tan δ) 

of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) 

measured at three different frequencies is shown in Figure 3.5. Two distinct transitions 

have been observed for individual KNN phase and different compositions. As seen from 

Figure 3.5, KNN undergoes two phase transitions, one from orthorhombic to tetragonal 

phase (TO-T) at 190 °C and other from tetragonal to cubic phase (TC) at 420 °C. The 

composites also exhibit the similar phase transitions at different TO-T and different TC. 

There is no systematic change in TO-T and TC. It is evident from Figure. 3.5 that TC varies 

in the range 420–440 °C and TO-T varies in the range 190–225 °C. This may be due to 

presence of different factors including structural transitions and enhancement in the
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movement of charge carriers to the interface of polycrystalline materials [149]. For all the 

compositions, an anomaly has been observed in the dielectric constant close to TC of KNN. 

The dielectric properties of the composites are modified with addition of NCFO. Both 

dielectric constant and loss are found to enhance with addition of NCFO because the 

conduction contribution of NCFO towards dielectric constant becomes notable. The 

conduction mechanism is analogous to polarization mechanism in ferrites. Conduction 

phenomenon in ferrites is described on the basis of Verwey de Bohr mechanism. This 

involves electron exchange between ions of same element existing in different valence 

states. Electron hopping between Fe2+ and Fe3+ ions causes conduction. The increase in 

dielectric constant may be attributed to presence of heterogeneity in the composites [83]. 

Heterogeneities in the composites refer to the interfaces between the ferroelectric and 

ferrite phases, which produce space charge polarization. In presence of electric field the 

space charges dispensed due to ferrite phase assemble at interfaces due to difference in 

permittivities and conductivities of individual phases [150], resulting in space charge 

polarization. As ferrite concentration increases, the amount of space charges provided by 

NCFO also increases, resulting in higher value of dielectric constant. 

        It has also been observed that dielectric constant increases with temperature up to a 

definite temperature commonly known as transition temperature. After transition 

temperature, it starts decreasing. This may be due to the hopping of electrons between Fe2+ 

and Fe3+ ions present on the octahedral sites, which in turn is thermally activated with 

increasing temperature. This is the cause for local displacement in the direction of applied 

field giving rise to dielectric polarization. As the temperature increases beyond transition 

temperature, the motion of electrons and ions is increased. Therefore, it is difficult for 

them to orient themselves along the direction of field which is responsible for decrease in 

dielectric constant [151]. Moreover, dielectric constant arises due to combination of 

dipolar, electronic, ionic and interfacial polarizations. Dipolar and interfacial polarization 

dominate at lower frequencies, and electronic polarization dominates at higher frequencies. 

Consequently, we get higher value of dielectric constant at 1 kHz as compared to 10 kHz. 

Variation of dielectric loss with temperature is shown in inset of Figure 3.5. It is found to 

increase considerably with addition of NCFO. The increase in dielectric loss with addition 

of NCFO signals about space charge conduction which is related with the transport of 

defects like oxygen vacancies to dielectric-electrode interface [152]. 
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Figure 3.5   Temperature dependence of dielectric constant ( ' ) and dielectric loss (tan δ) 

at various frequencies for (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 

0.10, 0.20, 0.30, 0.40 and 0.50) composites 

        Figure 3.6 exhibits the Polarization vs. Electric field (P-E) hysteresis loops for (x) 

Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites 

measured at room temperature and frequency of 50 Hz. As percentage of NCFO increases 

in the composites, the P-E loops become slightly narrower, indicating that
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Figure 3.6    P-E hysteresis loops of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 

0.10, 0.20, 0.30, 0.40 and 0.50) composites 

ferroelectric order of KNN is disturbed by adding NCFO. Figure 3.7 shows the variation of 

remnant polarization (2Pr) and coercivity (2Ec) with NCFO content and both of them are 

found to decrease with addition of NCFO. The possible reason for this may be the increase 

of leakage current in the system. The microstructure of the composites play important role 

in their observed ferroelectric behaviour. The coupling between grain boundaries and 

domain walls is stronger in fine grained ceramics as compared to coarse grained ceramics 

[153]. This strong coupling accounts for a decrease in domain wall mobility and their
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alignment. This in turn causes a decrease in the polarization of the composites. Coercive 

field also decrease with increase in ferrite content by effecting the switching of 

ferroelectric domains with change in charge carrier concentration which leads to domain 

pining [154]. 

 

Figure 3.7  Variation of remnant polarization (2Pr) and coercive field (2Ec) with NCFO 

content 

        The magnetic properties including the magnetization vs. magnetic field (M-H) 

hysteresis loops of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40, 

0.50 and 1.0) composites are studied at room temperature using VSM with magnetic field 

in the range -10 kOe ⩽H⩽ 10 kOe. The M-H hysteresis loops of the composites are 

presented in Figure 3.8 (a). It is evident that all the composites show ferromagnetic 

behaviour as shown by NCFO and values of saturation magnetization (Ms), remnant 

magnetization (Mr) increase with addition of NCFO which is evident from Figure 3.8 (b). 

The magnetic moment in terms of Bohr magneton is calculated using the equation (3.3): 

                                                             
5582

SM M



                                                       (3.3) 

Where M is the molecular weight, MS is the saturation magnetization per gram mole of the 

composites and 5582 is the magnetic factor [155]. The value of magnetic moment in terms 

of Bohr magneton (µB), saturation magnetization (Ms) and remnant magnetization (Mr) are 

listed in Table 3.2. The increase in magnetization of the composites may be attributed to
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enhancement in concentration of Fe3+ ions with addition of NCFO. In Ni0.2Co0.8Fe2O4, Ni2+ 

and Co2+ ions preferably occupy octahedral (B) sites, while Fe3+ ions are equally 

distributed across tetrahedral (A) as well as octahedral sites. The magnetization depends on 

the distribution of the cation in the spinel network. In a cubic system of ferromagnetic 

spinels magnetic order is due to super exchange interaction mechanism occurring between 

metal ions in A and B-sublattices [156]. With addition of NCFO, concentration of Fe3+ 

ions increase in the composites thereby increasing the exchange interaction between A and 

B sites. This in turn is responsible for increase in magnetization. 

 

Figure 3.8   (a) M-H loops of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 

0.30, 0.40, 0.50 and 1.0) composites and (b) Variation of saturation 

magnetization (MS) and remnant magnetization (Mr) with NCFO content 

Table 3.2    Magnetic parameters of (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 

0.20, 0.30, 0.40, 0.50 and 1.0) composites measured at room temperature 

Composition (x)              Mr (emu/g)              MS (emu/g)            Magnetic moment (µB) 

       0.10                              2.102                           9.283                               0.296  

       0.20                              2.510                         11.657                               0.385  

       0.30                              3.254                         19.055                               0.650    

       0.40                              8.552                         32.629                               1.151  

       0.50                              9.558                         40.255                               1.465 

       1.0                              10.944                         58.955                               2.476 
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        In order to get more information about magnetic ordering, the temperature dependent 

zero field cooled (ZFC) and field cooled (FC) magnetization curves are measured. The FC-

ZFC curves are shown in Figure 3.9. 

 

Figure 3.9  FC and ZFC temperature dependent magnetization curves for (x) 

Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40, 0.50 and 

1.0) composites 

        These magnetization curves are measured at an applied magnetic field, H = 500 Oe in 

the temperature range 5–300 K. In ZFC magnetization measurement, the sample was 

cooled in absence of magnetic field from 300 K to 5 K. After this magnetization was 

measured by heating the sample from 5–300 K. In FC measurement, the sample
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was cooled from 300 K to 5 K in presence of magnetic field (500 Oe) and then 

magnetization was measured on heating the sample from 5–300 K. The FC magnetization 

curve shows nearly a constant trend which means magnetization is temperature 

independent. This unvarying tendency of FC magnetization can be attributed to the 

presence of strong inter-particle interaction which induces magnetic ordered state [157]. 

The ZFC magnetization curve goes through the transition near 140–145 K, where a 

substantial change in the slope of magnetization curve has been observed. This transition 

can be attributed to Verwey transition or charge ordering, metal-insulator transition. At 

Verwey transition, material goes through a structural transformation from cubic to 

orthorhombic structure. This observed decrease in magnetization near Verwey transition 

can be described with the help of magneto-electronic model devised by Belov [158]. In this 

model the hopping (valence) electrons interact with the fixed (inner) electrons of 

ferromagnetic materials by means of Vonsovskii type of exchange. When sample cools 

down through Verwey transition (TV), the hopping electrons are magnetically ordered with 

the magnetic cations by means of Vonsovskii exchange interaction, forming an electron 

sublattice. This electron sublattice has magnetic moment antiparallel to the net magnetic 

moment of A and B sublattices. Accordingly, we observe decrease in the magnetization for 

T < TV. For T > TV, the thermal energy wreck the electron sublattice or magnetic ordering 

of hopping electrons. Hence observed decrease in magnetization of ZFC curve near 140–

145 K is due to Verwey transition. 

        The electrical behaviour of the composites has been studied using complex impedance 

spectroscopy (CIS) in view of their capability of correlating the sample’s electrical 

behaviour to its microstructure [159]. CIS provide important information about the 

frequency dependent properties of the composites. The variation of imaginary part (Zʹʹ) 

versus real part (Zʹ) of the complex impedance spectra for different temperatures is known 

as Nyquist plots. Figure 3.10 exhibits the Nyquist plots of (x) Ni0.2Co0.8F2O4-(1–x) 

(K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites taken over a wide 

frequency range (100 Hz–1 MHz) at different temperatures. Complex impedance can be 

ideally described by Debye equation whose response is simulated by parallel circuit with a 

resistor (R) and ideal capacitor (C) related by: 

                     * 1 1 1 1( ) ( )b b gb gbZ R i C R i C                                            (3.4) 

Evaluating equation 3.4 we will get real and imaginary parts of complex impedance as
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' 2 2[1 ( ) ] [1 ( ) ]b b b gb gb gbZ R R C R R C    
                

(3.5)

'' 2 2 2 2[1 ( ) ] [1 ( ) ]b b b b gb b gb gbZ R C R C R C R C       (3.6)

Where ω = 2πf is the frequency of the applied electric field, Rb, Rgb and Cb, Cgb represents 

grain (bulk) resistance, grain boundary resistance and respective capacitances respectively. 

Figure 3.10     Nyquist plots for (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 

0.20, 0.30, 0.40 and 0.50) composites at 300, 350, 400, 450 and 500 °C 

     The complex impedance spectra show the formation of semicircular arc within the 

temperature range 300–500 °C, which depends upon the strength of relaxation and 

available frequency range. The Nyquist plots of individual KNN phase and (x) 

Ni0.2Co0.8Fe2O4-(1–x)(K0.5Na0.5)NbO3 (x≤0.20) composites comprise of single semicircular 

arc within the temperature range 300–500 °C. But for composites with x ˃ 0.20 we have 

two semicircular arcs of different radii corresponding to high and low frequency regions.
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Table 3.3  The variation of AC impedance parameters for NCFO/KNN composites at 

different temperatures 

Composition (x)  300 °C  350 °C  400 °C  450 °C  500 °C 

 695.62  227.09  59.28  19.98  10.65  Rb (kΩ)  

x = 0.10    Cb (nF)   2.29  2.34  5.37  1.66  1.49 

 .....  .....  .....  .....  ..... Rgb (kΩ)   

Cgb (nF)   .....  .....  .....  .....  ..... 

 Rb (kΩ)   637.5   211.76   49.03  18.44   7.67 

x = 0.20   Cb (nF)  1.90  2.51  6.49  2.88  2.08 

 Rgb (kΩ)  .....  .....  .....  .....  ..... 

 Cgb (nF)  .....  .....  .....   .....  ..... 

 Rb (kΩ)    75.55   65.45  51   40.23  20.64 

x = 0.30  Cb (nF)   0.035   0.024   0.031  0.014  0.026 

 Rgb (kΩ)   142.22   109.09  70  65.42    49.68 

 Cgb (nF)     0.56  0.073  1.14  1.52  1.60 

 Rb (kΩ)   20   9.38   4  2.62  1.96 

x = 0.40   Cb (nF)  0.079  0.034  0.099  0.020  1.62 

 Rgb (kΩ)  78.89  22.18  6.60  4.69  2.26 

 Cgb (nF)   1.01  0.80  1.33  1.69  7.81 

 Rb (kΩ)  15.62   6.58  3.76  2.48  ..... 

x = 0.50  Cb (nF)  0.085  0.078  0.084  0.052  ..... 

  Rgb (kΩ)  33.52  13.08  7.51  3.85  1.68 

 Cgb (nF)   1.21  1.02  0.89  1.41  0.71 
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These higher and lower frequency semicircular arcs may be ascribed as parallel 

combination of bulk resistance (Rb), bulk capacitance (Cb) and grain boundary resistance 

(Rgb), grain boundary capacitance (Cgb) respectively, which corresponds to contribution 

from bulk material (intergranular properties) and grain boundaries respectively, so they 

relax in different frequency region [160]. The intercepts of these two semicircular arcs with 

real axis (Zʹ) gives us an estimate of bulk (Rb) and grain boundary (Rgb) resistance of the

material. The capacitance corresponding to the bulk and grain boundary is computed by 

determining the frequency for the peak maxima of semicircular arcs and then using the 

relations: 

ωmaxRbCb = 1  (3.7) 

 ωmaxRgbCgb = 1  (3.8) 

The obtained values of Rb, Rgb, Cb and Cgb for the composite samples from the Nyquist 

plots are tabulated in Table 3.3. It is evident from Table 3.3 that Rb and Rgb are found to 

decrease with increase in temperature indicating the negative temperature coefficient of 

resistance (NTCR) behaviour of the composites analogous to semiconductors [161]. It is 

also evident from the Nyquist plots shown in Figure 3.10 that the semicircles exhibit some 

degree of depression indicating that centre of the semicircles lies below (Zʹ) axis signalling

the presence of non-Debye type of relaxation in the composites. With an increase in 

temperature, the semicircular arcs become smaller and depression angle decreases. This 

may be attributed to presence of distributed elements in the material-electrode system 

[162]. 

       The impedance loss spectra has been used to evaluate the relaxation time (τ) of the 

charge carriers by using the relation, ωmaxτ = 2πfmaxτ = 1. The relaxation time basically 

gives an estimation of the dynamics of the electrical relaxation process occurring in the 

material. Figure 3.11 exhibits the plots of ln τ vs. inverse of absolute temperature (103/T) 

for different compositions of NCFO/KNN composites. It is found that higher the value of 

τ, slower is the electrical relaxation process, and vice-versa. The nature of variation of τ 

with temperature follows the Arrhenius relation given by equation (3.9) 

τ = τ0 exp(−Ea KB⁄ T)  (3.9) 

Where τ0 is pre exponential factor, Ea is activation energy, KB is Boltzmann constant
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and T is the absolute temperature. The values of the activation energies of the samples 

evaluated from the linear fit to ln τ vs. 103/T plots are 0.93, 0.87, 0.50, 0.77 and 0.66 eV 

for x = 0.10, 0.20, 0.30, 0.40 and 0.50, respectively. 

Figure 3.11   Variation of relaxation time (ln τ) with 103/T for (x) Ni0.2Co0.8Fe2O4-(1–x) 

(K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites 

     The coexistence of ferroelectric and ferrite phases in the particulate composites gives 

rise to ME effect. The ME effect is an outcome of interaction among the distinct orderings 

of constituent phases in the composite. This effect is basically an interface coupled electric 

and magnetic ordering through elastic interaction between the piezoelectric and 

piezomagnetic phases [30]. In order to establish the ME coupling between ferroelectric and 
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ferrite phases in (x) Ni0.2Co0.8Fe2O4-(1-x) (K0.5Na0.5)NbO3 composites, ME voltage 

coefficient (αME) has been determined by dynamic method [144] using an in-house setup. 

Figure 3.12 (a-e) shows the variation of αME with DC bias magnetic field for (x) 

Ni0.2Co0.8Fe2O4- (1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites. 

Figure 3.12   Variation of αME with DC magnetic field for (x) Ni0.2Co0.8Fe2O4-(1–x) 

(K0.5Na0.5)NbO3 (a) x = 0.10, (b) x = 0.20, (c) x = 0.30, (d) x = 0.40, (e) x = 

0.50 composites and (f) variation of αME with NCFO content, inset shows 

variation of resistivity with NCFO content 

Before measuring αME samples were poled at an applied electric field of 1 kVcm-1 for 30
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minutes at 80 °C. While measuring αME, we applied AC magnetic field of 5 Oe having 

frequency 999 Hz in tandem with a sweeping DC magnetic field from 0–8 kOe. The ME 

voltage coefficient, αME, was determined using the following relation: 

out
ME

V

d H
 


 (3.10) 

Here Vout, d and H are the induced output voltage, thickness of sample and applied AC 

magnetic field respectively [163]. 

We found the highest value of αME = 5.389 mV/cm-Oe for x = 0.20 bulk composite. It is 

evident from Figure 3.12 (b) for x = 0.20 that ME voltage coefficient (αME) increases with 

increase in magnetic field up to 4 kOe and thereafter decreases because magnetostriction 

coefficient ‘λ’ increases with increasing magnetic field and reaches its saturation value. 

Due to this the strain generated in the ferrite phase produces an unvarying electric field in 

the piezoelectric phase. Once the magnetostriction ‘λ’ achieves saturation, the 

piezomagnetic coupling coefficient q = δλ/δHBias starts decreasing with incrememt in 

magnetic field consequently reducing the piezomagnetic coupling which is responsible for 

decrease of αME [164]. For other compositions the value of αME has been found to increase 

with applied magnetic field and then remains nearly constant at higher magnetic field. This 

can be attributed to enhancement in the magnetostrictive properties and in turn the 

piezomagnetic coefficient of the composites. Figure 3.12 (f) shows the variation of αME 

with NCFO content. It is found that αME is maximum for x = 0.20 and then decreases 

thereafter. Magnetoelectric coupling coefficient, αME depends on a number of factors 

including resistivity, piezoelectric coefficient, piezomagnetic coefficient and mechanical 

coupling [165] in composites which comprises piezoelectric and piezomagnetic phases as 

their constituents. To study the variation in the αME, we measured the room temperature 

DC resistivity of the prepared composites and the variation of resistivity with ferrite 

content is shown in inset of the Figure 3.12 (f). The effective αME can be significantly 

affected by the resistivity of the composites. Low resistivity leads to leakage of charges 

produced in the ferroelectric phase through the neighbouring ferrite grains, consequently 

decreasing the αME. It is observed that resistivity increases up to x = 0.20 composition and 

decreases thereafter. The maximum value of the resistivity was observed for x = 0.20 

composition which is having the highest value of αME. This may be attributed to its higher 

resistivity as compared to other compositions. The obtained αME for the NCFO/KNN 

composites is larger than observed for other particulate ME composites [93-95].
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3.3.2  (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 ME composite system with x = 0, 0.10, 

0.20, 0.30, 0.40, 0.50 and 1.0 

     Figure 3.13 depicts the X-ray diffraction patterns for (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40, 0.50) ME composites along with their 

constituent phases. All the peaks in the composites can be identified for both 

CoMn0.2Fe1.8O4 (CMFO) and (K0.5Na0.5)NbO3 (KNN) phases. The XRD peak indexing of 

the composites is in agreement with reported values of CMFO [166] and KNN [145]. The 

XRD patterns show that the single phase perovskite orthorhombic structure for KNN and 

cubic spinel structure of CMFO has been synthesized successfully. No impurity traces are 

found in the XRD patterns of the composites. This confirms that both constituent phases 

have retained their identity in the composites. The peak intensity akin to CMFO increases 

with incorporation of ferrite in the composites. The values of the lattice parameters for 

composites along with their constituent phases are listed in Table 3.4. The relative density 

of the composites is obtained using equation 3.2 and is given in Table 3.4.    

Figure 3.13   XRD patterns of (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 

0.30, 0.40 and 0.50) composites along with individual KNN and CMFO 

phases where (asterisk, *) represents KNN and (plus, +) represents the 

CMFO phase 

Surface morphology of the composite samples has been investigated using field emission 

scanning electron microscopy (FE-SEM). Figure 3.14 depicts the FE-SEM micrographs of 
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(x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) 

composites. All the composites exhibit homogeneous microstructure. Average grain size of 

the composites was computed using linear interception technique and obtained values are 

listed in Table 3.4. The average grain size was found to decrease with incorporation of 

ferrite. This is because the CMFO/KNN composites consist of ferrite (CMFO) phase 

distributed among ferroelectric (KNN) phase matrix. Also grain size of pure CMFO phase 

is smaller than that of KNN phase. Hence decrease in average grain size of composites is a 

consequence of addition of smaller grain sized CMFO phase in larger grain sized KNN 

phase matrix. 

Figure 3.14  FE-SEM micrographs of (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 

composites (a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40, 

(f) x = 0.50 and (g) x = 1.0 
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Table 3.4    Lattice parameters, grain sizes and relative densities of (x) CoMn0.2Fe1.8O4-(1–

x) (K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) ME composites

Compositions  Lattice Parameters (Å)  Average  ρrel 

 (x)  CMFO      KNN  grain size  (%) 

  a  a                 b      c  (nm) 

0.0  -  5.707  5.626  3.390  910  88.54 

0.10  8.424  5.717  5.634  3.319  883  87.62 

0.20  8.414  5.707  5.636  3.356  736  88.52 

0.30  8.477  5.774  5.680  3.547  642  86.23 

0.40  8.497  5.783  5.688  3.548  479  85.46 

0.50  8.484   5.735  5.688  3.945  474  87.63 

1.0  8.391  -  -  -  512  85.53 

Figure  3.15    EDAX images of (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (a) x = 0.10, 

(b) x = 0.30 and (c) x = 0.50 composites 
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The compositional analysis for (x) CoMn0.2Fe0.8O4-(1–x) (K0.5Na0.5)NbO3 with x = 0.10, 

0.30 and 0.50 is done using Energy dispersive X-ray analysis (EDAX) as shown in Figure 

3.15 (a)-(c). It provides an insight into the quantitative chemical analysis of the synthesized 

composites. The phase formation, purity, effective synthesis and chemical homogeneity of 

the composites is revealed from the presence of expected elements (K, Na, Nb, Mn, Co, Fe 

and O) in the EDAX spectrum.  

Variation of dielectric constant ( ' ) and dielectric loss (tan δ) with temperature has been 

studied for (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 composites at three different 

frequencies (1, 5 and 10 kHz) and is presented in Figure 3.16. Two dielectric peaks have 

been observed for pure KNN phase and different composites. First dielectric peak is 

observed in the temperature range 190–220 °C corresponding to orthorhombic - tetragonal 

phase transition (TO-T) for KNN phase. The second dielectric peak occurring on the high 

temperature side in the range 420–440 °C corresponds to tetragonal - cubic phase transition 

(TC) for KNN phase. Dielectric constant is found to enhance with addition of CMFO. This 

can be attributed to presence of heterogeneity in the composites [83]. Heterogeneities 

correspond to interfaces in between ferroelectric and ferrite phase of composites, which 

produce space charge polarization. On application of electric field, the space charges 

produced by the ferrite phase accumulate at constituent phases interface due to the 

difference in their conductivities and permittivities [150], resulting in space charge 

polarization. With addition of CMFO, the number of space charges produced by CMFO 

increases resulting in higher value of dielectric constant. It has also been observed that 

dielectric constant increases steadily up to transition temperature (TC) and then decreases 

afterwards. This may be attributed to electron hopping between Fe2+ and Fe3+ ions present 

on the octahedral sites. The hopping is thermally triggered with an increase in temperature. 

The hopping initiates localized displacement in the applied electric field direction, which 

encompasses the dielectric polarization in ferrites. Increase in temperature enhances the ac 

conductivity, which is attributed to increase in the drift mobility of thermally activated 

charge carriers [149]. Consequently, the dielectric polarization increases which accounts 

for increase in dielectric constant. Further, increase in temperature beyond TC, enhances 

the arbitrary vibrational motion of electrons and ions, making them less receptive to orient 

themselves in applied field direction, thereby decreasing the dielectric constant. The 

decrease in dielectric constant after TC may also be attributed to disappearance of domains 

[167]. 
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Figure 3.16   Temperature dependence of dielectric constant ( ' ) and dielectric loss (tan δ) 

at 1, 5 and 10 kHz frequencies for (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 

(x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites 

     The temperature dependence of dielectric loss factor for the CMFO/KNN composites 

is shown in inset of Figure 3.16. Dielectric loss peaks are evident from the plots of tan δ vs. 

temperature. The origin of peaks may be attributed to dielectric relaxation phenomenon. 

Dielectric relaxation is the momentary delay or lag in the dielectric constant of the 

material. It usually occurs when polarization does not follow the externally applied AC 

field. Due to dielectric relaxation dielectric constant decreases, and dielectric loss shows
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peaks at particular frequencies.  Dielectric loss is found to increase with incorporation of 

ferrite in the composites. Enhancement in dielectric loss may be attributed to space charge 

conduction which is related to transport of defects like oxygen vacancies to dielectric 

electrode interface [152]. 

     The significant increase in dielectric constant and strong frequency dependence are 

typical of that expected for a Maxwell-Wagner conduction mechanism [168]. At lower 

frequencies dielectric constant is dominated by electronic, ionic, atomic and interfacial 

polarizations. With further increase in frequency the contributions of ionic and 

orientational polarizations to dielectric properties diminish. Furthermore, a decrease in 

dielectric properties with increasing frequency is caused by the inability of different 

polarization contributions to follow the frequency change of the applied electric field, 

resulting in lower values of dielectric constant and loss at higher frequencies. 

     Figure 3.17 represents the P-E hysteresis loops of the (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites obtained at room 

temperature and at a frequency of 50 Hz. Addition of ferrite phase CMFO has significant 

effect on the shape and size of the P-E loops. All composites exhibit regular P-E hysteresis 

loops signifying the presence of ferroelectric ordering at room temperature. The observed 

ferroelectric parameters including remnant polarization (Pr) and coercive field (EC) are 

listed in Table 3.5. 

Table 3.5  Calculated values of remnant polarization (Pr), maximum polarization (Pmax) 

and coercive field (EC) for CMFO/KNN composites 

Composition (x)  Pr (µC/cm2)  Pmax (µC/cm2)  EC (kV/cm) 

 0.0  13.314  22.640  11.179 

 0.10  8.899  17.505  9.707 

 0.20  6.535  16.373  9.589 

 0.30  6.237   15.573  9.364 

 0.40  6.002  13.819  7.859 

 0.50  5.038  10.297  6.194 

Both Pr and EC are found to decrease with addition of CMFO. The decrease in polarization 

can be due to enhancement in the conductivity of the composites leading to increase in 

leakage current [169]. The observed decrease in EC may be attributed to switching of
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ferroelectric domains due to change in charge carrier concentration which leads to domain 

pining [170]. 

Figure 3.17    P-E hysteresis loops of (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.0, 

0.10, 0.20, 0.30, 0.40 and 0.50) composites. 

     The magnetic characteristics of the composites are studied by measuring the M-H 

hysteresis loops at 300 K and 5 K with an applied magnetic field of 50 kOe⩽H⩽50 kOe. 

Figure 3.18 shows the M-H hysteresis loops of the (x) CoMn0.2Fe1.8O4-(1–x)K0.5Na0.5 NbO3 

(x = 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites at 300 and 5 K. The composites are
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found to exhibit regular hysteresis loops indicating the presence of long range 

ferromagnetic ordering [166]. The magnetic moment in Bohr Magneton has been 

calculated using equation 3.3. The observed magnetic parameters including remnant 

magnetization (Mr), saturation magnetization (MS) and magnetic moment (μB) at 300 K 

and 5 K are calculated from M-H hysteresis loops shown in Figure 3.18 and are listed in 

Table 3.6. From Table 3.6 it is evident that magnetic parameters are enhanced at 5 K as 

compared to 300 K due to the orientations of spins [95]. Figure 3.19 shows the variation of 

obtained magnetic parameters with ferrite content at 5 and 300 K respectively. The 

observed magnetic parameters are found to increase with addition of ferrite in the 

composites. 

Table 3.6  Calculated values of remnant magnetization (Mr), saturation magnetization 

(MS), magnetic moment (µB) and exchange field (HE) for CMFO/KNN 

composites at 5 and 300 K 

Composition     Mr (emu/g)  MS (emu/g)  Mag. Moment (µB)  HE (Oe) 

 (x)  5 K  300 K  5 K  300 K  5 K  300 K  5 K  300 K 

 0.10   7.760  2.950  11.411  9.755  0.364  0.311  -423  2.49 

 0.20   16.964  5.529   23.123  19.887   0.764  0.657     -73.61  2.64 

 0.30  23.494   6.420   31.586  27.476   1.078  0.938    -275.24     4.78 

 0.40  30.323  9.724   41.187  34.884   1.452  1.230     -80.64  8.50 

 0.50  34.331  12.692   52.282  45.091   1.902  1.640  -50  9.65 

 1.0  58.178  16.670   92.711  78.965   3.892  3.315  -1  0.50 

The inset of Figure 3.18 shows the magnified image of M-H hysteresis loops for the 

CMFO/KNN composites. It is evident that the loops are slightly asymmetric from which 

we measured the exchange bias field (HE) which is presented in Table 3.6.  

     In order to get more information about magnetic ordering in the CMFO/KNN 

composites, the magnetization measurements as a function of temperature are carried out. 

We measured the variation of magnetization with temperature in the zero field cooled 

(ZFC) and field cooled (FC) modes at an applied magnetic field of 500 Oe and in the 

temperature range 5–300 K. In ZFC mode the samples were cooled in absence of magnetic 

field from room temperature to 5 K and then magnetic field of 500 Oe was applied. Then 

magnetization was measured while heating the samples from 5 K to room temperature.  
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Figure 3.18   M-H hysteresis loops of (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 

0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites at 300 and 5 K 

respectively with magnified images shown in the inset 

Figure 3.19   Variation of magnetic parameters with CMFO content at (a) 5 and (b) 300 K
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In FC mode, the samples were cooled in presence of applied field of 500 Oe from room 

temperature to 5 K and then magnetization was measured while heating the sample in the 

same field. Figure 3.20 shows the variation of magnetization with temperature in the zero 

field cooled (ZFC) and field cooled (FC) modes at an applied magnetic field of 500 Oe. 

Figure 3.20   FC-ZFC temperature dependent magnetization curves of (x) CoMn0.2Fe1.8O4-

(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites 

     It is evident from Figure 3.20 that FC magnetization of the composites remains almost 

independent of temperature. While ZFC magnetization shows a decreasing trend with 

decrease in temperature. The observed temperature independent behaviour of FC
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magnetization may be due to presence of strong inter-particle interaction, which induces 

the magnetically ordered state [157]. Also we observe a large bifurcation between FC and 

ZFC magnetizations, which signals about the presence of strong irreversibility and 

magnetic relaxation in the composites [171]. Also the observed behaviour of M-T curves in 

ZFC and FC mode for the composites may be interpreted in terms of different factors 

which may include (i) structural changes due to increased CMFO content, (ii) change in 

particle size, (iii) change in magnetic anisotropy and (iv) spin glasses etc. [172]. 

     Figure 3.21 exhibits the variation of real part of impedance ( 'Z ) in the frequency 

range of 100 Hz–1 MHz at different temperatures for CMFO/KNN composites. 

Figure 3.21  Variation of real part of impedance (
'Z ) with frequency for (x) 

CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 

0.50) composites at different temperatures 
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It is evident from Figure 3.21 that the magnitude of 'Z  decreases with increase in 

temperature, frequency and CMFO content. This indicates the possibility of increase in 

conductivity and signals the negative temperature coefficient of resistance (NTCR) type 

behaviour of the composites. The curves of 'Z  at different temperatures are found to 

merge above frequency of 100 kHz, indicating 'Z
 
to be almost independent of frequency 

and measured temperatures. This may be attributed to release of space charges as a result 

of barrier properties of materials at high temperature in high frequency regime [173-174]. 

        Figure 3.22 depicts the variation of imaginary part of impedance ( ''Z ) in the 

frequency range of 100 Hz-1MHz at different temperatures for CMFO/KNN composites. 

 

Figure 3.22  Variation of imaginary part of impedance (
''Z ) with frequency for (x) 

CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) 

composites at different temperatures 
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In Figure 3.22 we can see the appearance of Z''
max peak which is found to decrease and shift 

towards high frequency regime with increase in temperature. This may be attributed to 

temperature dependent electrical relaxation present in the material. For all the composites 

we obtain broadening of Z''
max peaks with increase in temperature, indicating the spread of 

relaxation times. In low temperature regime, relaxation may be due to electrons or 

immobile charges and in high temperature regime it may be due to oxygen vacancies or 

defects. Hopping of electrons or oxygen ion vacancies among the localized states is the 

reason for electrical conduction in the materials [175]. 

     The temperature dependence of complex impedance spectrum 'Z  vs. ''Z  (Nyquist 

plots) are shown in Figure 3.23 for CMFO/KNN composites. 

Figure 3.23   Nyquist plots for (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 

0.30, 0.40 and 0.50) in the temperature range 300 – 500 
o
C
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Nyquist plots are generally characterized by formation of semicircular arcs which relax in 

distinct frequency regions. Each semicircle may be ascribed as parallel combination of 

bulk resistance (Rb), bulk capacitance (Cb) and grain boundary resistance (Rgb), grain 

boundary capacitance (Cgb) respectively, which corresponds to contribution from bulk 

material (intergranular properties) and grain boundaries respectively, thereby relaxing in 

distinct frequency regimes [139]. It is evident from Figure 3.23 that we observe two 

semicircular arcs for composites with x ≤ 0.20 indicating the presence of bulk (grain) (Rb) 

and grain boundary resistance (Rgb) effect. The bulk resistance (Rb) and grain resistance 

(Rgb) are obtained from the intercept on the Z'-axis and are tabulated in Table 3.7. This 

electrical behaviour may be described in terms of an equivalent circuit comprising of series 

combination of parallel RC circuits. The capacitances akin to the bulk (Cb) and grain 

boundary (Cgb) are calculated by knowing the peak maxima frequency of semicircular arcs 

and then using the equations 3.5 and 3.6. It is evident from Table 3.7 that values of Rb and 

Rgb decrease with increase in temperature indicating the negative temperature coefficient 

of resistance (NTCR) behaviour of composites. It is also observed that complex impedance 

plots are not full semicircles and their centres lie below the abscissa (Z' axis), indicating 

the non-Debye type dielectric relaxation in the CMFO/KNN composites. This may be due 

to the presence of distributed elements in the material-electrode system [176]. 

     In order to establish the coupling between ferroelectric and ferrite phases in (x) 

CoMn0.2Fe1.8O4-(1x) (K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites, 

ME voltage coefficient (αME) has been determined using dynamic method [144]. ME effect 

is the product of interaction among distinct orderings of constituent phases. It is an 

interface coupled electrical and magnetic ordering via elastic interaction among 

piezomagnetic and piezoelectric phases [30].  

The ME voltage coefficient, αME, was determined using the equation (3.10). While 

measuring αME, same procedure was followed as described in section 3.3.1. Figure 3.24 (a-

e) shows the variation of αME with applied DC magnetic field for (x) CoMn0.2Fe1.8O4-(1x) 

(K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites. αME is found to increase 

with magnetic field till 3 kOe and then starts decreasing. This reason for such behaviour is 

that the magnetostriction coefficient ‘λ’ increases with applied field and reaches to its 

saturation value at certain value of applied magnetic field and hence the magnetization and 

associated strain produce an unvarying electric field in the
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piezoelectric phase beyond the saturation limit. This in turn accounts for decrease in αME at 

higher values of magnetic field. 

Table 3.7   The variation of AC impedance parameters for CMFO/KNN composites at 

different temperatures 

Composition (x)              300 °C  350 °C  400 °C  450 °C  500 °C 

 Rb (kΩ)    2017.54  349.99  80  6  3.76 

 x = 0.10        Cb (nF)  0.79  0.045  0.038  0.033  0.084 

 Rgb (kΩ)     .....  858.29  243.61  44.5  17.88 

 Cgb (nF)  .....   1.85  3.27  5.11  2.22 

 Rb (kΩ)     27.77   10.81  5  2.31  1.89 

x = 0.20  Cb (nF)   0.011  0.018  0.039  0.011  2.81 

  Rgb (kΩ)    117.76  35.77  15  6.53  2.28 

 Cgb (nF)     1.93  2.22  2.65  8.12  1.39 

 Rb (kΩ)   25.90  9.77  3.45  1.55  0.72 

x = 0.30   Cb (nF)  1.53  2.71  4.61  5.13   3.14 

 Rgb (kΩ)    ....  ....  ....  ....  .... 

 Cgb (nF)  ....  ....  ....  ....  .... 

 Rb (kΩ)  14.36   5.40  2.38  0.82  0.53 

x = 0.40  Cb (nF)  0.55  0.74  1.33  2.41  1.05 

 Rgb (kΩ)  ....  ....  ....  ....  .... 

 Cgb (nF)  ....  ....  ....  ....  .... 

 Rb (kΩ)  10.22   3.99  1.74  0.79  0.33  

x = 0.50   Cb (nF)  0.78  0.49  1.02  1.005  0.96 

 Rgb (kΩ)  ....  ....  ....  ....  .... 

 Cgb (nF)      ....  ....  ....  ....  .... 
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Figure 3.24  (f) shows variation of αME with CMFO content in the composites. αME is found 

to decrease with addition of ferrite. This is due to decrease in resistivity with increase in 

ferrite content as shown in inset of Figure 3.24 (f). Due to decrease in resistivity charges 

leak out from the piezoelectric phase through the surrounding conducting ferrite grains. 

The maximum value of αME = 5.941 mV/cm-Oe is observed for 10% CMFO – 90% KNN 

composition. 

Figure 3.24  Variation of αME with DC magnetic field for (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 (a) x = 0.10, (b) x = 0.20, (c) x = 0.30, (d) x = 0.40, (e) x = 

0.50 composites and (f) variation of αME with CMFO content, inset shows 

variation of resistivity with CMFO content 
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        The impedance loss spectrum has been used to evaluate the relaxation time (τ) of the 

charge carriers of the composites by using the relation, ωmaxτ = 2πfmaxτ = 1. The 

relaxation time basically gives an estimation of the dynamics of the electrical relaxation 

process occurring in the material. Figure 3.25 shows the variation of ln τ as a function of 

inverse of absolute temperature (103/T) for different compositions of CMFO/KNN 

composites. The nature of variation of τ with temperature follows the Arrhenius relation 

given by equation 3.7. The activation energies are calculated from ln τ vs. 103/T plots and 

found to be 0.86, 0.61, 0.56, 0.49 and 0.47 eV for x = 0.10, 0.20, 0.30, 0.40 and 0.50 

compositions respectively. 

 

Figure 3.25   Variation of relaxation time (ln τ) with 103/T for (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites 
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3.4   Summary 

        The ME composites (x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 (NCFO/KNN) (x = 

0.10, 0.20, 0.30, 0.40 and 0.50) comprising of NCFO as a ferrite phase and KNN as 

ferroelectric phase were synthesised by solid state reaction method. X-ray diffraction 

asserts the existence of both the constituent phases in the composites without any 

intermediate phase. FE-SEM micrographs indicate that both the constituent phases in the 

composites are firmly packed and average grain size varies in the range 574 nm – 914 nm. 

Dielectric response of the composites was studied as a function of temperature and found 

to enhance with addition of NCFO. The obtained P-E and M-H hysteresis loops confirm 

the existence of ferroelectric and magnetic ordering simultaneously in the composites at 

room temperature. FC-ZFC magnetization curves provide a better insight of magnetic 

ordering in the composites. ZFC curves for pure NCFO and composites indicate that they 

undergo charge ordering, metal insulator transition commonly known as Verwey transition 

around 140-145 K. The complex impedance analysis reveals grain contribution in the 

resistance up to x = 0.20 and both grain and grain boundary contribution in the resistance is 

observed for x > 0.20.  Bulk resistance decreases with increase in temperature suggesting 

negative temperature coefficient of resistance (NTCR) for the composites analogous to a 

semiconductor. ME coupling is observed in the composites which was confirmed by 

measuring αME corresponding to different compositions. The highest αME is found to be 

5.389 mV/cm-Oe for the composite with 20% NCFO and 80% KNN. The results imply 

that the obtained composites may have potential applications as multiferroic materials for 

fabrication of multifunctional devices. 

        ME composites having general formula (x) CoMn0.2Fe1.8O4-(1x) (K0.5Na0.5)NbO3 (x 

= 0.10, 0.20, 0.30, 0.40 and 0.50) were successfully synthesized using solid state reaction 

method. XRD analysis confirms the existence of both the constituent phases in the 

composites. Dielectric properties including dielectric constant ( ' ) and dielectric loss (tan 

δ) were studied as a function of temperature and found to enhance with addition of CMFO. 

The obtained P-E hysteresis loops confirm the existence of ferroelectric ordering in the 

composites at room temperature. Remnant polarization (Pr) and coercive field (EC) were 

found to decrease with addition of CMFO. Magnetic hysteresis measurements at 300 K and 

5 K suggest the ferromagnetic nature of the composites. Complex impedance analysis 

shows that electrical conductivity increases with temperature suggesting (NTCR) 

behaviour of the composites. ME voltage coefficient (αME) was measured indicating the
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presence of ME coupling in the composites. The maximum value of αME (5.941 mV/cm-

Oe) was observed for 10% CMFO – 90% KNN composition. This value of αME obtained 

for CMFO/KNN composites is higher than as compared to other lead-free ME composites. 

The results imply that the obtained composites may have potential applications as 

multiferroic materials for fabrication of multifunctional devices.  



Chapter 4 

Synthesis and Characterization of Bi0.5Na0.5TiO3 based Magnetoelectric 

Composites 

This chapter has been published in the form of following papers 

(1) Dielectric, magnetic and magnetoelectric properties of ferrite-ferroelectric based 

particulate composites, Yogesh Kumar, K.L. Yadav, Jyoti Shah and R.K. Kotnala, 

Materials Research Express 5 (2018) 085701-1 – 11. 

(2) Investigation of magnetoelectric effect in Bi0.5Na0.5TiO3-CoMn0.2Fe1.8O4 composites, 

Yogesh Kumar, K.L. Yadav, Jyoti Shah and R.K. Kotnala, IEEE Transactions on 

Dielectrics and Electrical Insulation 26 (2) (2019) 561-567  

(3) Structural, dielectric, magnetic and magnetoelectric properties of (x) Bi0.5Na0.5TiO3-

(1–x) Ni0.2Co0.8Fe2O4 composites, Yogesh Kumar, K.L. Yadav, Manjusha, Jyoti Shah 

and R.K. Kotnala, Materials Research Express 3 (2016) 065701-1 – 8. 

4.1   Introduction 

        The composites based on ferroelectrics and ferrites have seized profuse attention over 

the last decade or so due to their multi-functionalities with tunable electric and magnetic 

properties. One of the major fields of interest in these composites is exploration of 

magnetoelctricity. The magnetoelectric (ME) composites exhibit higher magnetoelectricity 

than their single phase multiferroic counterparts, compelling the research fraternity to 

amply explore the expansive area of ME composites. ME composites provide us with the 

cushion of altering the magnetization by application of electric field and electric 

polarization through magnetic field [177]. These ME composites find their fair share of 

applications in magnetic probes, sensors, actuators, phase shifters, transducers, memory 

applications, electric field controlled magnetic data storage, antenna miniaturization etc.[4, 

7, 133, 178, 179-181]. ME effect arises because of induced strain in the piezomagnetic 

phase due to application of magnetic field. This strain is mechanically coupled to induce 

stress in the piezoelectric phase that results into the production of induced voltage. For 

getting a better ME effect in the composite, the constituent phases of the composites 

should be in equilibrium with each other, the magnetic phase should have high 

magnetostriction coefficient and high resistivity for avoiding charge leakage. Similarly, 

ferroelectric phase should have high piezoelectric coefficient [29]. 
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        Bi0.5Na0.5TiO3 (BNT) was discovered by Smolenskii et al. [182] has been considered 

as an excellent candidate for lead-free piezoelectric ceramics because of large remnant 

polarization (Pr = 38 µC/cm2) and high Curie temperature (TC = 320 0C) and excellent 

dielectric and piezoelectric properties [183-185]. In the previous years, distinct ME 

composites based on Bi0.5Na0.5TiO3 (BNT) have been synthesized and studied including 

Na0.5Bi0.5TiO3-CoFe2O4 [92], NiFe2O4-Na0.5Bi0.5TiO3 [95], Na0.5Bi0.5TiO3-

Ni0.93Co0.02Mn0.05Fe1.95O4 [186], Na0.5Bi0.5TiO3-MgFe2O4 [101], (1–x) (Bi0.5Na0.5TiO3)/ 

xCoFe2O4 [187], Na0.5Bi0.5TiO3-Tb0.3Dy0.7Fe1.95 [188]. In order to obtain significant ME 

effect, an appropriate combination of ferrite and ferroelectric phase is a necessary 

requirement. To achieve this we have synthesized and studied the BNT based ME 

composites including (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (CZF/BNT), (1–x) 

Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (BNT/CMFO) and (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 (BNT/NCFO). 

        Zinc doped cobalt ferrite exhibits high resistivity, magnetostriction and piezomagnetic 

coefficient [189, 190]. On the other hand, BNT is an excellent candidate for lead-free 

piezoelectric ceramics due to its outstanding ferroelectric and piezoelectric properties. 

Keeping in mind these aforesaid facts, in the first section of this chapter we present the 

synthesis and organized study of the structural, dielectric, magnetic and magnetoelectric 

properties of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 ME composites comprising of CZF 

and BNT as their ferrite and ferroelectric phase respectively. 

        Pure CoFe2O4 exhibits higher magnetostriction as compared to other ferrites [141]. It 

also exhibits high TC and magnetocrystalline anisotropy. In order to reduce 

magnetocrystalline anisotropy and TC, manganese substitution can be very effective [142-

143]. Keeping in mind the above facts, in the second section of this chapter we have 

focused on another lead-free ME composite comprising of BNT and CMFO as their 

ferroelectric and ferrite phase. In this section we present a systematic study on synthesis 

and the structural, dielectric, magnetic and magnetoelectric properties of (1–x) 

Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 ME composites. 

        Co2+ doped nickel ferrite is a soft ferromagnetic material having high electrical 

resistivity, saturation magnetization, magnetostriction coefficient and high Curie 

temperature. Cobalt doped nickel ferrite (NCFO) has mixed spinel structure (AB2O4) in 

which Fe3+ ions occupy both tetrahedral A sites and octahedral B sites whereas Ni2+ and 

Co2+  ions prefer to occupy octahedral B sites. Ni0.2Co0.8Fe2O4 has high electrical
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resistivity [136] and magnetostriction coefficicent [137]. Keeping in mind the afore said 

facts, the third section of this chapter deals with synthesis and systematic studies of 

structural, dielectric and magnetoelectric properties of (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 ME composites having BNT and NCFO as their constituent ferroelectric 

and ferrite phase respectively. 

4.2   Experimental Details 

4.2.1 Synthesis of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 ME composite system with x 

= 10, 20, 30, 40, 50 wt.% 

        The lead-free ME composite (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (CZF/BNT) 

comprising of two distinct phases were synthesized using conventional solid state reaction 

(SSR) method. Ferrite phase CZF was synthesized by employing SSR method using high 

purity AR grade powders of Co3O4 (98.5 %, Himedia, India), ZnO (98.5 %, Qualigens, 

India) and Fe2O3 (98 %, Himedia, India). These powders were weighed in appropriate 

stoichiometric ratio, then mixed and grounded thoroughly in acetone medium for 3 h. The 

well mixed and grounded powder was dried and pre-sintered at 1000 °C for 3 h in air 

atmosphere. This pre-sintered powder was again grounded to get homogeneous CZF 

powder. The ferroelectric phase BNT was also synthesized using SSR method by taking 

high purity AR grade powders of Bi2O3 (99.5 %, Himedia, India), Na2Co3 (99.5 %, 

Qualigens, India) and TiO2 (99 %, Himedia, India). The weighed powders in appropriate 

stoichiometry were mixed and grounded thoroughly in acetone medium for 4 h. An extra 

amount of 4.5 wt.% of Bi2O3 and Na2Co3 were added into the starting powder mixture to 

compensate for Bismuth and Sodium losses, because they evaporate at high temperatures. 

The well mixed powder was calcined at 1050 °C for 2 h in air atmosphere. The calcined 

powder was again grounded to obtain homogeneous BNT powder. The lead-free (x) CZF-

(1–x) BNT (x = 10, 20, 30, 40 and 50 wt.%) ME composites were synthesized by mixing 

obtained powders of CZF and BNT in appropriate molar proportions. The obtained 

powders of the composites were pressed in die to obtain pellets (of 10 mm diameter and 1-

2 mm in thickness) using PVA as binder with hydraulic press. The obtained pellets of the 

composites were finally sintered at 1150 °C for 4 h in air atmosphere. 

4.2.2 Synthesis of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4  ME composite system with x 

= 0.10, 0.20, 0.30,0. 40 and 0.50 

        The lead-free ME composite (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 ( BNT/CMFO)
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comprising of BNT and CMFO as ferroelectric and ferrite phases respectively were 

synthesized using conventional SSR method. In the first stage, the ferrite phase CMFO was 

synthesized by employing SSR method using high purity AR grade powders of Co3O4 

(98.5 %, Himedia, India), Mn2O3 (98.5 %, Qualigens, India) and Fe2O3 (98 %, Himedia, 

India). These powders were weighed in appropriate stoichiometric ratio, then mixed and 

grounded thoroughly in acetone medium for 3 h. The well mixed and grounded powder 

was dried and calcined at 970 °C for 3 h in air atmosphere. This calcined powder was again 

grounded to obtain homogeneous CMFO phase. In the second stage, BNT was synthesized 

using same methodology as discussed in section 4.2.1. In the third and final stage we 

mixed the homogeneously obtained powders of BNT and CMFO in appropriate molar 

proportions to obtain desired (1–x) BNT-(x) CMFO (x = 0.10, 0.20, 0.30, 0.40 and 0.50) 

ME composites. The homogenous powders of the composites were pressed in die to obtain 

pellets (of 10 mm diameter and 1-2 mm in thickness) using PVA as binder with hydraulic 

press. The obtained pellets of the composites were finally sintered at 1100 °C for 4 h in air 

atmosphere. 

4.2.3 Synthesis of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4  ME composite system with x 

= 0.30, 0. 40, 0.50, 0.60, 0.70 and 0.80 

        The lead-free ME composite (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (BNT/NCFO) 

were also synthesized using conventional SSR method comprising of BNT as ferroelectric 

and NCFO as ferrite phase. The ferrite phase NCFO was synthesized with SSR method 

using high purity AR grade powders of NiO (98.5 %, Himedia, India), Co3O4 (98.5 %, 

Qualigens, India) and Fe2O3 (98 %, Himedia, India). These powders were weighed in 

appropriate stoichiometry, then mixed and grounded thoroughly in acetone medium for 5 

h. The obtained powder was then calcined at 1000 °C for 2 h in air atmosphere. This 

calcined powder was again grounded to obtain homogeneous NCFO phase. BNT was 

synthesized using same methodology as discussed in section 4.2.1. The obtained BNT and 

NCFO powders were mixed in six different molar ratios viz. 30/70, 40/60, 50/50, 60/40, 

70/30 and 80/20 respectively, to obtain (x) BNT-(1–x) NCFO (x = 0.30 – 0.80) ME 

composites. The homogenous powders of the obtained composites were pressed in die to 

obtain pellets (of 10 mm diameter and 1-2 mm in thickness) using PVA as binder with 

hydraulic press. The obtained pellets of the composites were finally sintered at 1150 °C for 

4 h in air atmosphere. 
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4.2.4 Characterizations 

        The structural analysis of the synthesized samples was carried out using X-ray 

diffractometer (Bruker D8 Advance) over wide Bragg angle range (20
°⩽2θ⩽60

°
) with a 

scanning speed of 1
°
/min at room temperature using Cu (Kα) (λ=1.5432 Å) radiation. The 

surface morphology and microstructures of composites were obtained using field emission 

scanning electron microscopy (FE-SEM; Carl Zeiss) operating at an accelerating voltage of 

15 kV. It was also used for analyzing the grain size distribution of the samples. Electrical 

measurements were obtained after polishing both the flat sides of pellets with high purity 

silver paste and drying them at 150 °C for 1 h in the muffle furnace. The dielectric 

measurements including dielectric constant ( ' ) and dielectric loss (tan δ) were studied, 

using HIOKI-3532-50 Hi Tester LCR meter in the temperature range of 30–500 °C at a 

ramp rate of 2 °C/min and at a measuring electric field of 1 Volt. Ferroelectric properties 

of the composites were measured at room temperature using modified Sawyer-Tower 

circuit (automated Marine India P-E loop tracer). Complex impedance analysis was done at 

room temperature by using HIOKI LCR meter in a wide frequency range of 100 Hz – 1 

MHz. The magnetic properties of the composites including M-H hysteresis loops were 

measured using vibrating sample magnetometer (VSM, Quantum Design, PAR 155) in the 

magnetic field range of –10 kOe ≤H≤ +10 kOe. The chemical state of all the ferrites was 

investigated using X-ray photoelectron spectroscopy (XPS) using PHI 5000 VersaProbe III 

(Physical Electronics). ME voltage coefficient ( ME ) was determined by dynamic field 

method using an in house built measurement setup [144]. 

4.3 Results and Discussions 

4.3.1 (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 ME composite system with x = 10, 20, 30, 

40, 50 wt.% 

        The XRD patterns of (x) CZF-(1 ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt.%) composites 

are shown in Figure 4.1 (a). The patterns unveil that all peaks were recognized akin to both 

the constituent phases BNT and CZF of the composites, indicating the efficacious 

synthesis of the composite samples. It is evident from XRD patterns that intensity of peaks 

akin to ferrite phase increases gradually with addition of ferrite. From Figure 4.1 (b) it is 

evident that most intense peaks of BNT and CZF phases are found to shift slightly towards 

lower angle side. This may be accredited to substitution model, where Bi3+ (ionic radii, 
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1.17 Å) or Na+ (1.18 Å) ions substitute Co2+ (0.65 Å) or Zn2+ (0.60 Å) ions at A site and 

Ti4+ (0.68 Å) ions substitute Fe3+ (0.64 Å) at B site. Hence this A/B co-substitution will 

slightly expand the cell size, thereby creating slight left shift in the position of peaks [191]. 

 

Figure 4.1    XRD patterns of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (a) x = 10, 20, 30, 

40 and 50 wt.% composites along with pure BNT and CZF phases and (b) 

XRD patterns of the composites in the angle range 31.4°-37° 

The FE-SEM micrographs of (x) CZF-(1 ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt.%) 

composites along with pure BNT and CZF phases are shown in Figure 4.2 (a)-(g). 

 

Figure 4.2     FE-SEM micrographs of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (a) BNT, 

(b) x = 10, (c) x = 20, (d) x = 30, (e) x = 40, (f) x = 50 wt.% composites and 

(g) CZF respectively 
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These micrographs reveal that the composites comprise of randomly oriented, non-uniform 

grains having some intergranular porosity in which small sized CZF grains are dispersed in 

large grained matrix of BNT. The larger grains correspond to BNT phase and smaller 

grains correspond to CZF phase. Thus FE-SEM micrographs assert the development of 

diphasic composites with fairly condensed CZF grains in BNT matrix. The average grain 

size of the composites was calculated using Image J software and the obtained data has 

been plotted and fitted using log-normal distribution. Figure 4.3 (a)-(g) shows the plot of 

grain size distribution and obtained grain sizes are shown in their insets. The average grain 

size is found to decrease with addition of ferrite in the composites. 

 

Figure 4.3 Log normal distribution of grain size of (x) Co0.8Zn0.2Fe2O4-(1–x) 

Bi0.5Na0.5TiO3 (a) BNT, (b) x = 10, (c) 20, (d) 30, (e) 40, (f) 50 wt.% and 

(g) CZF respectively. Inset shows the average grain size 

The purity and efficacious synthesis of composites which has been confirmed by Energy 

dispersive X-ray analysis (EDAX). EDAX analysis providing the quantitative elemental 

analysis for composites with x = 30 and 40 wt.% is shown in Figure 4.4 (a)-(b). The
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The corresponding energy spectrum reveals the presence of expected elements including 

Bi, Na, Ti, Co, Zn, Fe and O. 

 

Figure 4.4   EDAX spectrum of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (a) x = 30 wt.% 

and (b) x = 40 wt.% composites 

        The variation of dielectric constant (ε') and loss (tan δ) for (x) CZF-(1 ̶ x) BNT (x = 

10, 20, 30, 40 and 50 wt %) composites as a function of frequency at room temperature are 

shown in Figure 4.5 (a)-(b). 

 

Figure 4.5    Frequency dependence of (a) dielectric constant (ε') and (b) dielectric loss 

(tan δ) for (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 10, 20, 30, 40 and 

50 wt %) composites at room temperature 
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Both dielectric parameters ε' and tan δ are found to decrease rapidly in low frequency 

regime while remain nearly invariant in high frequency regime, signalling dielectric 

dispersion. This type of response may be attributed to Maxwell-Wagner type interfacial 

polarization [192, 193] which occurs when two phases of different conductivities are 

connected to each other, giving rise to uncompensated charges at the interface separating 

two phases. These uncompensated charges are responsible for interfacial or space charge 

polarization. Grain boundaries are more resistive in comparison to grains [85, 194], 

consequently favouring electrons to gather at grain boundaries on application of AC 

electric field. This gives rise to space charge polarization which accounts for higher values 

of dielectric constant in low frequency regime. With increase in frequency of applied AC 

field, it becomes difficult for electrons to keep pace with applied electric field, thereby 

decreasing the dielectric constant in high frequency regime. 

        The temperature dependence of dielectric constant (ε') and dielectric loss (tan δ) for 

(x) CZF-(1 ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt.%) composites at applied field frequency 

of 1 kHz is illustrated in Figure 4.6 (a-b).  

 

Figure 4.6     Temperature dependence of (a) dielectric constant (ε') and (b) dielectric loss 

(tan δ) for (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 10, 20, 30, 40 and 

50 wt %) composites at a frequency of 1 kHz 

It has been observed that for all compositions, dielectric constant increases with 

temperature up to a particular temperature (TC) and then decreases beyond TC. This is 

because with an increase in temperature the movement of space charge carriers also
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increase, giving rise to enhancement in space charge polarization, which further 

contributes to increase in dielectric constant up to TC. Beyond TC, the vibrational motion of 

carriers/ions becomes more random, consequently making it strenuous for them in aligning 

with applied field direction thereby resulting for a decrease in dielectric constant. The 

broadening of phase transition peak for composites may be due to disorder in arrangement 

of cations at different crystallographic sites, giving rise to microscopic heterogeneity in the 

composites and thus leading to distribution of distinct localized Curie points [195]. These 

can be associated to nanoscale ordered microregions prevailing in samples which act as 

locations of spontaneous polarization [196-198]. It is also evident from Figure 4.6 (a) that, 

with addition of ferrite phase the observed ε ' is found to decrease. We can correlate the 

decrease in ε' with grain size of the composites. Grain size of the composites is found to 

decrease with addition of ferrite [Figure 4.3 (a-g)]. A ferroelectric material has multiple 

ferroelectric domains separated by interfaces known as domain walls. The ε' depends on 

the mobility and number of domain walls [199]. According to space charge theory from 

Okazaki and Nagata [200], there are specific amounts of space charge sites inside grain 

boundaries and domain walls. These space charge sites give rise to electric field which 

significantly affects the movement of domain walls. With a decrease in grain size, the 

surface area of space charge layer increase thereby increasing the space charge field. 

Hence the movement of domain walls becomes relatively strenuous and irregular 

consequently decreasing the ε'. Also TC shows a shift from 380 °C for x = 10 wt.% to 340 

°C for 50 wt.%. The shift in TC of the composites towards lower temperature side may be 

attributed to the diffusion of non-magnetic ions in the spinel lattice. These non-magnetic 

ions weaken the interaction between A and B sites in the spinel lattice. This weaker A-B 

interaction is majorly affected by thermal motion, accounting for a shift in TC of the 

composites. The energy loss is usually expressed by dielectric loss factor (tan δ). The 

variation of tan δ for (x) CZF-(1  ̶x) BNT (x = 10, 20, 30, 40 and 50 wt.%) composites with 

temperature at applied field frequency of 1 kHz is illustrated in Figure 4.6 (b). It is found 

to increase with increase in temperature and ferrite content. This type of loss behaviour 

arises due to enhancement in space charge polarization, which attains thermal energy with 

increase in temperature and leads to conduction losses [94]. We observe a rapid increase in 

tan δ at higher temperatures, indicating the increased space charge conduction which is 

further related to movement of oxygen vacancies towards dielectric-electrode interface 

[201] 
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        For understanding the mechanism of conduction, the AC conductivity of the 

composite samples was calculated using dielectric parameters making use of the equation 

                                                             '2 tanofac                                                                      (4.1) 

Here σac represents ac conductivity, f represents the frequency of applied AC field, εo is the 

permittivity of free space and tan δ is the dielectric loss. The measurement was made in the 

frequency range of 50 Hz–1 MHz at room temperature. Figure 4.7 illustrates the frequency 

dependence of ac conductivity. 

 

Figure 4.7     Frequency dependence of AC conductivity for (x) Co0.8Zn0.2Fe2O4-(1–x) 

Bi0.5Na0.5TiO3 (x = 10, 20, 30, 40 and 50 wt %) composites at room 

temperature 

It is evident that conductivity increases with increase in frequency for all composite 

samples. Similar results were reported by other workers [202-204]. This type of behaviour 

may be attributed to polaron hopping between the localized states, which favours in ionic 

lattices having similar cation in two distinct oxidation states. The linearity of conductivity 

plots for composites signals that the conduction is attributed to small polarons [205]. The 

frequency dependent conduction is accredited to small polarons [206]. 

        Ferroelectric ordering in the composites is confirmed by measuring P-E hysteresis 

loops. All the measurements were made at room temperature and at a frequency of 50 Hz. 

The P-E hysteresis loops of (x) CZF-(1  ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt.%) 

composites are shown in Figure 4.8 (a)-(f). Ferroelectric properties are generally affected 
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by composition, homogeneity, defects, applied field and domain orientation. Uniform 

orientation of domain usually enhances the ferroelectric properties [207].  

 

Figure 4.8   P-E hysteresis loops for (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (a) BNT, (b) 

x = 10, (c) x = 20, (d) x = 30, (e) x = 40, (f) x = 50 wt.% composites measured 

at room temperature and (g) variation of remnant polarization (2Pr) and 

coercive field (2EC) with CZF content 
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It is evident from Figure 4.8 (a)-(f) that the loops are lossy and unsaturated and show low 

quality hysteresis. This type of hysteresis behaviour may be attributed to existence of 

conduction mechanisms which are innate of ferrites, which coincide with the ferroelectric 

activity of the ferroelectric phase [208]. The increase in conductivity of multiferroic 

composites is generally ascribed to creation of oxygen vacancies due to presence of Fe3+ 

and Fe2+ attributed to polaron mechanism [209]. This process enhances the current instead 

of inducing electric polarization with the application of external electric field, consequently 

giving rise to lossy and unsaturated P-E hysteresis loops. Also obtained P-E hysteresis 

loops are found to be slightly asymmetrical about the origin. This may be due to inner 

electric field generated by small distance, off center and innate motion of bound electrons 

in the composites [195]. Figure 4.8 (g) shows the variation of remnant polarization (2Pr) 

and coercive field (2EC) with ferrite content. They both are found to decrease 

monotonously with addition of ferrite. Decrease in remnant polarization with ferrite 

addition may be associated to electromechanical coupling, less inner polarizability and 

strain [210]. The variation of coercive field with addition of ferrite may be attributed to 

switching of ferroelectric domains with change in charge carrier concentration, resulting in 

domain pining [154]. 

        The electrical behaviours of the composites were studied over wide range of 

frequency using complex impedance spectroscopy (CIS) [176]. It is generally based on 

treating the sample with sinusoidal perturbation and analyzing its ac response and 

eventually calculating the variation of impedance with frequency of applied perturbation. 

The complex impedance (Z*) is ideally described by Debye equation whose response is 

simulated by parallel circuit comprising a resistor (R) and ideal capacitor (C) given by 

equation 3.2. The real and imaginary parts of complex impedance are obtained using 

equations 3.3 and 3.4 respectively. Figure 4.9 displays the complex impedance spectra 

(Nyquist plots) i.e., plot of imaginary part Z
'' vs. real part Z

'
 of complex impedance (Z*) for 

(x) CZF-(1 ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt. %) composites at room temperature in 

the frequency range of 100 Hz–1MHz. Nyquist plots of composites exhibit two 

semicircular arcs relaxing in different frequency regions. Each semicircular arc may be 

ascribed to parallel combination of bulk resistance (Rb), bulk capacitance (Cb) and grain 

boundary resistance (Rgb), grain boundary capacitance (Cgb) akin to contribution from bulk 

material and grain boundaries respectively, thereby relaxing in different frequency region. 
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Figure 4.9      Complex impedance spectra of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 

10, 20, 30, 40 and 50 wt.%) composites measured at room temperature. 

Inset shows complex impedance spectra for x = 40 and 50 wt.% composite 

The appearance of two semi-circular arcs in impedance spectrum of the composites signals 

about existence of bulk and grain boundary contribution to its overall electric property. The 

intercepts of these two semicircular arcs on the real (Z
'
) axis gives us an estimate of bulk or 

grain resistance (Rb) in high frequency regime and grain boundary resistance (Rgb) in low 

frequency regime. The magnitude of Z
'
 and Z

'' 
are found to decrease with addition of 

ferrite. This indicates the possibility of increase in AC conductivity. The Nyquist plots also 

reveal that both semicircular arcs exhibit some degree of depression indicating that their 

centre lies below Z
'
 axis signalling the presence of non- Debye type of relaxation in the 

composites. 

        For confirming the presence of magnetic ordering in the composites, the M–H 

hysteresis loops of the composites were measured using VSM with an applied magnetic 

field of –10 kOe ≤ H≤+10 kOe at 300 K. Figure 4.10 (a) exhibits the M–H hysteresis loops 

of (x) CZF-(1 ̶ x) BNT (x = 10, 20, 30, 40 and 50 wt.%) composites along with that of pure 

CZF. Inset shows the magnified image of M-H hysteresis loops of the composites. The 

magnetization observed in our composites is solely due to ferrite phase CZF.
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Figure 4.10    (a) M-H hysteresis loops of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 10, 

20, 30, 40 and 50 wt.%) composites at room temperature and (b) variation 

of remnant magnetization (Mr) and coercivity (HC) with CZF content 

        It is evident from Figure 4.10 (a) that all composites show usual ferromagnetic 

hysteresis loops, signalling the presence of magnetically ordered structure [211]. Saturation 

magnetization (MS) and remnant magnetization (Mr) are found to increase with addition of 

ferrite. Mr increases from 1.29 emu/g for x = 10 wt. % to 9.22 emu/g for x = 100 wt.% 

(CZF) while MS increases from 11.23 emu/g for x = 10 wt.% to 55.22 emu/g for x = 100 

wt.% (CZF). The magnetic parameters of the composites are listed in Table 4.1.  

Table 4.1       Magnetic parameters of (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 10, 20, 

30, 40, and 50 wt.%) composites measured at room temperature 

Composition (x)             Mr (emu/g)               MS (emu/g)                Coercivity (Oe) 

       0.10                                1.02                          10.78                              48.44  

       0.20                                1.24                          15.98                              64.55  

       0.30                                1.66                          21.77                              74.20    

       0.40                                2.85                          26.36                              86.11  

       0.50                                4.13                          35.05                              98.50 

        1.0                                10.52                         55.48                             129.60 
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Figure 4.10 (b) shows the variation of Mr and coercive field (HC) with ferrite content. Both 

are found to increase with addition of ferrite. The increase in magnetization may be 

attributed to the fact that single ferrite grain in the composite act as centre of magnetization 

and magnetization is basically sum of these individual contributions. Magnetic contacts 

profoundly enhance with addition of ferrite thereby increasing overall magnetization [212]. 

The variation of HC with ferrite can be related to variation of grain size of the composites. 

The average grain size of the composites is found to decrease with addition of ferrite. 

Decrease in grain size leads to an increase in grain boundaries. These grain boundaries are 

commonly associated to domain wall pinning. Due to this the pinning of domain wall 

motion increases with decrease in grain size. Since coercivity evinces amount and 

effectiveness of pinning, therefore we expect HC to increase as grain size decrease with 

addition of ferrite [201]. 

        Figure 4.11 shows the XPS spectra of Co 2p, Fe 2p, Zn 2p and O1s regions of ferrite 

phase CZF. It provides information about the oxidation states of the different elements. 

 

Figure 4.11        XPS spectra of Co 2p3/2, Fe 2p3/2,1/2, Zn 2p3/2 and O 1s for Co0.8Zn0.2Fe2O4 
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The XPS spectra of Co 2p3/2 region comprises of two deconvoluted photopeaks around 

777.78 and 779.62 eV corresponding to Co2+ at octahedral and tetrahedral sites 

respectively with a satellite peak around 784.55 eV. The Fe 2p region shows two peaks of 

Fe 2p3/2 and Fe 2p1/2 around 710 and 724 eV. These two peaks are further deconvoluted 

into two peaks signifying the presence of Fe2+ and Fe3+ oxidation states. The XPS spectra 

of Zn 2p3/2 region comprises of two deconvoluted photopeaks around 1019.20 and 1019.82 

eV corresponding to Zn2+ at octahedral and tetrahedral sites respectively [213].  

        It is a well established fact that magnetoelectric (ME) effect in composite materials 

arise due to interaction between magneteostriction and piezoelectric effects of ferrite and 

ferroelectric phases respectively. ME effect in the present composites was confirmed by 

measuring ME voltage coefficient (αME) using dynamic method [144]. Figure 4.12 

illustrates the variation of ME voltage coefficient (αME) of (x) CZF-(1 ̶ x) BNT (x = 10, 20, 

30, 40 and 50 wt.%) composites as a function of DC magnetic field. 

 

Figure 4.12   Variation of αME with DC magnetic field for (x) Co0.8Zn0.2Fe2O4-(1–x) 

Bi0.5Na0.5TiO3  (x = 10, 20, 30, 40 and 50 wt.%) composites 

Before measuring αME, the composite samples were poled at an applied electric field of 

0.5–1 kV/cm for 40 min at 100 ºC by keeping the samples in silicone oil which is highly 

insulating. This ensures alignment of domains in the field direction. In the dynamic method 

for measurement of αME, we apply an AC magnetic field of 5 Oe having frequency 999 Hz 
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in tandem with a sweeping DC magnetic field from 0–8 kOe and αME is computed using 

equation 3.8. 

It is evident from Figure 4.12 that αME increases with increase in DC bias magnetic field up 

to 4 kOe, reaches maximum and then starts decreasing gradually with a decrease in DC 

bias magnetic field. This may be attributed to increase in magnetostriction coefficient ‘λ’ 

with an increase in magnetic field. At ̴ 4 kOe we obtain saturation in the CZF phase, 

therefore ‘λ’ also reaches its saturation value. Once ‘λ’ attains saturation value, the 

piezomagnetic coupling coefficient, q = δλ/δHbias starts decreasing rapidly with further 

increase in magnetic field and tends towards zero, thereby gradually decreasing αME. 

Alternatively, the increase in DC bias magnetic field favours the domain growth, resulting 

an increase in magnetostress coupling. As magnetic field increases up to  ̴ 4 kOe, the 

magnetostress coupling becomes highly strong, leading to a maximum value of ‘q’ and in 

turn αME. A further increase in magnetic field beyond this point inhibits magnetic domains 

in the CZF phase thereby suppressing piezomagnetic coupling and in turn the ME output 

gradually becomes weak [164]. We obtained maximum αME of 7.11 mV/cm-Oe for10 wt.% 

CZF – 90 wt.% BNT ME composite. This observed value of αME for 10 wt.% CZF is found 

to be higher than other ME composites reported in literature [81, 101, 102] as shown in 

Table 4.2. 

Table 4.2   Comparison of αME for (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 composites 

with other lead-free composites 

          Composites                                              Maximum αME (mV/cm-Oe)   References 

(0.80) Bi0.5Na0.5TiO3–(0.20) MgFe2O4                              4.79                             [101] 

(0.10)Ni0.8Zn0.2Fe2O4–(0.90) Ba0.9Sr0.1Zr0.04Ti0.96O3      1.62                             [81]  

(0.10) Co0.8Zn0.2Fe2O4  ̶ (0.90) Bi0.5Na0.5TiO3                   7.11                     Present work   

 

4.3.2  (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 ME composite system with x = 0.10, 0. 20, 

0.30, 0.40, 0.50 

        Figure 4.13 exhibits the X-ray diffraction patterns for (1x) BNT/(x) CMFO (x = 0.10, 

0.20, 0.30, 0.40 and 0.50) composites in addition to that of pure BNT and CMFO phases. It 

is evident from Figure 4.13 that the XRD patterns of the composites exhibit the existence 
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of both the parent phase i.e. ferrite phase of CMFO (#) [166] and ferroelectric phase of 

BNT (*) (JCPDS Card No. 36-0340) without any impurity.  

 

Figure 4.13   X-ray diffraction patterns of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 

0.10, 0.20, 0.30, 0.40 and 0.50) composites along with BNT and CMFO 

phases, where (asterisk,*) represents BNT and (hash, #) represents CMFO 

phase 

Pure BNT and CMFO phases exhibit rhombohedral perovskite structure having lattice 

parameter a = 3.896 Å and cubic spinel structure having lattice parameter a = 8.412 Å 

respectively. The intensities of the peaks in the composites are found to vary according to 

the wt.% of the individual phases. The lattice parameters of constituent phases in the 

composites are provided in Table 4.3. It is evident that lattice parameters of BNT and 

CMFO in the composites are approximately identical to pure BNT and CMFO phases 

respectively. This signifies the absence of any structural change arising in the constituent 

phases amid synthesis of composites. The theoretical density of the composites is 

calculated using equation 3.1 and experimental density is computed using Archimedes 

method. The relative density is calculated using equation 3.2 and is provided in Table 4.3. 
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Table 4.3      Lattice parameters, grain sizes and relative densities of (1–x) Bi0.5Na0.5TiO3-

(x) CoMn0.2Fe1.8O4 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites 

Compositions         Lattice Parameters (Å)       Average grain   Crystallite   ρrel (%)                       

       (x)                      CMFO               BNT               size (nm)         size (nm) 

                                       a                       a                                                

  

       0.0                          -                     3.896               3.012                    -                90.12 

      0.10                     8.441                 3.904                2.774                 40.16           88.23  

      0.20                     8.449                 3.919                2.561                 38.54           89.56  

      0.30                     8.444                 3.914                2.425                 39.24           87.54   

      0.40                     8.441                 3.912                2.323                 38.39           86.52 

      0.50                     8.443                 3.913                2.121                 38.07           87.43 

       1.0                      8.412                     -                    0.896                 35.23           85.21  

        Figure 4.14 (a-g) displays the FE-SEM micrographs of (1x) BNT/(x) CMFO (x = 0, 

0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites.  

 

Figure 4.14   FE-SEM micrographs of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (a) x = 0, 

(b) x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40, (f) x = 0.50, (g) x = 1.0 

composites and (h-i) secondary and backscattered electron mode (x = 0.30)  
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Figure 4.14 (h-i) shows the FE-SEM micrographs for x= 0.30 composition in backscattered 

(BSE) mode with corresponding secondary electron mode. We observed two distinct types 

of grains, one is white (large) grain and other is black (small) in the BSE mode. The larger 

grain corresponds to BNT phase and smaller grains correspond to CMFO phase. These 

micrographs reveal that microstructure of the composites comprises of fairly entwined, 

randomly oriented, non–uniform (in shape and size) grains having some inter granular 

porosity. The average grain size of the composites is computed using Image J and is given 

in Table 4.3. It is found to decrease with addition of ferrite phase CMFO. All composites 

exhibit distribution of small sized CMFO grains in large grained BNT matrix.  

        The variation of dielectric constant (εˈ) and dielectric loss (tan δ) with frequency for 

(1–x) BNT/(x) CMFO (x = 0.10, 0.20, 0.30, 0.40 and 0.50) composites in the frequency 

range 50 Hz-1 MHz measured at room temperature is shown in Figure 4.15 (a-b). 

 

Figure 4.15     Frequency dependence of (a) Dielectric constant (εˈ) and (b) dielectric loss 

(tan δ) for (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 0, 0.10, 0.20, 0.30, 

0.40 and 0.50) composites. 

It is evident from Figure 4.15 (a-b) that '  and tan δ show decreasing trend with increase 

in frequency. The ε' and tan δ decrease sharply as frequency increases from 50 Hz- 10 kHz, 

then decrease gradually and then become unvarying  up to 1 MHz for all composites. 

These charges are responsible for interfacial or space charge polarization. The grains are 

less resistive as compared to grain boundaries in pure phases and composites [214]. On 

application of AC electric field electrons gather at highly resistive grain boundaries giving 

rise to space charge polarization which is accountable for higher values of dielectric 
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constant at lower frequencies. As the frequency of applied AC field increases, the electrons 

fail to move in tandem with applied field and fail to gather at grain boundaries, 

consequently resulting in downfall of dielectric constant. 

        The variation of dielectric constant (εˈ) for the (1–x) BNT-(x) CMFO (x = 0, 0.10, 

0.20, 0.30, 0.40 and 0.50) composites with temperature, measured at three distinct 

frequencies (1 kHz, 5 kHz and 10 kHz) is shown in Figure 4.16 (a-f). 

 

Figure 4.16     Temperature dependence of dielectric constant for (1–x) Bi0.5Na0.5TiO3-(x) 

CoMn0.2Fe1.8O4 (a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 

0.40, (f) x = 0.50 composites 
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Two dielectric anomalies have been observed for pure BNT – a feeble hump and broad 

dielectric peak. This type of dielectric response of BNT is similar to those of formerly 

synthesized BNT and BNT based composites [215, 216]. The two dielectric anomalies 

correspond to transition from ferroelectric to antiferroelectric phase (Td) with subsequent 

transition to paraelectric phase (TC) respectively. Temperature akin to transition from 

ferroelectric–antiferroelectric phase is named as depolarization temperature (Td), because 

the specimen loses its piezoelectric property above Td [216]. 

From Figure 4.16, it is evident that for pure BNT, Td = 160 ºC and TC = 350 ºC at 1 kHz. 

The (1x) BNT/(x) CMFO composites also exhibit these two dielectric anomalies. The 

transition peak (TC) of pure BNT and the composites is broad and is frequency dependent. 

It is also evident from Figure 4.16 that TC increases slightly with increase in measuring 

frequency indicating the presence of diffused phase transition. There is no orderly variation 

in value of Td and TC for the composites studied. This may be attributed to the fact that the 

composition of the ferroelectric or ferrite phase is not changed in the studied composites. 

The Curie temperature of any ferroelectric or ferrite phase depends on its composition and 

the metal ions present in it [217]. Dielectric constant (ε') is found to decrease with increase 

in CMFO content. Since, this composite has ferrite phase distributed among ferroelectric 

phase matrix, therefore decrease in value of ε' is a consequence of incorporation of CMFO 

in BNT phase with decrease in grain size. Decrease in grain size broadens the grain 

boundaries, thereby opposing the flexible alignment of dipoles, which contribute towards 

the dielectric phenomenon. It is also noted that dielectric constant increases as temperature 

increases up to TC and beyond TC it starts decreasing. For ME composites containing 

ferrites as one of its constituent phases, this behaviour may arise due to hopping of 

electrons among Fe2+ and Fe3+ ions existing at octahedral sites. Since hopping is thermally 

operated process, it tends to increase with temperature, consequently increasing electrical 

conductivity. The hopping initiates dielectric polarization, arising from local displacement 

in direction of applied electric field due to which dielectric constant increase up to TC. As 

temperature surpasses TC, the random vibrational motions of electrons and ions escalates, 

thereby making it difficult for them to orient in the direction of applied field, consequently 

decreasing the dielectric constant [151].  
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Figure 4.17 (a-f) exhibits the variation of dielectric loss (tan δ) for the (1–x) BNT-(x) 

CMFO (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites with temperature, measured at 

three distinct frequencies (1 kHz, 5 kHz and 10 kHz). 

 

Figure 4.17 Temperature dependence of dielectric loss for (1–x) Bi0.5Na0.5TiO3-(x) 

CoMn0.2Fe1.8O4 (a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 

0.40, (f) x = 0.50 composites 

The dielectric loss is found to increase with temperature. This can be accredited to 

enhancement in space charge polarization as the temperature increases. These charges 

acquire thermal energy with increment in temperature leading to conduction losses [94]. It 

is also evident from Figure 4.17 that dielectric loss is higher at 1 kHz than 10 kHz, 

indicating that it is higher at lower frequencies and decrease with increasing frequency.
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At low frequencies, higher loss may be due to the resemblence amidst the hopping 

frequency of ferrous and ferric ions at adjacent octahedral sites and external electric field. 

As we increase the frequency of applied electric field, the hopping frequency of electron 

exchange does not match with external electric field’s frequency which consequently 

minimizes the dielectric loss [218]. 

        To calculate the diffuseness of phase transition the diffusivity parameter (γ) is 

calculated using the modified Curie-Weiss law [219] expressed by equation 

                                                 ' '

max

1 1
mA T T



 

 
   

 
                                                 (4.3) 

Here γ is the diffusivity parameter lying in the range 1 ˂γ⩽ 2. For γ = 1 we obtain normal 

Curie-Weiss law and having value in between 1 and 2 is indicative of diffuse phase 

transition [220, 221], εmax
’ is the maximum value of dielectric constant and Tm is the 

temperature corresponding to the maximum dielectric constant. The value of γ is calculated 

from the slope of straight line fitted to plots of ln (1/ε'-1/εmax') vs. ln (T-Tm) for pure BNT 

and composites at 1 kHz frequency as shown in Figure 4.18 (a). 

 

Figure 4.18     (a) Plot of ln (1/ε'-1/εmax') vs ln (T-Tm) at a frequency of 1 kHz for (1x) 

Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) 

composites and (b) Variation of diffusivity parameter (γ) with CMFO 

content 

We obtained γ>1 for pure BNT and all compositions implying diffuse phase transition. 

Figure 4.17 (b) shows the variation of γ with CMFO content. It is evident from Figure 4.18 
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(b) that there is a decrease in γ with addition of CMFO in the composites. 

        The ferroelectric properties of (1x) BNT/(x) CMFO (x = 0.10, 0.20, 0.30, 0.40 and 

0.50 composites are determined by measuring the P-E hysteresis loops at room temperature 

and frequency of 50 Hz. The obtained P-E hysteresis loops of the composites are shown in 

Figure 4.19 (a-e).  

 

Figure 4.19      P-E hysteresis loops of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (a) x = 

0.10, (b) x = 0.20, (c) x = 0.30, (d) x = 0.40, (e) x = 0.50 composites at 

room temperature and (f) variation of remnant polarization (2Pr) and 

coercive field (2EC) with CMFO content 
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It is evident from Figure 4.19 that the loops are not fully saturated. This may be attributed 

to the lower resistance of the ferrite phase. The polarization of ferrites having low 

resistance becomes strenuous because they can withstand only low voltages [222].      

Figure 4.19 (f) exhibits the variation of remnant polarization (2Pr) and coercive field (2EC) 

for (1x) BNT/(x) CMFO composites with CMFO content and the measured values of 

these parameters are given in Table 4.4.  

Table 4.4    Ferroelectric parameters of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4  (x = 0.10, 

0.20, 0.30, 0.40 and 0.50) composites measured at room temperature 

Composition (x)       Remnant Polarization (2Pr) (µC/cm2)    Coercivity (2EC) (kV/cm) 

       0.10                                            0.609                                                   10.523 

       0.20                                            0.595                                                   10.205 

       0.30                                            0.445                                                     9.923  

       0.40                                            0.357                                                     8.450  

       0.50                                            0.318                                                     7.792  

 

Both parameters viz. remnant polarization and coercive field are found to decrease with 

addition of CMFO. Decrease in remnant polarization of the composites indicates dilution 

in ferroelectric properties of composites with addition of CMFO. This may be attributed to 

the lower resistance of CMFO phase, consequently giving rise to heterogeneous 

conduction amidst BNT/CMFO interfaces [223]. The variation of coercive field with 

ferrite content may be attributed to domain pining arising from switching of ferroelectric 

domains with change in charge carrier concentration [154]. 

The magnetic characteristics of the (1x) BNT/(x) CMFO (x = 0.10, 0.20, 0.30, 0.40 and 

0.50) composites are determined by measuring the M-H hysteresis loops at room 

temperature by applying magnetic field in the range –10 kOe ≤ H≤+10 kOe and are shown 

in Figure 4.20 (a). Inset of Figure 4.20 (a) shows the M-H hysteresis loops of pure CMFO. 

The magnetic moment of the composites is computed in terms of Bohr Magneton using 

equation 3.1 [224]. The variation of remnant magnetization (Mr), saturation magnetization 

(MS) and magnetic moment of the composites with CMFO content is shown in Figure 4.20 

(b) and their magnitudes are listed in Table 4.5.         
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Figure 4.20   (a) M-H hysteresis loops of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 

0.10, 0.20, 0.30, 0.40, 0.50 and 1.0) composites at room temperature and 

(b) variation of remnant magnetization (Mr), saturation magnetization (MS) 

and magnetic moment with CMFO content 

The M-H hysteresis loops of the composites are found to be well saturated, indicating the 

presence of ordered magnetic structure [197]. The magnetization and magnetic moment are 

found to enhance with volume fraction of CMFO in the composites. This may be attributed 

to the fact that each ferrite grain in the composites act as magnetization centre and the 

saturation magnetization is the vector sum of these single contributions. In the ME 

composites each ferrite grain is linked with adjoining ferroelectric grains and these 

contacts are found to enhance with addition of ferrite, thereby increasing the magnetization 

[212]. 

Table 4.5    Magnetic parameters of (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 0.10, 

0.20, 0.30, 0.40 and 0.50) composites measured at room temperature 

Composition (x)             Mr (emu/g)               MS (emu/g)            Magnetic moment (µB) 

       0.10                                0.692                       4.264                              0.163  

       0.20                                2.404                      12.236                             0.474  

       0.30                                2.868                      17.469                             0.683    

       0.40                                5.048                      26.191                             1.035  

       0.50                                5.304                      35.646                             1.423 
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        Complex impedance spectroscopy (CIS) [176] has been used to study the electrical 

behaviour of the composites over wide frequency and temperature range. CIS helps to 

segregate the real and imaginary parts of electrical properties, enabling us to obtain the 

underlying material properties. CIS examines the ac response of sample exposed to a 

sinusoidal perturbation and subsequently calculates the variation of impedance with 

frequency of perturbation. The analysis of complex impedance can give useful information 

about frequency dependent properties of composites.  

Figure 4.21 (a-f) depicts the variation of real part of impedance (Z') for (1x) BNT/(x) 

CMFO (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites with frequency at different 

temperatures.  

 

Figure 4.21 Variation of real part of impedance (
'Z ) with frequency for (1x) 

Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4  (a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x 

= 0.30, (e) x = 0.40 and (f) x = 0.50 composites at different temperatures 
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It is evident that Zˈ decreases monotonically as frequency increases and achieves a static 

value at higher frequencies regardless of temperature. The static value of Z' is shifted to 

high frequency regime as temperature increases. Magnitude of Z ' decreases with 

temperature. It may be attributed to an increment in ac conductivity with temperature and 

frequency [173]. The values of Z' are found to merge in high frequency regime for all 

temperatures, suggesting a probable emancipation of space charge and subsequent 

lowering of barrier properties in samples [225, 174]. 

The frequency response of imaginary part of impedance (Z '') for (1x) BNT/(x) CMFO (x 

= 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites is illustrated in Figure 4.22 (a-f). 

 

Figure 4.22  Variation of imaginary part of impedance (Z'') with frequency for (1x) 

(Bi0.5Na0.5)TiO3-(x)CoMn0.2Fe1.8O4  (a) x = 0, (b) x = 0.10, (c) x = 0.20, (d) x 

= 0.30, (e) x = 0.40 and (f) x = 0.50 composites at different temperatures 
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Variation of Z'' as a function of frequency exhibit interesting properties which include: (1) 

peak appearance at distinct frequency (relaxation frequency) at which Z'' attains maximum 

value, (2) decrement in value of Z'' with a shift in peak frequency towards high frequency 

regime (3) asymmetric peak broadening with temperature and (4) merging of spectra in 

high frequency regime independent of temperature. These features may be attributed to 

temperature dependence of electrical relaxation phenomena in the materials [226] which is 

governed by electrons or immobile charges at low temperature and oxygen vacancies or 

defects at higher temperatures. The peak heights also decrease with frequency and 

temperature indicating the presence of space charge at low frequencies and perishing at 

high frequencies [225, 227]. 

        The temperature dependent plot of Z'' vs. Z' known as Nyquist plot is shown in Figure 

4.23 (a-f) for (1x) BNT/(x) CMFO (x = 0, 0.10, 0.20, 0.30, 0.40 and 0.50) composites. 

 

Figure 4.23   Nyquist plots for (1x) (Bi0.5Na0.5)TiO3-(x) CoMn0.2Fe1.8O4  (a) x = 0, (b) x 

= 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40 and (f) x = 0.50 composites 
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Nyquist plots for the composites exhibit small and large radii semicircular arcs in high and 

low frequency regime corresponding to contribution from bulk (grain) and grain 

boundaries to overall electric property. The intercepts of these two semicircles on real (Zˈ) 

axis gives us magnitude of bulk and grain boundary resistance (Rb and Rgb). Corresponding 

capacitances are calculated using equations 3.5 and 3.6. The obtained AC impedance 

parameters are listed in Table 4.6. 

Table 4.6  The variation of AC impedance parameters for BNT/CMFO composites 

measured at different temperatures 

Composition (x)   300 °C  350 °C  400 °C  450 °C  500 °C 

 Rb (kΩ)       152.2  53.57  23.90  9.97  4.04 

 x = 0.10  Cb (nF)  21.90  26.66  20.92  20.06    12.37 

 Rgb (kΩ)         .....  .....  .....  .....  ..... 

 Cgb (nF)      .....    .....  .....    .....  ..... 

 Rb (kΩ)     23.91  7.96  2.78  1.12  0.46 

 x = 0.20    Cb (nF)     20.91  25.12  17.98  22.32  21.74 

 Rgb (kΩ)      .....     .....  3.07  1.30  0.55 

 Cgb (nF)       .....     .....  325.73  769.23  909.09 

 Rb (kΩ)     16.74    4.84  2.03  0.82  0.60 

 x = 0.30  Cb (nF)  19.91  34.43  24.63  40.65  18.52 

 Rgb (kΩ)     .....  .....  .....  0.94  0.86 

 Cgb (nF)     .....  .....  .....  1063.83  232.56 

 Rb (kΩ)     12.28  4.54  0.95  0.53  0.46 

 x = 0.40  Cb (nF)  27.14  55.06  3.51  9.43  31.05 

 Rgb (kΩ)     .....  ......   1.95  0.88  0.53 

 Cgb (nF)   .....  .....  51.28  37.87  1886.79 

 Rb (kΩ)  3.0  1.11  0.94  0.31  0.18  

  x = 0.50  Cb (nF)  1.66  4.50  53.19  46.08   277.78 

 Rgb (kΩ)  7.5  2.54  1.06  0.35  0.21 

 Cgb(nF) 44.44 43.74 943.34 2857.14 680.27
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The semicircular arcs begin to emerge at 400 ºC for BNT and at 300 ºC for composites. 

BNT is more insulating than ferrite (CMFO) phase and their composites. The conductivity 

of the composites increases with addition of ferrite. This is the possible reason for 

obtaining semicircular arcs at given temperatures for BNT and composites. Below this 

temperature range semicircles are not obtained due to large impedance values, which is 

beyond the measuring range of system used. The higher frequency semicircles are more 

prominent indicating the major contribution of bulk effect to the electric property. It is 

evident that Rb decreases with temperature indicating the negative temperature coefficient 

of resistance (NTCR) behaviour of the composites analogous to conventional 

semiconductors. 

        Figure 4.24 shows the XPS spectra of Co 2p, Fe 2p, Zn 2p and O1s regions of ferrite 

phase CMFO. 

 

Figure 4.24   XPS spectra of Co 2p3/2, Fe 2p3/2,1/2, Mn 2p3/2,1/2 and O 1s for CoMn0.2Fe1.8O4 
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        The XPS spectra of Co 2p3/2 region comprises of two deconvoluted photopeaks 

around 777.91 and 779.82 eV corresponding to Co2+ at octahedral and tetrahedral sites 

respectively with a satellite peak around 784.30 eV. The Fe 2p region shows two peaks 

centred around 711 and 723.5 eV corresponding to Fe 2p3/2 and Fe 2p1/2 states. These two 

peaks are further deconvoluted to two peaks indicating the presence of Fe2+ and Fe3+ 

oxidation states [213]. The XPS spectra of Mn 2p shows two peaks centred at 640.13 and 

651.45 eV corresponding to Mn 2p3/2 and Mn 2p1/2 states. These two peaks are further 

deconvoluted into two peaks corresponding to Mn3+ and Mn4+ oxidation states [228]. The 

O 1s spectra shows two peaks centred at 527.66 and 529.37 eV. The former is the major 

contribution which arises due to oxygen in the spinel structure and the latter may be 

attributed to structural defects [229].    

        Co-existence of ferrite (CMFO) and ferroelectric (BNT) phase in the composites 

gives rise to ME coupling in the composites, which has been confirmed by measuring the 

ME voltage coefficient (αME) using dynamic method [144] and shown in Figure 4.25. 

While measuring αME, same procedure has been followed as discussed in section 4.3.1 and 

then ME voltage coefficient has been calculated using equation 3.8. Composite with x = 

0.10 shows highest value of αME = 6.765 mV/cm-Oe. Figure 4.25 (f) depicts the variation 

of αME with CMFO content. Inset of Figure 4.25 (f) depicts the variation of resistivity with 

CMFO content. It has been observed that αME is found to decrease with addition of CMFO 

in the composites. This may be attributed to decrease in resistivity of the composites with 

increase in CMFO content [230]. Decrement in resistivity of the composites results in 

leakage of charges that are created in ferroelectric phase through neighbouring ferrite 

phase, consequently decreasing the induced output voltage which further accounts for 

decrease in αME. The value of αME observed for x = 0.10 composite is found to be higher 

than the ME composites reported as shown in Table 4.7. 

Table 4.7   Comparison of αME for (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 composites 

with other lead-free composites 

          Composites                                             Maximum αME (mV/cm-Oe)   References 

(0.25)CoMn0.2Fe1.8O4-(0.75)BaZr0.08Ti0.92O3              2.340                                  [100] 

(0.80)Bi0.5Na0.5TiO3-(0.20)MgFe2O4                            4.793                                   [101] 

(0.90)Bi0.5Na0.5TiO3-(0.10)CoMn0.2Fe1.8O4              6.765                       Present work
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Figure 4.25 Variation of αME with DC magnetic field for (1x) Bi0.5Na0.5TiO3-(x) 

CoMn0.2Fe1.8O4  (a) x = 0.10, (b) x = 0.20, (c) x = 0.30, (d) x = 0.40, (e) x = 

0.50  and (f) variation of αME with CMFO content, inset shows the variation 

of resistivity with CMFO content 

4.3.3  (x) Bi0.5Na0.5TiO3 - (1–x) Ni0.2Co0.8Fe2O4 ME composite system with x = 0.30, 0. 

40, 0.50, 0.60, 0.70 and 0.80 

        The X-ray diffraction pattern for (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 [(x)BNT/(1 

–x)NCFO], where x = 0.30 – 0.80 along with the constituent phases of BNT and NCFO are 

shown in Figure 4.26. The indexing of the XRD peaks of the composites is in agreement 

with reported values of NCFO [125] and for the BNT phase the pattern agreed with JCPDS 

card No. 36-0340. The ferrite phase NCFO shows cubic spinel-ferrite structure, whereas
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BNT shows perovskite rhombohedral structure. No impurity traces are found in the XRD 

patterns of the composites, confirming that both the constituent phases have retained their 

The XRD pattern of the composites shows mixed crystalline spinel-perovskite structure. 

The lattice parameters calculated for BNT and NCFO phases for the composites are listed 

in Table 4.8. 

 

Figure 4.26  X-ray diffraction patterns of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 

0.30 – 0.80) composites along with pure BNT (*) and NCFO (+) phases 

Table 4.8      Lattice parameters, grain sizes and relative densities of (x) Bi0.5Na0.5TiO3-(1–

x)Ni0.2Co0.8Fe2O4 (x = 0.30–0.80) composites 

 Compositions           Lattice Parameters (Å)       Average grain size (µm)     ρrel (%)                     

         (x)                  NCFO (a)         BNT (a)                                                                            

           0                       8.383                   -                               3.813                        85.43        

          0.30                   8.324                3.871                          4.307                        87.42  

          0.40                   8.294                3.848                          4.270                        88.21 

          0.50                   8.280                3.855                          4.125                        86.32    

          0.60                   8.453                3.925                          3.190                        88.93  

          0.70                   8.421                3.911                          3.709                        86.52  

          0.80                   8.435                3.918                          4.058                        85.63   

          1.0                          -                   3.885                          3.302                        90.52 
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The FE-SEM micrographs of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–0.70) 

composites along with pure NCFO and BNT phases are shown in Figure 4.27 (a-g) 

exhibiting their surface morphology. Figure 4.27 (f-g) shows the FE-SEM micrograph for x 

= 0.80 composition in backscattered (BSE) mode with corresponding secondary electron 

mode. We observed two distinct types of grains, one is white (large) grain and other is 

black (small) in the BSE mode. The larger grain corresponds to BNT phase and smaller 

grains correspond to NCFO phase.  

 

Figure 4.27       FE-SEM micrographs of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (a) x = 

0.30, (b) x = 0.40, (c) x = 0.50, (d) x = 0.60, (e) x = 0.70, (f-g) secondary 

and backscattered electron mode for x = 0.80 composition  

 



Chapter 4     Synthesis and Characterization of Bi0.5Na0.5TiO3 based Magnetoelectric Composites 

 

128 
 

It is evident from Figure 4.27 and 4.28 that all composites exhibit mixed, non uniform and 

dense microstructure having firmly constituted grains of both the phases. The grain sizes of 

the composites are calculated using MS office VISIO software and are listed in Table 4.8. 

The addition of BNT resulted in densification of the microstructure of the composites. In 

co-fired composites the internal stress cannot be averted because of disparity in 

densification rate and thermal expansion coefficients of individual phases. This could be 

the possible reason for non-uniform microstructure with the different grain size as 

exhibited in our different compositions [231]. 

        Figure 4.28 (a-b) shows the frequency dependence of dielectric constant (εˈ) and 

dielectric loss (tan δ) of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–0.80)  

composites from 100 Hz- 1 MHz at room temperature   

 

 Figure 4.28     Frequency dependence of (a) Dielectric constant (εˈ) and (b) dielectric loss 

(tan δ) for (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–0.80) 

composites 

It is evident from Figure 4.28 that dielectric constant increases with addition of BNT in the 

composites as expected, clearly indicating the dependence of dielectric properties on BNT 

phase in the composites. Both εˈ and tan δ are found to decrease sharply in lower frequency 

regime and remain nearly invariant in high frequency regime. All composites reveal typical 

dielectric dispersion at low frequencies, which can be ascribed to Maxwell-Wagner 

interfacial polarization [192, 193 & 232] in accordance with Koop’s phenomenological 

theory [149]. Maxwell-Wagner type interfacial polarization results from the heterogeneity 

of composites consisting of ferroelectric regions enclosed by ferrite regions.  
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These two regions have different conductivities. When they are in contact with each other, 

it results to formation of uncompensated charges at the interface known as the space 

charges. These charges are responsible for generation of polarization in the material known 

as space charge or interfacial polarization. While sintering, composites lose few oxygen 

traces. On cooling them, reoxidation is limited at the surface and near grain/grain boundary 

interface [233]. When AC electric field operates electrons pile up at insulating grain 

boundaries resulting into space charge or interfacial polarization. This polarization is 

responsible for high value of dielectric constant at lower frequencies. With increase in 

frequency of external AC field, electrons are not able to follow the AC field’s variation and 

are not able to collect at the grain boundaries, thereby decreasing the dielectric constant. 

This dielectric behaviour can also be interpreted on the basis of polarization mechanism 

analogous to conduction process in ferrites. The presence of Fe3+and Fe2+ ions have made 

ferrites dipolar. The electron hopping between Fe2+ and Fe3+ sites is the main conduction 

mechanism in ferrites. When the frequency of applied AC electric field is lesser than the 

hopping frequency of electrons amid Fe3+and Fe2+ ions, electrons pile up at grain 

boundaries giving rise to polarization in the composites. As the frequency of AC electric 

field becomes greater than the hopping frequency of electrons, electron hopping becomes 

out of phase with the applied field and polarization value decreases [94]. The dielectric 

loss also displays same trend as observed for dielectric constant. Two processes contribute 

to dielectric loss: relaxation and resistive loss. In relaxation loss, dipole relaxation is the 

source of energy dissipation. In resistive loss energy is consumed by mobile charges 

present in ceramics. In lower frequency regime, higher loss may be attributed to 

resemblance amidst hopping frequency of electrons among Fe2+ and Fe3+ ions and 

frequency of external AC field. In higher frequency regime, the hopping frequency of 

electron exchange cannot match the applied field above particular frequency and loss 

becomes minimum [218]. 

The variation of dielectric constant (εˈ) with temperature for (x) BNT/(1–x) NCFO (x = 

0.30–0.70) composites, measured at frequencies of 1, 5 and 10 kHz is shown in Figure 

4.29. We observe two dielectric anomalies for pure BNT denoted by Td and TC 

respectively, as discussed in section 4.3.2. We observe Td at around 170 °C and TC at 360 

°C for BNT at 1 kHz. It is evident from Figure 4.29 that the transition peak (TC) for BNT
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and the composites is broad and frequency dependent. 

 

Figure 4.29     Temperature dependence of dielectric constant for (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 (a) BNT, (b) x = 0.30, (c) x = 0.40, (d) x = 0.50, (e) x = 

0.60 and (f) x = 0.70 composites 
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We also observe very small frequency dispersion at low temperatures in Figure 4.29, 

which may be attributed to lack of dynamics [234]. With increase in x from 0.40 – 0.70 the 

anomaly Td is not observed. This may be attributed to lower crystallinity, existing at 

sintering temperature of the composite samples [235]. Dielectric constant is found to 

increase with addition of BNT in the composites, indicating the dependence of dielectric 

properties on BNT content. Increase in dielectric constant with addition of BNT may be 

attributed to increase in the number of dipoles contributing to dielectric polarization, since 

the composite comprised of ferroelectric phase dispersed in the matrix of ferrite phase 

[236]. The variation of dielectric loss (tan δ) with temperature for (x) BNT/(1–x) NCFO (x 

= 0.30–0.70) composites, measured at frequencies of 1, 5 & 10 kHz is shown in Figure 

4.30 (a-f). 

 

Figure 4.30  Temperature dependence of dielectric loss for (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 (a) BNT, (b) x = 0.30, (c) x = 0.40, (d) x = 0.50, (e) x = 

0.60 and (f) x = 0.70 composites 
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Dielectric loss is found to decrease with increase in frequency of the applied field. This 

variation is related in accordance with Koop’s phenomenological model [237]. Higher 

dielectric loss at lower frequencies arises possibly due to resemblance amidst hopping 

frequency of electrons among Fe2+ and Fe3+ ions and that of applied AC field. At higher 

frequencies the hopping frequencies of electron exchange are not synchronized with the 

frequency of the applied electric field, consequently minimizing the loss [218]. Moreover, 

tan δ is found to increase with temperature, which is accredited to increase in conduction 

through residual and absorption current [101]. We observe a decrease in tan δ with addit ion 

of BNT in the composites. This is attributed to Maxwell-Wagner polarization occurring at 

the interface [238, 239]. 

        The magnetic characteristics of (x) Bi0.5Na0.5TiO3-(1x) Ni0.2Co0.8Fe2O4   (x = 0.30-

0.80) composites are studied at room temperature using VSM with applied magnetic field 

in the range 10 kOe ⩽H⩽ 10 kOe and are shown in Figure 4.31 (a-c).  

 

Figure 4.31    (a) M-H hysteresis loops of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 

0.30–0.80) composites at room temperature. Inset shows magnified image 

of M-H loops around the origin, (b) variation of coercivity (HC) and 

saturation magnetization (MS) and (c) variation of squareness (Mr/MS) of 

composites with BNT content 
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It is evident from Figure 4.31 (a) that all composites show small hysteresis loops, 

indicating their soft ferromagnetic nature, analogous to that of NCFO. The values of 

saturation magnetization (Ms), remnant magnetization (Mr) and coercivity (Hc) are listed in 

Table 4.9. Ms and Mr are found to decrease with addition of BNT. This is because of the 

fact that individual ferrite grains act as magnetization centres and the incorporation of 

ferroelectric material in the ferrite phase act as non- magnetic phase thereby breaking the 

magnetic circuit, leading to a downturn in the values of magnetic parameters [151]. HC is 

found to decrease with increasing BNT concentration in the composites. This may be due 

to the fact that the interaction between the NCFO grains in the composites becomes weak 

as the NCFO grains are supposed to be surrounded by BNT grains, as we increase the BNT 

concentration in the composites. This effectively increases the distance between the 

magnetic grains of NCFO thereby reducing the interaction strength [240]. Figure 4.31 (c) 

depicts the variation of squareness (Mr/MS) of the composites with variation of BNT 

content. The squareness increases with an increase in BNT concentration and becomes 

maximum at x = 0.70, after which it decreases. This may result from additional 

nanocrystallite growth. There may be incorporation of magnetization pining defects 

arising, because of lattice mismatch between the intergrowing nanocrystallites after the 

onset of significant crystallite growth at x = 0.70. These defects would reduce after 

increasing the BNT concentration further and results a decrease in squareness. 

Table 4.9     Magnetic parameters of (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–

0.80) composites measured at room temperature 

    Composition (x)     Mr (emu/g)               MS (emu/g)              HC (Oe)           Mr/MS 

        0.0                          13.651                      70.685                      234.113           0.193     

       0.30                          8.494                      46.921                       202.55             0.181   

       0.40                          7.303                      39.134                       195.526           0.187 

       0.50                          6.067                      31.753                       187.754           0.191 

       0.60                          5.466                      25.685                       169.294           0.213    

       0.70                          4.382                      18.809                       160.573           0.233 

       0.80                          2.275                      11.427                       145.209           0.199  

       To establish the coupling between electric and magnetic dipoles in the composites, we 

measured their ME voltage coefficients (αME). The ME coupling originally emerges from
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magnetic-mechanical-electrical interconnection through stress driven transfer at the 

interface [241]. αME has been computed for the composites using equation 3.8 following 

the same procedure as adopted in section 4.3.1. The variation of αME for the (x) BNT/(1–x) 

NCFO (x = 0.30–0.80) composites are shown in Figure 4.32. It is evident that αME 

increases with DC magnetic field initially up to 4–4.5 kOe and then starts decreasing as we 

increase the field again to 7 kOe as discussed earlier in section 4.3.1 

 

Figure 4.32   Variation of αME with DC magnetic field for (x) Bi0.5Na0.5TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 (x = 0.30–0.80) composites 
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The combined plot, representing the variation of αME is shown in Figure 4.33 (a). We also 

plotted the variation of maximum αME with BNT content which is shown in Figure 4.33 

(b). It is evident that maximum αME increases with addition of BNT and reaches a 

maximum value of 7.538 mV/cm-Oe at x=0.60 and then decreases. This variation of αME 

may be attributed to the fact that the ME coupling arsing in ME composites comprising of 

piezoelectric and piezomagnetic phases depends on various factors including piezoelectric 

coefficient, piezomagnetic coefficient and mechanical coupling [144]. The effective αME of 

the composites can be significantly affected by connectivity and weight fraction of the 

constituent phases.  A low concentration of ferrite or ferroelectric phase effects in the 

declination of piezoelectricity or magnetostriction respectively, consequently decreasing 

αME as predicted theoretically [110]. Similar behaviour of αME has been reported earlier 

[242, 243]. 

 

Figure 4.33     (a) Combined plot of ME voltage coefficient, αME with DC magnetic field 

for (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–0.80) composites 

and (b) variation of αME with BNT content 

        Figure 4.34 shows the XPS spectra of Ni 2p, Co 2p, Fe 2p and O 1s regions of ferrite 

phase NCFO. The XPS spectra of Co 2p3/2 region comprises of two deconvoluted 

photopeaks around 778.21 and 779.35 eV corresponding to Co2+ at octahedral and 

tetrahedral sites respectively with a satellite peak around 785.23 eV. The Fe 2p region 

shows two peaks centred around 710.91 and 724.05 eV corresponding to Fe 2p3/2 and Fe 

2p1/2 states. These two peaks are further deconvoluted to two peaks indicating the presence 
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of Fe2+ and Fe3+ oxidation states. The XPS spectra of Ni 2p3/2 regions consists of two 

deconvoluted photopeaks centred at 854.23 and 856.48 eV corresponding to Ni2+ at 

octahedral and tetrahedral sites respectively [229]. 

 

Figure 4.34        XPS spectra of Ni 2p3/2, Co 2p3/2, Fe 2p3/2,1/2 and O 1s for Ni0.2Co0.8Fe2O4 

4.4  Summary 

        The ME composites (x) Co0.8Zn0.2Fe2O4-(1–x) Bi0.5Na0.5TiO3 (x = 10, 20, 30, 40, 50 

wt.%) equivalently denoted as CZF/BNT comprising of CZF as ferrite phase and BNT as 

ferroelectric phase were synthesized using solid state reaction method. XRD analysis 

confirms the presence of both the constituent phases in the composites. Average grain size 

of the composites determined from FE-SEM micrographs was found to decrease with 

addition of CZF phase in the composites. Variation of dielectric constant with temperature 

signifies a broad phase transition peak which shifts towards low temperature side with 

addition of CZF. P-E and M-H hysteresis loops obtained at room temperature indicate the 

presence of ferroelectric and magnetic ordering in the composites. Impedance analysis 

suggests the NTCR behaviour of the composites and indicates bulk and grain boundary
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contribution to the overall electric properties. The composites also exhibited ME coupling 

which was confirmed by measuring ME voltage coefficient (αME) with maximum αME of 

7.11 mV/cm-Oe (x = 10 wt.%) . The obtained results imply that these composites may be 

useful for device based applications. 

        The ME composites (1–x) Bi0.5Na0.5TiO3-(x) CoMn0.2Fe1.8O4 (x = 0, 0.10, 0.20, 0.30, 

0.40 and 0.50) equivalently denoted as BNT/CMFO comprising of BNT as ferroelectric 

and CMFO as ferrite phase were synthesized successfully using conventional SSR method. 

Average grain size was computed using FE-SEM micrographs and was found to decrease 

with addition of CMFO. Temperature dependent dielectric study exhibits two dielectric 

anomalies corresponding to phase transition temperatures of BNT one of which is broad 

and frequency dependent which indicates the relaxor behaviour. The dielectric constant 

was found to decrease with addition of CMFO. P-E and M-H hysteresis loops obtained at 

room temperature indicate the presence of ferroelectric and magnetic ordering in the 

composites. Addition of CMFO significantly improves the magnetization but lowers the 

polarization and coercive field (EC). The composites also exhibit room temperature ME 

coupling which was found to decrease with addition of CMFO. 

        The ME composites (x) Bi0.5Na0.5TiO3-(1–x) Ni0.2Co0.8Fe2O4 (x = 0.30–0.80) 

equivalently denoted as BNT/NCFO were synthesized successfully using conventional 

SSR method. XRD analysis confirms the mixed spinel-perovskite phase of the composites. 

FE-SEM micrographs indicate the fairly dense micrographs comprising of both the 

constituent phases in the composites. Frequency and temperature dependent dielectric 

study indicates that the magnitude of dielectric constant (εˈ) increased and dielectric loss 

(tan δ) decreased with addition of BNT.  The magnetic properties of the composites were 

diluted with addition of BNT as expected. ME coupling in the composites was found to 

enhance with addition of BNT up to x = 0.60 and highest αME of 7.538 mV/cm-Oe was 

obtained. The enhanced dielectric and magnetoelectric properties of the obtained 

composites may be useful in device based applications. 



  

 

 
 

  



Chapter 5 

Synthesis and Characterization of BaFe12O19 based Magnetoelectric 

Composites 

This chapter has been published in the form of following paper: 

(1) Investigation of magnetoelectric effect in lead free K0.5Na0.5NbO3 – BaFe12O19 novel 

composite system, Yogesh Kumar, K.L. Yadav, Jyoti Shah, R.K. Kotnala, Journal of 

Advanced Ceramics (2019) 8 (3): 333-344. 

5.1   Introduction3 

        In this contemporary era of device miniaturization and device multi-functionality, 

magnetoelectric (ME) composites have enticed the science fraternity towards themselves 

owing their large ME coupling with respect to their single phase counterparts. Presence of 

large ME effect in composite materials has compelled the researchers to exploit their use in 

diverse applications including: spintronic devices [8, 244], high sensitivity magnetic field 

sensors [245], sensors and transducers [246, 247], electric field controlled ferromagnetic 

resonance devices [248]. Large scale applications of ME composites given their high ME 

coupling than single phase materials make them a beguiling research concern. ME 

coupling in the composites is basically a product property arising due to combination of 

magnetostrictive (magnetic/mechanical) phenomena in ferrite and piezoelectric 

(meachanical/electrical) phenomena of ferroelectric phases respectively [249]. Low value 

of ME coupling in single phase materials as compared to their ME composite counterpart, 

opens wider prospects for evolution of the latter. In late years focus has been laid on 

synthesis and development of lead-free ME composites, due to environmental and health 

related concerns posed by lead based ME composites. 

        Barium ferrite is basically an M-type ferrite with general formula BaFe12O19 (BHF). It 

is largely used as hard magnetic material since it was firstly proposed by Smit [250]. The 

M- type hexaferrites are widely studied materials due to their unique physical properties. 

The crystal structure of BHF is described by P63/mmc (No. 194) space group. These 

ferrites are generally termed as hard ferrites because of their high electrical resistivity, 

saturation magnetization, coercivity and mechanical hardness [251]. At higher frequencies,
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hexaferrites have low-eddy current losses and high resistivity as compared to other 

magnetic materials [252]. Moreover they have high Curie temperature, decent chemical 

stability and corrosion resistivity [253, 254]. Also they are ferrimagnetic systems having 

larger magnetostrictive nature [255]. In the previous years, distinct lead-free composites 

comprising of BaFe12O19 as a constituent phase including 0.9BaTiO3-0.1Ba(1–x)SrxFe12O19 

[256], 0.5BaFe12O19-0.5Na0.5Bi0.5TiO3 [257], BaTiO3-BaFe12O19 [258], Na0.5Bi0.5TiO3- 

BaFe12O19 [259], (BaFe11.9Al0.1O19)1-x-(BaTiO3)x [260] etc. are studied. In order to obtain 

significant ME effect, an appropriate combination of ferrite and ferroelectric phase is a 

necessary requirement. To achieve this we have synthesized and studied the BaFe12O19 

based ME composites including (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 [(1–x)KNN/(x)BHF]. 

        (K0.5Na0.5)NbO3 (KNN) is considered as outstanding lead free piezoelectric ceramic 

owing to its improved ferroelectric, dielectric and piezoelectric properties. KNN has large 

piezoelectric longitudinal response and a high planar coupling coefficient (kp ~ 45%) [138-

139]. Moreover it also shows large remnant polarization and coercive field [119]. On the 

other hand, BHF is an excellent candidate for ferrite phase due to its outstanding properties 

discussed above. Also very few reports are available on the ME composites having BHF as 

ferrite phase and KNN as ferroelectric phase. Keeping the above facts in mind, in this 

chapter we present the synthesis and organized study of the structural, dielectric, magnetic 

and magnetoelectric properties of (1 ̶ x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 50 

wt.%) novel ME composite system. 

5.2   Experimental Details 

5.2.1 Synthesis of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 novel ME composite system with 

x = 30, 40 and 50 wt.% 

        Novel lead-free ME composites viz. (1 ̶ x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 

and 50 wt.%) were synthesized using conventional solid state reaction method. 

Ferroelectric phase (K0.5Na0.5)NbO3 was synthesized using solid state reaction method as 

discussed in section 3.2.1. Ferrite phase BaFe12O19 was synthesized with sol-gel method, 

employing Barium nitrate Ba(No3)2 (99 %, Himedia, India) Ferric nitrate Fe (NO3)3.9H2O 

(98 % Himedia, India), citric acid and ethylene glycol as starting materials. Initially 

Barium nitrate and Ferric nitrate were mixed in appropriate molar proportions in aqueous
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solution of citric acid prepared in distilled water. The mixture was continuously stirred at 

80 ºC to get a homogeneous solution. Then ethylene glycol was added to the solution with 

a proportion of citric acid/ethylene glycol in the ratio of 70:30. This solution was then 

transformed in to xerogel, which started to swell thereby producing a foamy precursor. The 

obtained xerogel was then dried in hot air oven at 120 ºC for 12 h. The obtained powder 

from xerogel was then pre sintered at 900 ºC for 3 h in air atmosphere to obtain the desired 

phase. The desired (1 ̶ x) (K0.5Na0.5)NbO3-(x) BaFe12O19, ME composites were then 

synthesized by mixing the obtained KNN and BHF powders in different wt.% ratios: 

70:30, 60:40 and 50:50. The obtained composite powders were then shaped in the form of 

cylindrical pellets (10 mm diameter and thickness between 1-2 mm) using hydraulic press 

and then sintered in air atmosphere at optimized temperature of 1050 ºC for 3 h. 

5.2.2   Characterizations 

        Phase formation and structural characterizations of the composites was examined with 

X-ray diffractometer (Bruker D8 X-ray Advance) with Cu Kα radiation (λ = 1.5432 Å), in 

a wide Bragg angle range (20
°⩽2θ⩽60

°
). Field emission scanning electron microscopy 

(FE-SEM), Carl Zeiss operating at an accelerating voltage of 15 kV was used to study the 

surface morphology and microstructures of the composites. For measurement of electrical 

properties, electrical contacts on the samples were made by coating both the flat surfaces 

of the pellets with high purity silver paste and then drying them at 150 ºC for 1 h. The 

dielectric measurements including dielectric constant ( ' ) and dielectric loss (tan δ) were 

studied, using HIOKI-3532-50 Hi Tester LCR meter in the temperature range of 30–500°C 

at a ramp rate of 2 °C/min and at a measuring electric field of 1 Volt. Ferroelectric 

properties of the composites were measured at room temperature using modified Sawyer-

Tower circuit (automated Marine India P-E loop tracer). Complex impedance analysis was 

done at room temperature by using HIOKI LCR meter in a wide frequency range of 100 

Hz–1 MHz. The room temperature magnetic properties of the composites were measured 

using vibrating sample magnetometer (VSM) Quantum Design, PAR 15) in the magnetic 

field range of –10 kOe ≤ H≤+10 kOe. The temperature dependent magnetization in field 

cooled (FC) and zero field cooled (ZFC) modes was measured using superconducting 

quantum interference device (SQUID) from 5 K to 300 K at 1 kOe. ME coupling in the 

composite samples was confirmed by measuring ME voltage coefficient (αME) employing 

dynamic method using an in house built measurement setup. 
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5.3   Results and Discussions 

        The XRD patterns of (1 ̶ x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 50 wt.%) 

ME composite system, along with that of pure KNN and BHF phases are shown in Figure 

5.1. 

 

Figure 5.1     XRD patterns of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) Pure BaFe12O19 

and (b) (x = 30, 40 and 50 wt.%) composites along with individual KNN 

and BHF phases where (hash, #) represents KNN and (asterisk,*) represents 

the BHF phase 

XRD peak indexing for composite samples agrees with reported KNN [145] having 

perovskite orthorhombic structure with space group Amm2 and BHF (JCPDS card 84 -

0757) having hexagonal structure with space group P63/mmc. XRD patterns of the 

composite samples assert that all the peaks corresponding to both the constituent phases 

are present and absence of impurity traces confirm that both the constituent phases have 

retained their identity in the composites, thereby confirming their efficacious synthesis. 

        The calculated values of lattice parameters of the composite samples and their 

constituent phases are listed in Table 5.1. The ferrite phase (BHF) has hexagonal structure 

and ferroelectric phase (KNN) shows perovskite orthorhombic structure. Any particular 

trend has not been observed for the unit cell parameters with the concentration of 

individual phases. Since, the composite systems are synthesized from separately prepared 

individual phases mixed in the required stoichiometry. Also the composite system is not a
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single phase, rather it is a mixture of two individual phases. So when we are increasing the 

wt.% of a particular phase in the composite, it is not affecting the structure as a whole. 

Consequently, no particular trend is observed in the variation of lattice parameters for the 

composites. The relative density of the composites is obtained using the experimental and 

theoretical densities related by equation 3.2 and is listed in Table 5.1  

Table 5.1     Lattice parameters, grain sizes and relative densities of (1–x) (K0.5Na0.5)NbO3-

(x) BaFe12O19 (x = 30, 40 and 50 wt.%) ME composites 

        Compositions                     Lattice Parameters (Å)           Average grain    ρrel 

                (x)                        BHF                              KNN               size (nm)         (%) 

                               a            c                a               b                 c      

            KNN        -                -           5.675       5.626        3.948       538.53          91.25 

             0.30       5.086     23.328       5.656      5.599         3.963       345.53         89.63   

             0.40       5.037     23.299       5.622      5.575         3.957       317.36         89.21 

             0.50       5.105     23.434       5.781      5.712         3.981       301.89         88.45 

            BHF       5.159     23.596         -                 -                  -        231.93         86.42  

        Surface morphology of the composite samples has been investigated using field 

emission scanning electron microscopy (FE-SEM). FE-SEM micrographs of the 

composites samples along with their constituent phase viz. KNN and BHF are shown in 

Figure 5.2 (a-e). It is evident from Figure 5.2 that all the composites exhibit homogeneous 

microstructure. These micrographs confirm the formation of desired composites 

comprising of both the grains of the constituent phases. It is evident from the micrographs 

that composites comprise of two distinct phases viz. small hexagonal shaped grains akin to 

BHF phase and large polygonal shaped grains akin to KNN phase. The purity and assertion 

of composite formation is revealed from the presence of expected elements (K, Na, Nb, Ba, 

Fe and O) in the EDAX spectra of x = 40 wt.% composite shown in Figure 5.2 (f).   
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Figure 5.2     FE-SEM micrographs of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) KNN (b) x 

= 30 wt.%, (c) x = 40 wt.%, (d) x = 50 wt.% composites, (e) BHF and (f) 

EDAX spectrum of composite with x = 40 wt.% 

Average grain size of the composite samples has been computed using Image J software 

and fitted using log-normal distribution as shown in Figure 5.3 (a-e). The average grain 

size of the composites is found to decrease with addition of BHF in the composites.
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Figure 5.3    Log normal distribution of grain sizes of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 

(x = 30, 40 and 50 wt.%) ME composites along with pure BHF and KNN 

phase 

        The elemental mapping in (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 for x = 40 wt.% 

composite is shown in Figure 5.4. It displays uniform distribution of K, Na, Nb, Ba, Fe, 

and O in the synthesized composite system without any trace of impurity indicating the 

purity of the synthesized composites. 
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Figure 5.4     Elemental mapping showing distribution of different elements in (1–x) 

(K0.5Na0.5)NbO3-(x) BaFe12O19 composite with x = 40 wt.% 

        The variation of dielectric constant (ε') of the (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x 

= 30, 40 and 50 wt.%) composite samples is studied with temperature at three distinct 

frequencies (1, 5 and 10 kHz) in the temperature range 30–500 ºC. Figure 5.5 (a-e) exhibits 

the temperature dependence of dielectric constant of the composite samples along with 

their constituent phases including KNN and BHF. The ferroelectric (KNN) phase exhibits 

two transition peaks with first peak appearing in temperature range 170 – 200 ºC akin to 

orthorhombic-tetragonal phase transition (TO-T) and second peak in the high temperature 

range of 420–440 ºC akin to tetragonal–cubic phase transition (TC). The temperature 

dependence of dielectric constant for ferrite (BHF) phase comprises of first transition peak 

in the range 150–190 ºC and the second transition peak which appears at  ̴ 455 ºC 

corresponds to ferroelectric – paraelectric like phase transition. 
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Figure 5.5      Temperature dependence of dielectric constant ( ' ) at various frequencies 

for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) KNN, (b) x = 30 wt.%, (c) x = 

40 wt.%, (d) x = 50 wt.%  composites and (e) BHF 

When electric field is applied to BHF, a huge number of dipoles are formed owing to inter 

ionic hopping via oxygen, giving it a ferroelectric character [261]. The plot of ε' vs. T of 

BHF has been divided into three regions as shown in Figure 5.5 (e). The compositional 

disorder in the crystal structure gives rise to formation of polar regions [262] thereby
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affecting the dielectric behaviour. In region I the polar regions remain frozen at lower 

temperatures and ε' increases with temperature. The increase in temperature initiates the 

conversion of big polar region to nano size polar regions in order to minimize the thermal 

energy. During this process ε' starts to decrease as evident from region II of Figure 5 (e) 

giving rise to first peak (Tr). This in particular indicates the relaxor type characteristic of 

the sample and is not a phase transition. After this ε' again increase with temperature owing 

to existence of large number of nano polar regions. In the nano polar regions, electric 

dipoles require lower energy to be polarized, thereby giving rise to high ε' between regions 

II and III. On increasing the temperature further, the ordered electric dipoles become 

disordered owing to surplus of thermal energy consequently causing a sudden decrease in 

ε' with temperature. This peak temperature corresponds to ferroelectric–paraelectric phase 

transition (Tm) [263]. The obtained results are nearly consistent with the previous reports 

[264]. Both Tr and TC are found to increase slightly with frequency. It is interesting to note 

that BHF exhibits multiferroic character [265, 266]. Therefore we cannot neglect the 

magnetic phase transition (ferro-paramagnetic) of BHF, which occurs at  ̴  445 ºC and other 

appears around 130 ºC. These transitions in BHF require further study by measuring 

temperature dependent magnetization above room temperature. 

Figure 5.5 (b-d) shows that the composite samples exhibit transition peaks corresponding 

to both the constituent phases which are marked by their corresponding symbol in the 

respective plots. It is evident from Figure 5.5 that dielectric constant decrease with addition 

of BHF wt.% in the composites. This may be accounted for a decrease in grain size with 

addition of BHF in the composite samples. It is assumed that the ferroelectric phase has 

large number of ferroelectric domains separated from each other by domain walls. Number 

of domain walls and their mobility affects ε' [199]. From the point of view of Okazaki and 

Nagata [200], the grain boundaries and domain walls comprise of space charge sites in a 

certain amount. These sites are responsible for producing electric field which significantly 

affects domain walls mobility. When grain size decreases it leads to an increase in surface 

area of space charge layer, consequently enhancing the space charge field. As a result of 

this the domain wall motion becomes comparatively arduous and non uniform which is 

responsible for decrease in dielectric constant. 

Figure 5.6 (a-d) exhibits the variation of dielectric constant (ε') with frequency for the 

composite samples at room temperature in the frequency range of 50 Hz-1 MHz. Dielectric 

constant is found to decrease over whole frequency range having very subtle changes in the 
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high frequency regime. This type of behaviour in composites may be attributed to 

Maxwell-Wagner interfacial polarization [192, 193] which gives rise to uncompensated 

charges at the interface separating two constituent phases of the composites. Grains are less 

resistive as compared to grain boundaries, thereby favouring the gathering of electrons at 

grain boundaries on application of external AC field giving rise to space charge 

polarization. This accounts for higher values of ε' at lower frequencies. With increase in 

frequency further the electrons are not able to align with the frequency of applied field, 

consequently decreasing the dielectric constant at higher frequencies. Magnitude of ε' is 

found to decrease with increase BHF content from x = 30–50 wt.%. Similar trend has been 

reported earlier for other BHF based compounds [267-269]. 

 

Figure 5.6       Frequency dependence of dielectric constant at room temperature for (1–x) 

(K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 50 wt.%) composites 

        The ferroelectric ordering in the composite samples has been established by 

measuring P-E hysteresis loops. Figure 5.7 (a-e) exhibits the P-E hysteresis loops of pure 

KNN and BHF phases along with that of (1–x) KNN-(x) BHF (x = 30, 40 and 50 wt.%) 
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composites obtained at 50 Hz frequency and at room temperature. 

 

Figure 5.7       P-E hysteresis loops for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) KNN, (b) 

x = 30 wt.%, (c) x = 40 wt. %, (d) x = 50 wt.% composites  and (e) BHF 

obtained at room temperature 

The polarization in BHF may be attributed to the change in the central position of Fe in the 

FeO6 octahedron of the subunit cell of BHF. Generally Fe is found at the centre of 

octahedron. When an external field is applied, it gives rise to off center shift for Fe thereby 

inducing electric polarization [270]. Remnant polarization (Pr) of the composites is found 

to decrease with BHF wt.%. This may be attributed to enhancement in conductivity,
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consequently increasing the leakage current. This behaviour may also be correlated with 

the Nyquist plots obtained for the composites [Figure 5.12 (a-d)] which provide 

information about resistance by calculating the intercept made by semicircular arcs on the 

abscissa axis of Nyquist plots. The resistance is found to decrease with increase in BHF 

wt.% thereby reducing the electromechanical coupling which consequently lowers Pr 

[210]. 

        The magnetic characteristics of the (1 ̶ x) KNN-(x) BHF (x = 30, 40 and 50 wt.%) 

composites are studied using M-H hysteresis loops at room temperature at an applied 

magnetic field of -10 kOe ⩽H⩽ 10 kOe. Figure 5.8 (a-b) exhibits the M-H hysteresis loops 

of the composites along with pure BHF phase. As evident from the Figure 5.8 that 

composite samples and pristine BHF exhibit rapid increase in magnetization at lower fields 

which further slows down at higher fields and they also not show saturation in 

magnetization in the applied field range. The saturation magnetization (Ms) of the 

composites is approximated using law of saturation [271-273] employing following 

relation between magnetization (M) and magnetic field (H) given by equation 5.1 

                                     
2

( ) 1S P

A B
M H M H

H H


 
= + + + 

 
                                                               (5.1) 

Here MS is the saturation magnetization, χp is the high field susceptibility, A/H term is 

related with inhomogeneities and usually neglected at higher magnetic field and B/H2 is 

related to magnetocrystalline anisotropy [273]. The saturation magnetization is computed 

using equation 5.1 (Table 5.2) and found to increase with addition of BHF in the composite 

samples. The coercive field (HC) of the composite samples is also estimated from the M-H 

hysteresis loops (Table 5.2) and found to decrease with increase in BHF wt.%. The 

variation of MS and HC with BHF content is shown in Figure 5.9 (a). Individual grains of 

ferrite in the composite samples act as magnetization centres. The net magnetization arises 

from sum of these individual contributions. The ferrite addition in the composites, strongly 

enhance the magnetic contacts, consequently increasing the net magnetization. The 

decreasing trend of HC may be attributed to change of easy axis of magnetization from c-

axis to basal plane which may lower the anisotropic field (Ha) [259, 274]. For Hexagonal 

ferrites the anisotropic parameter is given using equation 5.2 [275] 
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21
*

15
aB H= −                                                                                (5.2) 

Here Ha is the anisotropy field, expressed using equation 5.3 [276] 

                                                                   

                                                                   12
a

S

K
H

M
=                                                                                 (5.3) 

Here K1 is the first order anisotropy constant and MS is the saturation magnetization. 

Combining equations (5.1) and (5.3) we get the following equation 

                                                       
2

1

2 2

4
( ) 1

15
S p

S

K
M H M H

M H


 
= − + 

 
                                           (5.4) 

The anisotropy field Ha is estimated using equation (5.3) and (5.4) and tabulated in Table 

5.2. Since Ha is proportional to HC, so analogous to HC, Ha also follows the same trend as 

expected and is found to reduce with addition of BHF (Figure 5.9 (b)). This may be 

attributed to growth of interface magnetization at KNN-BHF interfaces which act as 

reverse pinning effect [277]. 

Table 5.2       Magnetic parameters of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and   

50 wt.%) ME composites 

 

         Composition (x)              HC (kOe)                      Ha (kOe)                 MS (emu/g) 

                  BHF                             5.30                               31.55                          71.52 

                30 wt.%                         2.96                               28.84                          49.54 

                40 wt.%                         2.28                               26.75                          55.87 

                50 wt.%                         1.63                               25.49                          60.8 
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Figure 5.8     M-H hysteresis loops for (a) BHF, (b) (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 

(x = 30, 40 and 50 wt.%) composites 

 

Figure 5.9       (a) Variation of saturation magnetization (Ms) and coercive field (Hc) and 

(b) anisotropy field (Ha) of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 

40 and 50 wt.%) composites with BHF wt.% 

        In order to understand the nature of magnetic ordering in the composites we obtained 

temperature dependent zero field cooled (ZFC) and field cooled (FC) magnetizations at a 

magnetic field of 1 kOe in the temperature range of 5–300 K and are shown in Figure 5.10 

(a-d). The measurements were taken ZFC and FC modes. In ZFC mode we cooled the 

samples in the absence of magnetic field up to 5 K and then applied a magnetic field of 1 

kOe. Then we measured the magnetization while heating the sample from 5–300 K. In FC
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mode we cooled the samples in the presence of magnetic field of 1 kOe up to 5 K and then 

measured the magnetization while heating the samples from 5–300 K. The main features of 

the M-T curves as evident from Figure 5.10 are: (i) They exhibit large irreversibility 

among ZFC and FC magnetizations and (ii) presence of wide maxima (cusp) in ZFC 

magnetization. The irreversibility between ZFC and FC magnetizations indicate the 

absence of long range ferromagnetic ordering. This indicates the presence of ferromagnetic 

and antiferromagnetic ordering in the composites below room temperature, but mainly 

dominated by ferromagnetic ordering. Also the irreversibility temperature of the 

composites is well above room temperature because we don’t see any overlapping in ZFC 

and FC magnetization up to 300 K as observed earlier [278]. The ZFC magnetization 

exhibits a broad maxima around 50 K, whereas FC magnetization exhibits almost 

temperature independent behaviour below this temperature. The cusp like or broad maxima 

behaviour of ZFC may be due to existence of spin glass behaviour [279]. This type of 

behaviour may be attributed to randomness of neighbouring coupling or magnetic 

moments and mixed interactions which results in frustration [280]. 

 

Figure 5.10     ZFC and FC magnetization curves for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 

(a) x = 30 wt.%, (b) x = 40 wt.%, (c) x = 50 wt.% composites and (d) BHF
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        It is a well known fact that a polycrystalline compound comprises of heterogeneous 

microstructures viz. grains, grain boundaries and other interfaces, each of which 

corresponds to specific conduction mechanism [281]. The plot of Z'' vs. Z' known as 

Nyquist plot helps us to differentiate distinct relaxation process described by semicircular 

arcs. Each semicircular arc corresponds to specific relaxation [282, 283]. The different 

relaxation processes can be modelled using an equivalent circuit comprising of resistance 

and capacitance in parallel as shown in Figure 5.11 [284]. 

Complex impedance Z* can be represented as 

                              
* 1 1 1 1( ) ( )b b gb gbZ R i C R i C − − − −= + + +                                               (5.5) 

Evaluating equation 5.5 we will get real and imaginary parts of impedance as follows: 

                          
' 2 2[1 ( ) ] [1 ( ) ]b b b gb gb gbZ R R C R R C = + + +                                        (5.6) 

and               
'' 2 2 2 2[1 ( ) ] [1 ( ) ]b b b b gb b gb gbZ R C R C R C R C   = + + +                             (5.7) 

where Rb, Rgb and Cb, Cgb represents grain (bulk) resistance, grain boundary resistance and 

capacitances respectively. 

 

Figure 5.11      Equivalent circuits showing distinct effects including contributions from 

grain, grain boundaries and surface charge polarization [284]
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The temperature dependent complex impedance spectra, Z'' vs. Z' known as Nyquist plots 

are shown in Figure 5.12 (a-c) for the (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 

50 wt.%) composites. It is evident from Figure 5.12 that we obtained two semicircular arcs 

at distinct temperatures (30, 50 and 100 ºC). The high and low frequency semicircular arcs 

signify the presence of bulk (grain) and grain boundary contributions respectively. Bulk 

contribution mainly arise by parallel integration of bulk resistance and capacitance (Rb and 

Cb), while grain boundary contribution comes into play with parallel combination of grain 

boundary resistance and capacitance (Rgb and Cgb) respectively as shown in Figure 5.11. 

Both Rg and Rgb can be directly obtained from the intercepts of the semicircular arcs on the 

abscissa axis of Nyquist plots. It is evident from Figure 5.12 (a-c) that both Rb and Rgb are 

found to decrease with increase in temperature confirming the negative temperature 

coefficient of resistance (NTCR) behaviour of the composites analogous to semiconductors 

[161]. It is also observed that all the semicircles exhibit some degree of depression 

signalling that the centre of these semicircles lie below the abscissa axis, indicating 

presence of non-Debye type of relaxation phenomena in the composite samples. Figure 

5.12 (d) exhibits the combined Nyquist plots of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 

30, 40 and 50 wt.%) ME composites at room temperature signalling the decrease in 

impedance with addition of BHF wt.% in the composites. 

 

Figure 5.12      Nyquist plots of (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) x = 30 wt.%, (b) 

x = 40 wt. %, (c) x = 50 wt.% composites at 30, 50 and 100 ºC and (d) 

Nyquist plots of composites at room temperature 
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        Electrical modulus studies are used to analyze the electrical transport process in the 

polycrystalline samples. It enables us to detect various phenomena including electrode 

polarization and bulk conductivity properties. Moreover it also helps us to analyse the 

effects of changing temperatures and frequency, on the relaxation processes [285, 286]. 

The complex electrical modulus M* is generally treated as reciprocal of permittivity given 

by equation 5.8 

                                               * * ' ''1M M iM= = +                                                        (5.8) 

Where, 'M and "M are obtained using relations, 

                                        ' "

0M C Z=  and " '

0M C Z=  

Here /o oC A d=  in which A is the area of the sample, d is its thickness and ω is the 

angular frequency [287, 288]. 

In order to see the presence of surface charge effects we have obtained imaginary part of 

complex electric modulus (M'') and plotted its variation with frequency at three different 

temperatures (30, 50 and 100 ºC) in the frequency range of 100 Hz – 1MHz. Figure 5.13 

(a-c) exhibits the dependence of M'' on frequency for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 

(x = 30, 40 and 50 wt.%) composites at different temperatures. It is evident from Figure 

5.13 that we do not observe any relaxation peak in the lower frequency window of the Mʹʹ 

spectrum, which confirms about the surface charge effect in the composite samples [284, 

289]. Furthermore the Mʹʹ vs. f plots, are characterized by: (a) appearance of peaks at a 

particular frequency at different temperatures and (b) peaks shift towards higher frequency 

side with increase in temperature. The lower frequency regime on left side of peak 

indicates the frequency range for which the charge carriers are capable of moving over a 

long distance, which means they can perform hopping from one site to neighbouring site 

easily [290]. The higher frequency range on right side of peak indicates the range of 

frequency for which the charge carriers remain spatially restricted to own potential wells 

and execute localized motion within them [226]. Appearance of peak in the modulus 

spectrum indicates the transition from long range to short range mobility with enhancement 

in frequency. Moreover, it also indicates the conductivity relaxation in the composites. 

Shifting of peaks towards higher frequency regime with increase in temperature indicates 

thermally activated relaxation process in which charge carrier hopping with small polarons 

is dominated intrinsically for all compounds [275]. 



Chapter 5          Synthesis and Characterizations of BaFe12O19 based Magnetoelectric Composites 

 

158 
 

In order to differentiate whether the relaxation phenomena occurring in the composites 

occurs due to long range or short range movement of charge carriers we plotted the 

combined frequency dependence of Mʹʹ and Zʹʹ. If the relaxation process is dominated by 

short range movement of charge carriers then peaks akin to Mʹʹ and Zʹʹ will occur at 

different frequencies and for long range movement of charge carriers we obtain peaks akin 

to Mʹʹ and Zʹʹ at same frequency [291]. Figure 5.14 shows the combined plots of Mʹʹ and Zʹʹ 

for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 50 wt.%) composites with 

frequency at room temperature. It is evident from Figure 5.14 that peaks akin to Mʹʹ and Zʹʹ 

are occurring at different frequencies confirming the short range movement of charge 

carriers contributes to dielectric relaxation. Moreover we can interpret three distinct 

features from Figure 5.14 viz. (i) indication of localized charge carrier movement, (ii) 

presence of non Debye type relaxation as confirmed from impedance analysis and (iii) 

distribution of relaxation times. 

 

Figure 5.13     Variation of imaginary part (Mʹʹ) of modulus with frequency for (1–x) 

(K0.5Na0.5)NbO3-(x) BaFe12O19 (a) x = 30 wt.%, (b) x = 40 wt. %, (c) x = 

50 wt.% composites 
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Figure 5.14    Combined plots of imaginary parts of modulus and impedance vs. frequency 

for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (a) x = 30 wt.%, (b) x = 40 wt. %, 

(c) x = 50 wt.% composites at room temperature 

        In order to confirm the presence of ME coupling in the (1–x) (K0.5Na0.5)NbO3-(x) 

BaFe12O19 (x = 30, 40 and 50 wt.%) composites, we measured ME voltage coefficient 

(αME). Before measurement, the composite samples were electrically poled for 1 h at 100 

ºC. αME was then computed using equation 3.8, by applying a 5 Oe AC magnetic field 

having a frequency of 999 Hz simultaneously, while varying the DC magnetic field from 0 

–8000 Oe. Figure 5.15 (a-c) exhibits the behaviour of αME with DC magnetic field for the 

(1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 50 wt.%) composites. The highest 

value of αME = 4.08 mV/cm-Oe is achieved for composite having x = 30 wt.% of BHF. αME   

is found to increase with application of DC magnetic field and highest value is obtained at 

8 kOe. Identical behaviour of αME is also reported earlier [87, 110]. It is also evident from 

Figure 5.15 that αME is found to decrease with addition of BHF. This is generally due to 

low resistivity of ferrite (BHF) phase as compared to ferroelectric (KNN) phase. Also with 

increase in BHF wt.%, the effective poling of the composite samples becomes tedious due 

to leakage of charges through low resistive ferrite grains leading to enhancement in
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conduction at the BHF-KNN interfaces thereby hampering the polarization, consequently 

decreasing αME with addition of BHF [292]. Our present investigation shows larger values 

of ME voltage coefficient in comparison to other magnetoelectric composites having 

BaFe12O19 as one of its constituent phases as shown in Table 5.3. 

Table 5.3    Comparison of αME for (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 composites with 

other BaFe12O19 based ME composites 

          Composites                                      Maximum αME (mV/cm-Oe)           References 

    (0.75) BaTiO3–(0.25) BaFe12O19                             2.05                                   [258] 

    (0.10) BaFe12O19–(0.90) Bi0.5Na0.5TiO3                  0.65                                  [293]   

    (0.70) K0.5Na0.5NbO3   ̶(0.30) BaFe12O19                 4.08                           Present results 

 

Figure 5.15   Variation of αME with DC magnetic field for (1–x) (K0.5Na0.5)NbO3-(x) 

BaFe12O19 (a) x = 30 wt.%, (b) x = 40 wt. %, (c) x = 50 wt.% composites 

at room temperature 
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5.4   Summary 

        Novel lead-free ME composites (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 (x = 30, 40 and 

50 wt.%) equivalently denoted as (1–x)KNN/(x)BHF were successfully synthesized using 

solid state reaction method, in which BHF was synthesized using sol-gel and KNN by SSR 

method. FE-SEM micrographs assert the existence of both the individual phases and the 

average grain size varies between 232–540 nm. Dielectric properties of the composites 

were studied as a function of temperature and the dielectric constant of the composites was 

found to decrease with BHF wt.%. Remnant polarization (Pr) of the composites was found 

to reduce with BHF wt.%. Magnetization of the composites was found to enhance with 

addition of BHF unlike coercive and anisotropy field which decrease with BHF wt.% . 

Temperature dependent ZFC and FC magnetization measurements hints towards the 

existence of spin glass behaviour. The highest value of αME = 4.08 mV/cm-Oe is achieved 

for composite having x = 30 wt.% of BHF and is found to be higher than other BHF based 

ME composites. The substantial ME response of the composites may be exploited for 

potential applications in multifunctional devices. 

 

 

 



 

 

 
 

 



 

Chapter 6 

Conclusions and Future Suggestions 

        In this thesis, we have studied and discussed the structural, dielectric, magnetic and 

magnetoelectric properties of lead-free multiferroic/magenetoelectric composites 

comprising of distinct ferroelectric and ferrite phases. In this chapter, we present a short 

summary of the work done as reported in chapter 3 to chapter 5. The major objective of the 

work was to do the synthesis and characterization of new multiferroic/magnetoelectric 

composites with a perspective to amplify the room temperature magnetoelectric properties. 

In order to achieve the objective, we synthesized some magentoelectric composites 

comprising of distinct ferroelectric and ferrite phases viz. (x) Ni0.2Co0.8Fe2O4-(1–x) 

(K0.5Na0.5)NbO3, (x) CoMn0.2Fe1.8O4-(1–x) (K0.5Na0.5)NbO3, (x) Co0.8Zn0.2Fe2O4-(1–x) 

(Bi0.5Na0.5)TiO3, (1–x) (Bi0.5Na0.5)TiO3-(x) CoMn0.2Fe1.8O4, (x) (Bi0.5Na0.5)TiO3-(1–x) 

Ni0.2Co0.8Fe2O4 and (1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 and studied their structural, 

dielectric, ferroelectric, magnetic, impedance and magnetoelectric properties. 

          The motivation of the work has been set up in the chapter 1 of thesis, which is 

followed by a concise overview of the experimental techniques that are used in 

characterization of the prepared samples, as discussed in chapter 2. A comprehensive 

analysis related to the major findings of the work done has been discussed in chapter 3 to 

chapter 5. The major conclusions obtained from the systematic study of the synthesized 

composites discussed in chapter 3 to chapter 5 are as follows:          

          In chapter 3, magnetoelectric composites comprising of (K0.5Na0.5)NbO3 (KNN) as 

ferroelectric phase with Ni0.2Co0.8Fe2O4 and CoMn0.2Fe1.8O4 respectively as ferrite phases 

were synthesized and their multiferroic properties were studied. The dielectric properties 

are found to be strongly influenced by Maxwell-Wagner interface phenomena arising 

because of electrical inhomogeneity. In the temperature dependent dielectric study, two 

dielectric anomalies viz. TO-T and Tc are observed for pristine KNN around ~190 and 430 

°C respectively. These anomalies are also observed for different compositions of both the 

composites. Ferroelectric character of the composites was confirmed at room temperature 

through P-E hysteresis loops measurement and was found to decrease monotonously with 

an increase in ferrite content. Complex impedance spectroscopy indicates the negative 

temperature coefficient of resistance (NTCR) behaviour for both the composites analogous
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to semiconductors. Magnetic hysteresis (M-H) loops indicate the presence of 

ferromagnetic ordering in the composites at room temperature. Magnetoelectric (ME) 

coupling in the composites was confirmed by measuring their ME voltage coefficient (αME) 

and we observed maximum αME = 5.389 mV/cm-oe and 5.941 mV/cm-oe for x = 0.20 in 

(x) Ni0.2Co0.8Fe2O4-(1–x) (K0.5Na0.5)NbO3 and for x = 0.10 in (x) CoMn0.2Fe1.8O4-(1–x) 

(K0.5Na0.5)NbO3 composites respectively. These values of αME are found to be larger than 

those of earlier reported composites. 

        The magnetoelectric composites comprising of (Bi0.5Na0.5)TiO3 (BNT) as ferroelectric 

phase with Co0.8Zn0.2Fe2O4 (CZFO), CoMn0.2Fe1.8O4 (CMFO) and Ni0.2Co0.8Fe2O4 (NCFO) 

respectively as ferrite phase were synthesized and their multiferroic properties were 

studied which are reported in chapter 4. Variation of dielectric properties with frequency 

at room temperature exhibits dispersion in lower frequency regime for the composites. The 

transition temperature (TC) is found to shift slightly towards higher temperature side with 

increase in frequency indicating the relaxor behaviour of the composites. Ferroelectric 

properties are found to decrease monotonously with addition of ferrite unlike magnetic 

properties which enhance with ferrite addition in the composites. The highest value of αME 

was found to be 7.11 mV/cm-Oe for x = 0.10 in (x) Co0.8Zn0.2Fe2O4-(1–x) (Bi0.5Na0.5)TiO3, 

6.765 mV/cm-Oe for x = 0.10 in (1–x) (Bi0.5Na0.5)TiO3-(x) CoMn0.2Fe1.8O4 and 7.538 

mV/cm-Oe for x = 0.60 in (x) (Bi0.5Na0.5)TiO3-(1–x) Ni0.2Co0.8Fe2O4 composites. These 

values of αME are found to be larger than those of earlier reported (Bi0.5Na0.5)TiO3 based 

composites and may be exploited for use in potential device applications. 

         Furthermore, novel lead-free magnetoelectric composites comprising of 

(K0.5Na0.5)NbO3 (KNN) as ferroelectric phase with BaFe12O19 (BHF) as ferrite phase viz. 

(1–x) (K0.5Na0.5)NbO3-(x) BaFe12O19 were synthesized and reported in chapter 5. 

Dielectric properties are influenced by Maxwell-Wagner interface phenomena arising 

because of electrical inhomogeneity and found to dilute with increase in BHF wt.%. 

Magnetic hysteresis loops for the composites are found to be unsaturated and saturation 

magnetization (MS) was computed from law of saturation. The magnetization increased 

monotonously with BHF wt.% unlike coercivity (Hc) and anisotropic field (Ha) which 

show a decreasing trend. Temperature dependent ZFC and FC magnetization 

measurements hints towards spin glass behaviour in the composites. Magnetoelectric 

coupling in the composites was confirmed by measuring their ME voltage coefficient (αME) 

and we observed maximum αME = 4.08 mV/cm-oe for x = 30 wt.%. The obtained values of
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αME are found to be higher than those of earlier reported BaFe12O19 based ME composites. 

          The main motive of the thesis was to synthesize and characterize the different lead-

free multiferroic composites and study their magnetoelectric response which may be 

exploited for use in device based technological applications. Thus, based on the findings of 

the present work, it is concluded that the highest magnetoelectric voltage coefficient of 

7.538 mV/cm-Oe is obtained for (x) (Bi0.5Na0.5)TiO3-(1–x) Ni0.2Co0.8Fe2O4 with x = 0.60 

composition amongst all the studied composites. This may be due to enhanced dielectric 

properties of BNT-NCFO composites with reduced dielectric loss as compared to other 

studied composites. Moreover, ferrite phase NCFO has high magnetostriction coefficient 

(λ) and high resistivity in comparison to CMFO and CZFO phases. This shows that the 

observed multiferroic properties and magnetoelectric response of the synthesized 

composites is found to be significantly affected by the concentration of the constituent 

ferroeolectric and ferrite phases and their respective properties. We obtained higher 

magnetoelectric response for (Bi0.5Na0.5)TiO3 based multiferroic composites with distinct 

ferrite phases in comparison to (K0.5Na0.5)NbO3 which may be attributed to its higher 

dielectric and piezoelectric response. Based on the findings of the present research work, 

we can achieve enhanced magnetoelectric response in the multiferroic composites by 

choosing a ferroelectric phase which shows high dielectric and piezoelectric properties and 

ferrite phase having high resistivity and magnetostriction. The improved magnetoelectric 

response of the composites may be exploited for use in potential multiferroic device based 

applications. 

Future suggestions 

          Significant efforts can be made to enhance the magnetoelectric response of the 

studied composites further by making composite thick films with Polyvinylidene fluoride 

(PVDF) polymer. From the technological point of view, due to complications arising 

regarding the use of bulk magnetoelectric composites in devices, it is required to study 

these bulk magnetoelectric composites in the thin film form in order to make them more 

effective and suitable for multiferroic device based applications. Furthermore, we can 

make a comparative study of the studied magnetoelectric composites by adopting different 

synthesizing methods and changing the process parameters. 
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